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FOREWORD

The theme of the conference is titled “Entering the Anthropocene”. The Anthropocene is
defined as a new geological period where human activity has a profound impact on the entire
surface of the earth and is now the dominant geological force at play. This theme felt quite
novel when we started planning for the congress four years ago, as a way of realigning our
discipline for a future which is going to be very different to our past. Global events have,
however, rapidly overtaken this sense of novelty. The COVID-19 pandemic interrupted and
delayed our congress by 15 months, and it is now held in an entirely different format to what

was initially envisaged.

Whilst the origins of SARS-COVID-2 are still somewhat uncertain, the possibility of a
Coronavirus pandemic was envisaged before the pandemic. From a paper entitled “Bats,
Coronaviruses, and Deforestation: Toward the Emergence of Novel Infectious Diseases?” by
Afelt et. al., published in Frontiers in Microbiology in 2018: “The risk of emergence of a novel
bat-CoV disease can therefore be envisioned.”; and “Even though the direct transmission of
bat CoVs to humans has not been evidenced yet, the creation of conditions for more frequent
encounters between bat CoVs, domestic animals and humans poses a significant threat for
the future. Considering that the increasing impact of human activities on the ecosystems is
unlikely to abate in SEA (Southeast Asia), it is necessary to increase CoV surveillance in
wildlife, cattle, pets and humans to better understand the dynamics of interspecies
transmission and improve risk assessment, early warning and intervention”. When | first read
this paper, | felt utter astonishment. | wondered how the authors of the paper would have felt,
given that we were unprepared for the scenario they described with such prescience. For me,
the critical link is the connection between our activities and the impact to and response of the

planetary system, with its highly complex interconnected feedback loops.

The consequence of our actions is profound. Remedying them, is an equally profound task.
In 1921, an engineer named Thomas Midgely Jnr., working for General Motors discovered
that adding TEL to petrol reduced engine knock. Midgley was awarded the ACS Nicholls medal
in 1923 for this discovery and the result of this invention was the global introduction of TEL to
fuel. Lead is a serious environmental contaminant with significant impact to human and
environmental receptors. In the late 1920’s, the Frigidaire Corporation, a subsidiary of General
Motors assembled a team of engineers and scientists to develop a new refrigerant due to the
challenges with existing ones such as ammonia. This team included Thomas Midgely Jnr.,

and the resultant invention was a new, stable, non-toxic refrigerant called Freon — the original
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CFC. For this work the Society for Chemistry awarded Midgely the Perkin medal in 1937. The
consequence of this invention was the depletion of the ozone layer, which has had global
consequences. Thomas Midgely Jnr., a chemical engineer has been described by
Environmental historian J. R. McNeill, as that single organism that “had more impact on the
atmosphere than any other single organism in Earth's history”. It's worthy to note that both

inventions were extremely useful towards solving very real problems.

To follow on from this, the Vienna Convention in 1985, followed by the Montreal Protocol in
1987, established the framework for international collaboration on removing substances which
cause ozone layer depletion. Subsequently, the ozone hole is starting to recover. What makes
this unique is that this was the first successfully implemented international protocol or treaty
relating to protection of the environment in which, as a planet, we were able to collectively

respond to a global risk.

Three weeks ago today, the UN announced that the era of leaded petrol was officially over,
as Algeria, the final country adding lead to petrol ceased doing so. The UNEP spearheaded
these efforts to eliminate TEL from fuel globally. Environmental levels of lead are declining
globally, and it is through the efforts of engineers and scientists that we have been able to
eliminate the use of both TEL and CFCs. | believe it is really important to highlight that we are

able to enact positive change, not just negative.

It is humbling as an industry to acknowledge our role in contributing to the degradation of
the earth planetary system. As a discipline, our role and mandate has always been to advance
the quality of life for all through solving problems. These problems can be overcoming energy
constraints, providing materials for our civilisation, providing transport solutions, providing food
and water. The knock-on effects of providing these solutions, however, have sometimes been
of greater magnitude than the problems being solved in the first instance. As a discipline, we
are uniquely positioned to solve today’s and tomorrow’s problems by virtue of understanding
the causality of these problems, and through what | believe is one of the chemical engineer’s
greatest attributes: a training which leads to the ability to recognise, understand and work
within highly complex systems, as well as drilling down to understanding the very fine detail
(as an example, chemical engineers design plants which require buses to drive across, whilst
also being able to model the mass, heat and momentum transport across tiny particles within

a single unit operation on such a plant).

In the same way that TEL and CFCs caused massive harm globally, chemical engineers can
remedy and fix these local and global problems, through our professional problem-solving

skills and by applying our discipline towards solving these problems. The future needs
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chemical engineers.

In this conference, the largest category of submissions falls within the theme of
‘Environmental Process Engineering’. | think this reflects how we are changing as a discipline
and an industry. It is with pride that we can call ourselves chemical engineers as we contribute

towards solving the problems of our age: The Anthropocene.

Welcome to the South African Chemical Engineering Congress, 2021.

Craig Sheridan, FSAIChE.
SACEC 2021 Chair

20 September 2021
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Fast pyrolysis of woody biomass in a dual fluidised bed — pilot scale
commissioning
J. Reynders', M. Heydenrych'*, R. Merckel!, Y-W. Wu!

! Department of Chemical Engineering, University of Pretoria, Pretoria 0001

*Corresponding author: mike.heydenrych@up.ac.za

ABSTRACT
There are several examples of commercial fast pyrolysis operations, but these processes tend to be
complex particularly when scaled as well as thermally inefficient. A new fast pyrolysis process is
described that has tight thermal integration, resulting in excellent thermal efficiency when converting
biomass into liquid fuel and char. Silica sand serves as a heat transfer medium to transfer energy derived
from the combustion of pyrolysis gases and char to the pyrolysis zone where solid biomass is converted
to non-condensable gas, liquid fuel and char. This, combined with the heat recovery of combustion air,
allows tight thermal integration of the processes in a single unit operation. In this paper, the performance
of a pilot plant unit is discussed in terms of product mass and energy yield. The value of the char
recovery is twofold: first, the char can be used to remediate the soil where the biomass was grown and
return minerals to the soil, and second, it serves to sequestrate carbon, which makes the process carbon-

negative overall.

Keywords: fast pyrolysis; dual fluidised bed; commissioning; performance analysis
1 INTRODUCTION

Fossil fuels have become synonymous with the chemical engineering industry. The implementation
of cleverly engineered unit operations has created one of the biggest and longest-lasting industries in
the world. Unfortunately, the world's resources are scarce and our impact on the earth is becoming more
apparent to the point of becoming alarming. The engineering sectors are turning their attention towards
more environmentally friendly operations and sustainable feedstocks to fuel the resource-consuming

world that we live in.

First-generation biofuels such as biodiesel have made a remarkable impact on the world's view of
sustainable resources, but biofuels generally depend on the resources currently used by the food
industry. The infringement on agriculture is also a difficult issue as it affects the supply and demand for
crops, which in turn may compromise food security. Thus, second-generation biofuels have arisen in
order to alleviate the pressures on other industries with lignocellulosic biomass as the feedstock of
choice. Agricultural, silvicultural, municipal and industrial wastes in the form of lignocellulosic

biomass can find their place as a viable feed for second-generation biofuels.

One of the most frequently studied second-generation biofuel production techniques is pyrolysis. In

this method, biomass is heated very rapidly to form pyrolysis products in the absence of oxygen. These
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products consist of liquid, solid, and gaseous phases, namely bio-oil, biochar, and non-condensable
gases (NCG) respectively. Research has been done in various pyrolysis projects at the University of
Pretoria, focusing on novel scalable reactor designs and commissioning thereof. The project discussed
here focuses on the construction and commissioning of the second-generation Combustion and
Reduction Integrated Pyrolysis System (CRIPS 2) unit with additional analysis and determination of

plant performance.

2 LITERATURE
2.1 Pyrolysis

Pyrolysis is simply the process of heating a feedstock, in this case lignocellulosic biomass, in the
absence of oxygen. At temperatures ranging from 300 to 1000 °C, the biomass thermally decomposes
and forms gaseous, liquid, and solid products through depolymerisation reactions (Dhyani & Bhaskar,
2018; Roy & Dias, 2017). There are three categories for biomass pyrolysis which are characterised by
the heating rates at which the feedstock is processed. These categories have been dubbed fast/flash,
intermediate, and slow pyrolysis. The heating rates alter the yields of solid, liquid, and gaseous products.
Furthermore, the particle sizes used in the reactors must be taken into consideration as the heating rate
of the solid feedstock is inversely proportional to the particle size. The parameters that define the
process such as the heating rates and temperatures at which the reactions take place are shown in Table

1, and the product yields of the pyrolysis techniques are summarised in Table 2.

Table 1: Typical parameters and characteristics of pyrolysis processes (Roy & Dias, 2017)

Process Type Temperature Range Heating Rate Residence Time
(°O) (°C/min)

Slow Pyrolysis 300 - 550 0.1-0.8 Smin—35h

Intermediate Pyrolysis 300 —450 3-5 10 min

Fast/Flash Pyrolysis 300 — 1000 10— 1000 <2s

Table 2: Typical product yields for pyrolysis processes (Roy & Dias, 2017)

Process Type Biochar Yield (%) Bio-oil Yield (%) NCG Yield (%)
Slow Pyrolysis 25-35 20-50 20-50
Intermediate Pyrolysis | 25 — 40 35-50 20 -30
Fast/Flash Pyrolysis 10 -25 60— 175 10 -30

2.2 Fast Pyrolysis
Fast and flash pyrolysis methods are geared toward maximum liquid yields, whereas the slower
pyrolysis yields are focused more on the production of biochar which is not ideal for the liquid fuel

industry. The biochar produced from fast pyrolysis is predominantly carbon due to the hydrocarbons




produced in the vapour phase (Singh & Chaudhary, 2017). Unlike the slower pyrolysis methods, fast
pyrolysis requires very high heating rates, incredibly short residence times, and quick cooling to achieve
high oil production rates. The residence time in the reactor must be minimised to reduce further cracking
of the uncondensed pyrolysis oils. Furthermore, the hot vapour stream should be separated from the
biochar to reduce cracking as the char has a high surface area which in turn catalyses such reactions.

Finally, the vapours should be quenched to stop secondary reactions (Luque et al, 2016).

The reactor configurations for fast pyrolysis have been categorised as follows: screw/auger, ablative,
rotating cone, bubbling fluidised bed, and circulating fluidised bed reactors (Bridgwater, 2013). The
fluidised bed is the most well-understood reactor in fast pyrolysis research, and has also been proven to
be the most successful reactor configuration (Agblevor, Besler & Wiselogel, 1996). Furthermore, the
scale-up of fluidised bed reactors is the easiest compared to the other fast pyrolysis processes (Kan,
Strezov & Evans, 2016). They come in two configurations: bubbling and circulating fluidised bed
reactors. The general fluidised bed reactor uses a fluidised bed of sand and/or catalyst to transfer heat
into the feedstock through conduction. The addition of catalysts in the bed will also assist in speeding

up reactions — ideally the desired reactions.

2.3  Products of fast pyrolysis

Pyrolysis oil, colloquially termed bio-oil, is the condensate of the pyrolysis of biomass. It is a dark
brown/red liquid reminiscent of crude oil. However, its composition is very similar to that of biomass
feedstock. As noted in Table , the yield of pyrolysis oil reaches a maximum of 75 % for fast pyrolysis
of woody biomass and its typical higher heating values are around 17MJ/kg. To put this into context,
the typical higher heating value of crude oil is 42.1 MJ/kg (Culp, 1991). The relatively low heating
values are largely attributed to the high water content (roughly 25 %) and the myriad of oxygenated
compounds (Bridgwater, 2013). After reviewing the data collected by Dhyani & Bhaskar (2018), it was
found that woody biomass produced bio-oil has the lowest variability in terms of energy content and

composition and is thus a reliable benchmark for pyrolysis research.

3 EXPERIMENTAL PROCEDURE
3.1 Fast pyrolysis

The fast pyrolysis of woody biomass was performed using the novel CRIPS 2 dual-fluidised bed
reactor as shown in Figure 1. The CRIPS 2 unit consists of two units namely the pyrolysis and
combustion units with ancillary equipment such as the biomass feeding mechanism, bio-oil condenser

and recirculation loop, and the flue extraction unit.

The novelty of the unit lies in the way in which it integrates heat by arranging the pyrolysis zone
around the combustion zone in an annular fashion. The bed material is heated in the combustion unit

with a combination of air, LPG, and residual biomass (in the form of biochar). The fluidisation of the




combustion bed material causes it to overflow through six angled holes in the refractory leading to the
pyrolysis unit. The sand in the pyrolysis unit is fluidised using a gas distribution ring which also rotates
the fluidised bed material with its angled nozzles. This setup ensures that the pyrolysis bed is well mixed
and that the bed is constantly rotating clockwise around the unit towards a dead-zone. The dead-zone
is an opening where the bed material falls into a controlled return screw feeder. From here, it is
transported from the pyrolysis unit back to the combustion unit where it is reheated and decoked. The
fluidisation gas in the pyrolysis unit is the recycled NCG formed from pyrolysis reactions and is
recycled from the condensation loop. Biomass is fed perpendicular to the pyrolysis unit where it
interacts with the hot fluidised bed material to form pyrolysis products, namely bio-oil, biochar, and
NCG. These products leave the unit directly above the screw conveyor where they enter a cyclone which
removes the biochar. The gaseous vapours then flow into a condensation loop where cold recycled bio-
oil is mixed with the vapours to condense the new bio-oil. The remaining product is the NCG which is

then recirculated to the pyrolysis distributor to fluidise the bed and again act as the carrier gas.
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Figure 1: P&ID of the CRIPS 2 unit

The flue gas produced from the combustion of LPG, residual biomass, and air leaves the combustion
unit and enters the air preheater (APH). The flue gas travels through the shell side of a modified shell
and tube heat exchanger where its heat is exchanged with the incoming combustion air flowing through

the tube side. Finally, the flue gas flows through a cyclone to separate any ash or sand fines before
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leaving the vicinity via an extraction unit.

The commissioning of the CRIPS 2 unit took place over eight experimental runs. The first five runs
aimed to keep the non-condensable gas recycle flow rate relatively high with varying biomass feed rates
(Run-1 to 5). The last three runs (Run-6 to 8) reduced the NCG recycle flow rate to mitigate the overflow
of the biochar cyclone while testing the effects of changing the biomass feed rate. All the experimental
runs, however, operated at similar temperatures. The pyrolysis unit operated at 500 °C with the
combustion unit operating between 700 to 900 °C depending on the energy demands for pyrolysis i.e.,

the energy required to heat the sand to maintain the pyrolysis unit at 500 °C.

3.2 Fast pyrolysis unit performance analysis

The performance of the CRIPS 2 unit is determined through mass and energy balances (see Figure 2).

NCG

Flue

A

Bio-oil

Bio-char

_»Heat loss
f"

Biomass

Combustion Air
LPG
NCG

Figure 2: The control volume enclosing the CRIPS 2 unit illustrating the flow of mass and energy

The mass balance is determined by using various instruments such as differential pressure
transmitters, load cells, and measuring the masses of the final product. The energy balances were
determined from temperature data measured in the combustion and pyrolysis units with the aid of
thermocouples and the outer reactor surface temperatures of the unit with the aid of an infrared
thermometer. Experimental and literature values for the heat capacities and higher heating values in
conjunction with the mass balance and temperatures allowed the system to be fully characterised.
Temperature data in combination with thermal conduction (energy transferred between the refractory
walls), convection, and radiation (energy transferred through the outer walls of the unit and ancillary

equipment) was used to determine the thermal efficiency of the unit.
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3.3 Starting materials

The feed material used during this project was Eucalyptus grandis in the form of very fine wood
chips. The average diameter ranged from 448 to 489 um and contained between 5.5 to 7.6 % moisture
which falls in the range suitable for fast pyrolysis. The bed material used as the fluidisation medium
consisted of silica sand with an average diameter of around 400 pm. LPG was used during the start-up
process whereby the combustion and pyrolysis units are heated up to the correct temperatures for
operation. Finally, ethylene glycol was employed as the initial solvent in the condensation of the bio-

oils but was extensively diluted throughout the experimental runs.

3.4 Feedstock and product characterisation

Various methods were employed to characterise the biomass feedstock and the products from the
commissioning of the CRIPS 2 unit. The results from the CRIPS 2 unit were compared to the literature
values, the first-generation unit (CRIPS 1), and the data obtained from the spouted bed reactor (SBR)
unit which was also developed by the Department of Bioprocessing (University of Pretoria). The SBR
unit is a smaller laboratory-scale pyrolysis rig that allows for easier testing of various feedstocks and

catalysts. Table 3 summarises the methods used for analysis and subsequent characterisation.

Table 3: Feedstock and products with their corresponding analytical methods

Analytical Method Biomass Bio-oil Biochar NCG Ash
Particle size X X

Moisture content X X
Ash content X X X
ICP-OES X X X
TGA X X X
Bomb calorimetry X X X

BET X X

GC X

Proximate Analysis X

Ultimate Analysis X

4 RESULTS AND DISCUSSION
4.1 Feed and product characteristics
4.1.1 Bio-oil

The CRIPS 2 unit produced pyrolysis oil in two phases that were not miscible with one another. The
first phase was a watery liquid, deep red to brown in colour (depending on the amount of exposure to
air) with a very strong pyrolysis odour. The second phase of the pyrolysis oil was a thick dark brown to

black liquid reminiscent of honey which was completely opaque (Figure 3). The smell of this tar-like




substance was very similar to that of the first phase. The final experimental run consisted of reducing
the NCG recycle flow rate and increasing the biomass throughput which produced the best results with
an HHV of 7.2 MJ/kg (> 50 % moisture content) for the aqueous phase and up to 26 MJ/kg for the oil
phase with an overall yield of approximately 30 %. Note that the incoming biomass had an HHV of
approximately 18.96 MJ/kg on a dry basis.

Figure 3: Left: Aqueous phase Right: Oil phase

4.1.2 Biochar

The biochar produced during the experimental runs showed promising results. The HHV of the
biochar from the final run was approximately 22.5 MJ/kg which falls in the typical range for biochar
energy content. This facilitates the possibility of using the solid product of pyrolysis as a means for
renewable energy production, such as the case with charcoal. It was also observed that by altering the
flow rates of biomass and NCG recirculation, one can gear the process to either produce more biochar

or introduce the product into the combustion unit for additional heating, thus requiring less LPG.

4.1.3 Non-condensable gas

The NCG (non-condensable gases) formed via the pyrolysis and partial oxidation reactions were
sampled after the NCG blower via a tap-off point. Analysis of the NCG found that the pyrolysis zone
contained around 42 % more oxygen during low biomass throughput conditions compared to the high
throughput conditions. These results correspond with the higher water content and subsequently
decreased higher heating values in the bio-oils as mentioned in the bio-oil results. Therefore, this
indicates that oxygen was indeed the cause of lower product quality. It is suspected that the combustion
air distributor was too low in the fluidised bed relative to the NCG distributor for the pyrolysis bed. The
difference in these heights means that the pressure drops are different over the beds and therefore will

cause issues with air being transferred to the pyrolysis unit.

4.2  Pyrolysis unit performance

The novel reactor design allowed for consistent start-up conditions and reliable temperature control

R SACEC




(=800 °C for the combustion unit and 500 °C for the pyrolysis unit). The rotating pyrolysis bed ensured
that the temperatures in the pyrolysis zone were stable, and the temperature of the bed could be carefully
controlled through the sand recycle mechanism. Images of the combustion zone during the start-up and

pyrolysis conditions are shown in Figure 4Figure .

Figure 4: Left: Combustion of LPG below autoignition temperatures Centre: Combustion of LPG above

autoignition temperatures Right: Combustion of the biochar during normal operation

The energy lost to the environment through the outer surface of the unit is significantly less than the
previous iteration of the CRIPS unit with separated pyrolysis and combustion units. This new unit
reduced the heat losses to the environment by 40 % through the integration of the combustion and
pyrolysis units. Furthermore, the LPG requirements for running the unit was decreased by

approximately 49 % using the air preheater.

5 CONCLUSIONS

The CRIPS 2 unit is a novel and efficient solution for the production and collection of fast pyrolysis
products. The CRIPS 2 unit was successfully and safely commissioned and provided valuable results
from eight experimental pyrolysis runs. E. grandis was pyrolyzed into bio-oil, biochar and non-
condensable gases of which the majority of the biochar was consumed by the combustion zone to power
the unit. The yield on bio-oil was found to be around 30 % with an HHV of up to 8.07 MJ/kg. It was
then discovered that the low HHV and yields were caused by the increased oxygen content inside the
pyrolysis unit which oxidises the products of pyrolysis to form water and carbon dioxide. However, the
elemental analysis of the bio-oils confirms that similar ratios of carbon, hydrogen, oxygen, and nitrogen
were present compared to typical bio-oils. Furthermore, the new design decreases heat losses to the
environment by 40 % compared to the first iteration of the unit (CRIPS 1) thanks to the air-preheater
and annular design. The modular design of the reactor also allows for easier upgrades and changes to
the system (such as the opportunity for changing the combustion air distributors) and the heat integration

aids in the scalability of the process with the temperature being tightly controlled. Finally, the rotating
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fluidised bed inside the pyrolysis unit ensured consistent temperatures, controlled feed rates, tight
thermal integration with the added benefit of the design only taking up a small footprint. The work
carried out in this study will hopefully be continued and create further opportunities for pyrolysis and

fluidised bed research as the foundations for a safe and reliable unit have been laid.
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ABSTRACT

Constructed wetlands are engineered systems aimed at utilizing the processes of natural wetlands for
wastewater treatment. Biological, chemical and physical processes occur in constructed wetlands which
aid the conversion of waste into non-harmful products (Kadlec and Wallace, 2009). To make more
effective use of this treatment technology, it is important to understand the inner workings of
constructed wetlands (Samso and Garcia, 2014). Numerical modelling aims to do just that. With a
deeper understanding of the various processes, current design criteria can be improved and the
efficiency of the treatment technology may be increased (Samso6 and Garcia, 2014). This paper gives
the development of a new residence time distribution technique to describe the hydraulic behaviour of
constructed wetlands and combine it with an existing and widely accepted biokinetic model, the
Constructed Wetland Model No. 1.

Keywords: constructed wetlands, residence time distribution, constructed wetland model 1,
mineralogy
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TABLE OF NOMENCLATURE
Symbol | Unit Description
A Matrix of the production/degradation rates of each component in each process
Cin mg/L | Inlet concentration
Cout mg/L. | Outlet concentration
Co mg/L | Initial concentration
Cc(t) mg/L | Concentration as a function of t
E(t) 11 Residence time distribution as a function of t
F(t) - Cumulative distribution as a function of t
k Reaction rate constant
m Total number of components
n Total number of time section
p Total number of processes
t Hour | Time
tm hour Mean residence time
ty hour Mean residence time of sectionl
t, Hour | Mean residence time of section 2
TO Hour | Lower limit of time section 1
T1 Hour | Upper limit of time section 1, lower limit of time section 2
T2 hour Upper limit of time section 2
T hour Space time
%4 L Volume
v L/hour | Volumetric flowrate
Y1 - Weight factor of time section 1
Y2 - Weight factor of time section 2
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1 INTRODUCTION

Many contaminants are present in wastewater which pose a risk to human health and the environment.
Consequently, the treatment of wastewater is necessary and there are various treatment technologies
available. A special focus on biological treatments, especially constructed wetlands, is discussed in this
article. Biokinetic models have been developed for these processes which describe the transformation
of various components including organic matter, nitrogen and, sulfur. One of the major benefits of these
models is increased technology application for full-scale plant design, operation and, optimization. This
also provides a common basis to make the outcomes of development and validation studies more
comparable and compatible (Batstone et al., 2002). The activated sludge model 1 (ASM1) is one of the
original detailed kinetic models for a biological wastewater treatment process (Henze et al, 2000).
Langergraber et al (2009) applied the concept of the ASM1 to constructed wetlands and used it as the
basis to develop the Constructed Wetland Model 1 (CWM1). An adaption of this model is the focus of
this paper.

2 LITERATURE
2.1 Processes in Constructed Wetlands

Organic material, nitrogen species and sulphur species are among the common contaminants found
in wastewater. Various physical, chemical and biological processes occur in constructed wetlands which
facilitate the treatment of wastewater. Processes include sedimentation, filtration, oxidation,
nitrification, de-nitrification and, precipitation (Vymazal and Krépfelova, 2008). The main biochemical
processes modelled in Constructed Wetland No 1 are organics decomposition, nitrogen cycling and,
sulfur transformation and so an understanding of these is most important. The role of dissolved oxygen
is also considered. These processes are briefly discussed and current research in constructed wetlands

modelling is also given.

Organic matter (OM) in wastewater typically takes two forms, particulate organic matter and
dissolved organic matter. The breakdown of the two forms occurs via different processes. Organic
matter present in wetlands has two sources, an external source and an internal source. The external
source is from the influent wastewater, while the internal source is from the macrophytes in the system
called root exudates (Headley and Tanner, 2012). The decomposition of dissolved OM can take place
under aerobic, anoxic and anaerobic conditions(Saeced and Sun, 2012). Under aerobic conditions oxygen
is the final electron acceptor. Oxygen can enter the system through three pathways: with the influent

water, surface reaeration and through plant root release.

Inorganic nitrogen present in wastewater can take the form of ammonia, nitrite, nitrate, nitrous oxide
and elemental nitrogen or dinitrous gas (Deblonde, Cossu-Leguille and Hartemann, 2011). Organic

nitrogen pollutants include aromatics and amino acids (Rosal et al., 2010). CWs were proposed as a
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tool for the removal of nitrogen from agricultural wastewater in the 1990s, with surface flow constricted
wetlands being the most commonly used type of wetland for this use (Mitsch, 1992; Vymazal ef al.,
2020). Nitrogen transformation occurs through a variety of processes which include nitrification,

denitrification and ammonification (Paul and Clark, 1996; Vymazal, 2007).

Sulfur is an important component in biochemical processes in constructed wetlands. There is high
sulfur oxidation and reduction in constructed wetlands (Baldwin and Mitchell, 2012; Chen et al., 2016).
Sulfide is considered the main product of sulfur reduction and has the potential to reduce the treatment
efficiencies of constructed wetlands as it inhibits ammonium/carbon removal and plant photosynthesis
(Chen et al., 2016). Two main pathways are considered for the removal of sulfide: precipitation with
heavy metals and oxidation (Stein et al., 2007; Wiessner et al., 2010). Both chemical and microbial

oxidation of sulfur take place in constructed wetlands (Wu et al., 2013).

2.2 Modelling of constructed wetlands

Initial techniques for modelling constructed wetlands used a ‘black box’ approach with a qualitative
understanding of what takes place in a constructed wetland but limited quantitative estimation of the
role that the various processes play in the treatment of wastewater (Rizzo and Langergraber, 2016).
Since physical, chemical and biological process all proceed simultaneously and influence one another,
more advanced modelling techniques are required to fully understand the complexity of constructed
wetlands (Langergraber, Giraldi, et al., 2009). Recent effort has been put into developing process-based
models which look into the treatment processes affecting effluent concentrations. Various numerical
models exist which focus on one process occurring in constructed wetlands. The processes which have
been modelled include water flow, particulate and solute transport, biokinetic processes, plant growth
and clogging (Langergraber, 2016). Each of these models gives significant insight into the individual
process which is being considered but limited research exists to consider the inter-relation of the

processes or the modelling of their interactions.

Constructed Wetlands Model 1 (CWM1) is one of the most complex biokinetic models currently
available and was developed by Langergraber et al. (2009). This biokinetic model is based on the IWA
Activated Sludge Models (ASMs). CWMI1 models the transformation and degradation processes of
organic matter and nitrogen species through microbial processes to predict the effluent concentrations
of components in a constructed wetland (Langergraber, Rousseau, ef al., 2009). However, this model is
kinetic and does not account for the hydraulic processes occurring within the system or the reaction
time. If the reaction time is quantified incorrectly, a kinetic model will not give accurate results,
regardless of how detailed and comprehensive it may be. Given the non-ideal flow nature of these CWs,
kinetic modelling techniques must be combined with accurate hydraulic modelling techniques in order

for effective modelling of the system.
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Currently there are two advanced process-based models which consider multiple processes of
constructed wetlands. BIO PORE is a reactive transport model which combines the biokinetic
processes developed in CWMI1 with oxygen and nutrient uptake by plants, hydraulic flow through
heterogenous media based on Darcy’s equation, as well as the attachment and detachment of solute
particles (Samso6 and Garcia, 2013). HYDRUS Wetland Module is another mechanistic model which
combines the biokinetic approach of CWMI1 with variably saturated water flow (Richard’s Equation),
the transport of constituents, the influence of plants and water temperature. Both of these process-based
models require special knowledge of numerical modelling and the understanding of advanced software.
The aim of this paper is to develop a process-based numerical model which can be used with the
understanding of the design of constructed wetlands but without requiring advanced numerical

modelling skills.

Water movement is important in any water treatment plant and the same is true for a constructed
wetland. The hydraulics of constructed wetlands are elaborate and non-ideal owing to the changing root
structure and the complicated flow pathway of fluid through gravel or a soil matrix (Bonner et al., 2017).
Macrophytes are a barrier to flow, and vary in size, shape and position. As a result, there is bypass and
short circuiting around the plant mass, and dead zones are formed, which leads to a hold up of water in
certain areas. There are also potential changes in flow paths due to plant development over time. Many
investigations have found that there are 3 different hydraulic zones in constructed wetlands; the main
flow path, a temporary storage zone, where components and water are exchanged with the main flow
path, and thirdly a dead zone (Buchberger and Shaw, 1995; Zahraeifard and Deng, 2011). Short
circuiting is also a possible hydraulic zone in wetlands. The extent of reaction for pollutants is
determined by mixing, flow patterns of fluid elements and the time that each element resides in the

wetland (Werner and Kadlec, 2000).

One of the ways to characterise the flow patterns of a reactive system is by finding its residence time
distribution (RTD). The residence time distribution of a reactor gives the probability of a fluid element
spending a specific amount of time in the reactor (Fogler, 2006). The RTD is obtained by running a
flow tracer study on the system. A flow tracer study is a stimulus response experiment in which an inert
flow tracer is injected either as an impulse or as a step change in concentration into the system inlet
pipe and the tracer concentration is measured continuously at the system outlet. The data from these
experiments are then used in RTD modelling methodologies to analyse the flow characteristics of the

reactor. In typical RTD modelling.

The simplest RTD modelling technique used is the space time, which is given by Equation 1 (Fogler,
20006). This ratio assumes an ideal plug flow reactor (PFR). This is not the case for constructed wetlands.

PFR and CSTR models, or combinations of these two have also been used to model constructed wetland
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hydraulics (Kadlec, 1994; Buchberger and Shaw, 1995; Marsili-Libelli and Checchi, 2005). Kadlec and
Wallace (2008) improved the typical PFR and CSTR model by using the tanks-in-series model which
is characterised by a number of CSTRs in series and a gamma function. In 1994 Kadlec indicated that
even a plug flow model with dispersion was inadequate to describe the flow patterns of constructed
wetlands if any bypass or short circuiting took place. Many of the RTD models that currently exist are

also site specific (Katsenovich et al., 2009; Shih et al., 2017)

T= Equation 1

v

An adaptation of flow modelling using standard impulse-response or step-change experiments and
distribution mathematics can be combined with the CWMI1 to potentially predict system exit
concentrations and improve the understanding of how CWs work. The aim of this paper was to develop
a model which does not assume a type of reactor and makes use of the raw data from a wetland and in
doing so predicts output reaction concentrations combining the data with already established and

accepted kinetics.

3 THE MODEL

Hydraulic residence time is an important factor to consider when designing and analysing chemical
systems. Typically, when considering the effect of time on a system, a tracer experiment is done, and
from it a mean residence time is obtained. This single value is then used to describe the average amount
of time single fluid element or molecule has spent in the system, which is also considered the reaction
of the fluid element or molecule. In theory this mean residence time accounts for the deviation from
ideal flow behaviour. However, there is a great distribution of residence times that the individual
molecules spend in the reactor. Some may short circuit through the system and have a reaction time
much shorter than the mean residence time, while others may get caught in a dead zone and spend a
much longer amount of time in the system. The reasons for these are as described above. These varying
residence times affect the reaction time of these individual molecules and in the long run affect the
composition of the outlet stream. As such the effect of time on such systems cannot be accurately
described in with one single mean residence time. The model being developed and described can be
used to more accurately account for the effect of time on a biological system, or any reactor system, by

making use of multiple residence times and weight factors.

The concept of the model is that there are multiple flow paths in constructed wetlands, each of which
have their own residence time. These flow paths ‘carry’ multiple tiny pockets of fluid which behave as
micro-batch reactors. To account for transient and dead zones it can be assumed that a micro-batch
reactor enters a transient zone at some point and then after some time re-enters one of the flow paths,
but its residence time will be longer than that of the rest of the molecules in the flow path. There is

limited interaction with the dead zones (Zahraeifard & Deng, 2011). There are therefore multiple batch
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reactors moving along the wetland, although there is no requirement for this batch to flow through the
reactor in an ideal manner. As the volume of these micro-batch reactors tends to 0, the batch system

tends towards a molecular size.

The design equation of a simple batch reactor with a first order reaction taking place is the base
equation which is to be expanded through the model development presented here. In an ideal reactor
the space time could be used to indicate how much time the fluid elements spend inside a system.
However, very few reactors behave ideally and so the non-ideal nature of systems must be accounted

for.

3.1 Residence time distribution modelling technique

To gain an understanding of the hydraulic behaviour of a system tracer tests are conducted. There are
two types of tracer test: Impulse response and step change. Each of these has benefits and draw backs.
The resultant curve from an impulse response tracer test (which can be seen in Figure 1) is called the
residence time distribution, or E(t), curve. E(t) is a quantitative description of how much time the fluid
particles have spent in the reactor and is given by Equation 2 (Fogler, 2006). From here Equation 3 is
used to calculate the single mean residence time of the system The mean residence time is then used in
various methodologies or in simple reactor design equations to account for the non-ideal nature of a
system, when the mean residence time is not equal to the space time. While the use of the mean
residence time has been shown to be more accurate than using the space time, it is still not as accurate

as one would hope for the reasons described above.

- .

E(t) = P Equation 2
JoC tE(t)at .

= d— Equation 3

™ P E@®at

Time
Figure 1: Typical E(?) response curve with area under the curve equal to 1
To describe and develop the concept it was assumed that the water flow in a CW can be described by
two flow paths along the length of wetland, each with half the fluid volume of the system, so two micro-

batch reactors had to be modelled. The area under the E(t) curve is then divided into two portions as

shown in Figure 2. There is an average amount of time that the fluid elements of each portion spend in
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the reactor, this is defined as tj. The definition of t,;, can then be extended to apply to Portion 1 and
Portion 2 under the curve and is given by Equations 4 and Equation 5, respectively. The fraction of the
area under the curve for each portion is defined as y; and can be conceptualised as a fraction of the total
volume of the reactor. y; and y, are described by Equations 6 and 7, respectively and are defined as
weighting factors. The sum of the weighting factors is equal to 1. The weighting factors make it possible
to determine the contribution that each portion makes to the hydraulic flow behaviour of the system.
For example, if the areas are each 50% of the total area, they would have a weight factor of 0.5 each
and contribute equally to the hydraulic behaviour of the system. From this, it can be said that fraction y;,
of the fluid passing through the reactor, spends an average time of t; within the system. Each portion is
assumed to behave as its own batch reactor moving along the length of the wetland. The solved batch
reactor design equation is then adapted to include the two portions each with their own mean residence
time and weight factor. A summation term is included to account for the two portions, and this is given

by Equation 8.

Time

Figure 2: E(t) curve divided into 2 sections, each with an area of 0.5

SF et at .
1= m Equation 4
TO
T2
d
2 = % Equation 5
T1
T1 .
Y1 =fp, E@)dt Equation 6
T2 .
Y2 = Jp, E@dt Equation 7
Cout = 71 Cine_kt1 + V2 Cine_ktz = ]2'=1 Vi C[ne_ktj Equation 8

The concept described above can be expanded to include 10 sections as is visually represented in
Figure 3. Each of the 10 sections represents a flow path carrying micro-batch rectors with a specific
mean residence time and weight factor. The total outlet concentration of the system can then the be
calculated as a sum of the effect of each section or flow path. in Equation 9. The general form of this is

expressed in Equation 10 where there are ‘n’ flow paths examined within the system and therefore ‘n’
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sections under the curve.

Eit)

Time

Figure 3: E(t) curve divided into 10 sections

Cout = 2721 V; Cine ™™ Equation 9

Cout = Xi=17j Cine™ Equation 10

3.2 Adaptation of CWMI to the model

Currently, the CWMI1, and the models it is based on, account only for the kinetic processes of the
system. Both particulate and soluble components are considered in the model. All microorganisms are
considered particulate matter and referred to as bacteria only (Langergraber, Rousseau, et al., 2009). In
the CWMI reaction rates are given for 17 biological processes and the transformation of16 components
is modelled. The components considered in the CWMI1 are organic matter, nitrogen species, sulfur
species and various bacterial groups. In the CWMI1 reaction rates are given for the various biological
processes which take place within a wetland. These include hydrolysis, growth and lysis of multiple
bacterial metabolic groups. The reaction rates are given in a 17x1 matrix called the reaction rate matrix.
The reaction rates given for growth of bacteria are based on Monod kinetics and as a result are not
linear. Linear approximation techniques can be used to simplify these rates to first order to be used in

the model. The first order rate constants are denoted k.

A second matrix, of dimension 17x16, is included in the model and links the reaction rates with the
rates at which the various components that are produced and consumed according to each individual
process. This is a stoichiometric coefficient matrix. In most cases the components are transformed in
more than one reaction and these component rates become quite intricate, consisting of more than one
term. Blank fields in the coefficient matrix indicate that the process does not influence the concentration

of the specific species.

The second concept of the adapted model presented in this paper is to incorporate multiple reaction
rates of multiple species into the batch reactor design equation. A matrix achieved by the dot product
multiplication of the coefficient matrix and the reaction rate matrix produces a 16x17 matrix in which,

at position Aj the degradation of component ‘i' in process ‘I’ is described.
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First order reaction rates are required for the model in its current format. Linearisation techniques can
be applied to reduce the monod based kinetic to a first order rate. The first order rate constant is then
denoted ki;. Matrix A is a matrix of first order rate constants. This matrix can be used in the batch
reactor design equation with the inclusion of two summation terms; one for the components and one for
the processes. This can be seen in Equation 11. There are a total of ‘m’ components and ‘p’ processes.
The contribution of each process to the degradation or production of a specific component can be

summed along the row of that component.
DA .
Cout = 2i%1 Cinyi * eZi=1 Airrt Equation 11

The final step in the adapted model is to combine the concept of Equation 10 with the concept of
Equation 11. This allows for combination of multiple time sections, with their respective weight factors,

multiple processes and multiple species in one design equation. This can be seen in Equation 12.
P .
Cout = Xty 2oy ¥jCine2i=1 4114 Equation 12

4 CONCLUSIONS

The development of a hydraulic residence time distribution technique combined with an existing
biokinetic model for constructed wetlands has been described here. Whilst the mathematics have been
developed for application, the limitations of the model lie in the linearization of the biokinetic rates. By
linearising these rate equations the errors are compounded and carried through. Development of the
techniques towards eliminating these limitations is the subject of ongoing research and will form the
basis of a future paper. In addition, future research will focus on testing the model at lab-scale for

verification.
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ABSTRACT

Drilling operation during exploration of natural oil and gas has caused substantial impact on the planet,
especially ocean acidification and habitat destruction. Water contamination and hydraulic fracture are
major drilling activities with significant negative effects. The application of hydraulic fracturing in
unconventional wells to increase the permeability of the porous media induces the slipping of formation
bedrock which may ultimately result in several earthquakes. The CO; gas emitted through the gas flare
drilling platform and other hydrocarbon gases are major greenhouse gases that contribute immensely to
global warming. Limited options for produced water treatment and consequent eventual disposal of
drilling wastes to water bodies have been reported to contribute immensely to marine environmental
pollution. This pollution causes long-term and short-term danger to the environment. Despite all these
challenges, the use of fossil fuels as a major source of energy has increased rapidly worldwide.
Ultimately, without drilling, there is no fossil fuel. However, focus has been on the anthropogenic
effects of fossil fuel burning without considering the processes leading to the extraction of the fossil
fuel: the drilling operation. In this review, efforts were made to highlight various hazards associated
with drilling processes with an emphasis on major impacts to the environment. This review is an
attempt to provoke the thoughts of stakeholders in the sector.

Keywords: drilling operations; Anthropocene; hydraulic fracturing; drilling waste; greenhouse
emissions

1 INTRODUCTION

Drilling is inevitable for crude oil and gas extraction. Oil and gas drilling are large sources of land,
air and marine pollution, globally. These challenges have been made worse with the discovery of
unconventional reservoirs and the advent of new technologies such as hydraulic fracturing. Hydraulic
fracturing has paved the way for accessing hydrocarbons otherwise inaccessible with the conventional
drilling process. Recently, exploration of natural gas across the globe has increased exponentially
including fossil fuel and shale gas through drilling operations. The drilling process is one major activity

of humans that has left a substantial mark on both the surface and the subsurface leaving long-term
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effects on humans and the environment (Heed, 2009). Human drilling, especially for oil and gas extends
to several kilometres. The future adverse effects of this are not always predictable. The socio-economic,
environmental and climatic effects of drilling processes across the globe have contributed towards

entering of the proposed geological time scale called the Anthropocene.

The Anthropocene is a proposed geological timescale in which various human activities severely
impact the earth’s geology and ecosystems (Achmon et al., 2018; Roka, 2020). It is a period where
human actions globally disturb and agitate earth systems. Human activities become geological agents
rather than vice versa. Burning of fossil fuels (coal, oil, and gas) has been reported to be the major
driving force of the anthropogenic climate change due to emissions of various greenhouse gases
(Ecobian et al., 2019; Tzompa-Sosa et al., 2017). The release of greenhouse gases, especially CO, from
fossil fuel burning via various industrial activities, has led to a global rise in temperature, ocean
acidification and severe weather changes across the globe (Levy, 2013; Tzompa-Sosa et al., 2017).
However, access to and extraction of fossil fuel, especially natural oil and gas at the subsurface, requires

drilling.

Accidental oil spills due to pipe leakages and equipment failure, emissions from heavy drilling
equipment, treatments and disposal of drilling wastes (i.e., especially drilling fluids, emissions from
trucks at drilling sites, geological slides due to injection of wastewater in ultra-deep wells) are major
indicators that drilling operations adversely affects humans and environments (Williams et al. 2016;
Bogacki and Macuda (2014). Presently, hundreds of thousands of active wells are located across the
globe including Africa, Europe, and America. However, the devastating consequences of drilling
operation on the earth’s system have not received much attention in contrast to the combustion of fossil
fuels. This article, therefore, highlights various drilling processes and activities. In particular, drilling

effects on land, marine and atmospheric environments are discussed.

2 DRILLING OPERATIONS
2.1 Conventional drilling

Drilling is the process of creating a circular hole below the subsurface typically reaching 1000 ft of
depth where natural oil and gas is trapped. So far, the only means of extracting oil from the subsurface
is to drill a well. Conventional drilling is typically a vertical well drilling technique employed to retrieve
natural oil and gas from the sub-surface. However, the increasing need to access oil trapped within less
permeable formations necessitates the use of horizontal and directional drilling methods. These methods
have enhanced the overall oil recovery which is otherwise not feasible using conventional (vertical)
drilling. The drilling process has improved significantly with the advent of new technologies such as
directional drilling, horizontal well drilling and the hydraulic fracturing (Lyons and Plisga, 2016). The

advent of these technologies has led to the successful exploration and exploitation of unconventional
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hydrocarbons such as coal-bed methane, shale oil and tight oil and gas (Verma and Sirvaiya 2016; Chen

et al. 2014; Zou et al. 2015).

2.2 Directional drilling and Hydraulic fracturing

Accessing hydrocarbons from complicated formations such as shale, high temperature and high-
pressure reservoirs, tight gas sandstone, and ultra-deep water requires the use of advanced technologies
such as directional drilling and hydraulic fracturing. Directional drilling is the practice of drilling a non-
vertical well-bore aimed at recovering oil and gas especially in an unconventional reservoir with
extremely low permeability. The boring does not go vertically (in a straight line) but rather slanting at
a known angle (Helmig, 2020). Directional drilling techniques have proved to dramatically enhance oil
recovery in complicated reservoirs (Cremonese et al., 2019; Gao et al., 2009). Reservoir-well contact is
also improved as several reservoirs can be accessed via a single bore, hereby reducing the detrimental

effects at the surface (Chen et al., 2014).

Hydraulic fracturing (HF), also known as fracking is an important secondary drilling activity adopted
for efficient production of oil trapped in low permeable formations such as shale. A high-pressure liquid
mixture is injected into the well to create fractures on existing fissures which subsequently open up
connected pore spaces and increase the amount of oil which can be extracted from reservoir. Despite
these advantages, HF could be regarded as a dangerous process with effects that possibly linger for
centuries. One important indicator of HF as a major contributor to the Anthropocene is the fact that it
gives us continuous access to natural gas and crude oil which encourages further consumption of fossil
fuels. With the increasing practice of HF, access to natural gas and crude oil becomes cheaper, hence
resulting in further fossil fuel combustion. It is worthy to note that even natural gases that are considered
cleaner fossil fuels create and generate emissions that could deplete the ozone layer and cause harm to

the atmosphere (Adgate et al. 2014).

Contamination of the subsurface watersheds by the fracking fluid is another issue of major concern.
Fracturing fluids basically consists of water, sand and potentially toxic chemicals (often undisclosed)
that could penetrate the bed rock due to the fractures created, and subsequently contaminate public and
other water supply. Additionally, several fractures created in the bed rock could allow crude oil and
natural gas leaks to drinking water especially situations where well casings break down unexpectedly

due to corrosion or excessive hydraulic pressure (Michelle et al., 2015).

Pressure build-up, due to the continuous deposit of fracking fluid in deep wells after several HF
events, has been reported to be responsible for bed-rock slips leading to high magnitude earthquakes
around drilling sites (Richard e al, 2015). Unfortunately, most drilling companies do not disclose the
actual chemical compositions of the fracking fluid, making it more difficult to simulate projected long-

term risks associated with improper disposal of fracking fluids. Water requirements for successful
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operation of HF is also an emerging challenge especially in countries where water conservation
practices are of paramount importance. Continuous engagement in HF, might result in extreme water
crises in the near future. These issues among others are pointers that drilling contributes towards us

entering the Anthropocene.

3 ONSHORE AND OFFSHORE DRILLING

Drilling operations could be on land, below the subsurface (onshore) or below the seabed (offshore).
Both drilling techniques can be used for exploratory and production drilling (Traynor, and Sladen,
1997). However, offshore drilling is more expensive than onshore drilling because not only does it
require a drilling rig but a complete platform which includes housing for staff, docking facilities and
helicopter landing pad among others (Steinsvag et al., 2009). The massive structure of the platform
requires substantial support to withstand the ocean waves, and hence is more expensive and requires
longer setup times. About 70% of the natural oil and gas exploration comes from onshore drilling with
the remaining 30% from offshore (Austin et al. 2004). Investing in more offshore drilling has created
additional employment, increased oil production and boosted industrialization in all the concerned
countries (Mason, 2009). However, both offshore and onshore drilling processes have their associated

challenges, with offshore drilling posing larger risks to humans and environment (Mason, 2009).

Numerous cases of oil spills have been reported both at onshore and offshore drilling sites (White et
al., 2014), with offshore drilling been the most impactful due to its location on sea and ocean beds. Oil
spills are extremely harmful to marine life. They reduce the level of dissolved oxygen and prevent
sunlight from penetrating the ocean surface thereby suffocating photosynthetic and other marine life in
the vicinity (Gravitz et al, 2009). Aside the immediate effects on marine life and water pollution, the

long-term detrimental effect on the ecosystem are difficult to assess.

High risks jobs offered by drilling operations, especially offshore drilling, cannot be
underemphasized. Accidents on offshore drilling rigs are often fatal to humans (staff on platform) and
the environment; especially the marine environment due to the distance between the rig and emergency
rescue and remediation services. Investing in offshore drilling automatically increases onshore
ecological and environmental damages. This is because onshore infrastructure is required to support,
transport and process oil and natural gases extracted from the drill platform. The onshore infrastructure
includes pipelines to transport natural gas and oil extracted to storage or processing facilities, waste
treatment and disposal facilities, port terminals and processing refineries (Mason, 2009). All the
onshore infrastructure supporting offshore drilling have their various associated harmful effects on

environment, public health and ecosystem.

4 DRILLING WASTE DISPOSAL

Drilling process, either onshore or offshore, generate substantial quantities of toxic wastes including
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drill cuttings, used drilling fluids, fracking fluids, and water with varying compositions (Bekhtar and
Gagnan, 2012; Ahmadun et al., 2009). Drilling muds (fluids) are viscous fluids circulated through the
drill pipe to maintain the well and transport drill cuttings to the surface among several other functions
(Neft, 2002; Kelessidis et al. 2011; Arinkoola et al., 2018; Jimoh et al., 2021). The effluent from these
operations is a mixture of formation water, oil, gas and injection water. It is a complex mixture whose
composition is substantially affected by the geological properties of the formation and may consist of
heavy metals, various complex organic and inorganic compounds that are of environmental concerns
(Richard et al., 2015). Illegal dumping of these wastes leads to negative ecological and health

consequences that can last for decades.

5 ENVIRONMENTAL AND HEALTH HAZARD
5.1 Effect on the atmosphere

Flaring of gas from onshore rigs and offshore drilling platforms are one of the major sources of air
pollution during natural oil and gas extraction process. Fracking operations significantly affect the air
by the release of methane during the initial period following hydraulic fracturing injection and transport
of the fuel to customers (Howarth et al., 2010). Trucks used to transport extracted oil emit carbon and
other greenhouse gases. Methane emission contributes substantially to global warming. Emission of
carcinogens such as CO; and benzene during conventional and hydraulic fracking were reported at
various stages of drilling (Gao, 2010). Fracturing flow-back fluids are usually accompanied by
substantial amount of methane and other greenhouse gases which are directly emitted into the
surrounding atmosphere (EPA, 2010). Others include continuous emissions from gas venting and
leaking equipment on drilling site, transportation and storage facilities, even after well completion
(Lelieveld et al., 2005). The hypothesis is that, as the demand for energy for technological advancement
increases, more drilling sites using the unconventional drilling techniques will continue to emerge,

hence more methane and other greenhouse gases will be emitted.

5.2 Effect on human health

High levels of known carcinogens in air such as benzene have been attributed to natural gas drilling
operations. (McKenzie et al., 2012). Common symptoms or complications among people living near
fracking sites include fatigue, burning eyes, dermatologic irritation, headache, upper respiratory
infections, gastrointestinal infections, musculoskeletal issues, neurological symptoms, alteration of
immunological function, sensory impairment, liver abnormality, vascular, bone marrow, endocrine,
and urologic problems (Colborn T, et al., 2011; Bamberger, M., 2012; 2011; Perry, S. L., 2013; Dey et
al., 2015: Yermukhanova et al., 2017; and McKenzie al., 2017)
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5.3 Effect on land and immediate community (Nigerian context)
5.3.1 Environmental Effect of Oil Drilling

Oil drilling has many harmful ecological and environmental effects. The process of drilling and
extracting oil is complex and leaves many opportunities for errors or accidents as have been experienced
in the Niger Delta. The Niger-delta region is the oil-bearing region in Nigeria. The economic and social
challenges faced by people in communities living here are directly linked to mismanagement of
environmental issues resulting from oil drilling. The discovery and drilling for crude oil in the Niger-
delta has depleted the ecosystem via deforestation and obliteration of aquatic life. A region reported to
have great potential to feed the West African sub-region with chances of exportation (Akpofure et al.,

2004) is ecologically degraded and economically backward because of oil drilling.

The piping used to transport and extract oil is made of metals, which can corrode. This corrosion
causes pipes to rupture and contaminates the land and waters which surround it. If the pipes do not
rupture, contamination can still originate from large waste pits, often left unlined and open. Dust
particles left from drilling may coat the surrounding areas, and flames from burning the natural gas

found in oil fields cause air pollution.

Approximately, 1.5 million tonnes of crude oil have been spilled into the Niger Delta ecosystem over
the past 5 decades. This volume is 50 times the estimated quantity of crude oil spilled in the popular
Exxon Valdez spill in Alaska in 1989 (Niger Delta Resource Damage Assessment and Restoration

Project, 2006).

5.3.2 Health Effect on Indigenous Communities

Oil spills into streams undoubtedly make their ways into the aquatic environment that harbours fish
and other aquatic animals. As a result of toxic ingestion resulting from the consumption of
contaminated fish and aquatic animals, many people suffer from severe skin rashes which require
frequent medical attention to prevent swelling, and also from chronic headaches. Fainting spells,
vomiting, chronic diarrhoea, headaches and unknown skin infections are common symptoms for those
who consume contaminated aqua animals. Long term health effects include but not limited to
miscarriages in women, lung disease, liver and kidney damage, nervous system disorder, brain damage,
and many other chronic ailments (Kponee et al., 2015). Effluent from oil drilling may contain toxic
heavy metals such arsenic, cadmium, mercury, lead, zinc and copper (Caenn et al., 2012). Consumption
of these metals, even at very low concentration, is detrimental to human health and animal wellbeing.

Heavy metals accumulate in the tissues of organism faster than it can be excreted.

Indigenous people of the Niger-delta in Nigeria have been fishing their ancestral lands and rivers for
generations. However, due to hydrocarbon contamination, waterbodies became toxic, hence fish and

aquatic animals have bio-accumulated metals. For example, a report from Kponee et al. (2015)
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indicates that exposure to hydrocarbon-contaminated drinking water is statistically correlated to self-
reported symptoms associated with petroleum-hydrocarbon exposure. The authors highlighted that
symptoms such as headache, skin and eye irritation, anaemia, dizziness, bronchitis asthma are common
for people living close to a hydrocarbon exploration site. Humans at the top of the food chain,
consuming contaminated aquatic animals are continuously exposed to amplified health hazards. As long
as indigenous people continue to rely on their lands and waterways for sustenance, the risk of feeding

on hydrocarbon contaminated fishes and cultivation of toxic farmlands remains inevitable.

6 CONCLUSIONS

The drilling process is an important human activity whose impact on earth cannot be overlooked.
Drilling processes can be considered as dangerous and extremely risky operations because of the fatal
accidents and severe damage caused to the environment. To date, there are no sufficient measures to
effectively mitigate the consequences of these disasters. The long-term detrimental effect of drilling
because of increasing energy demand are not going to abated soon. Since the inception of
industrialisation which is characterised by a continuous increase in the demand of energy, there has
been increase in global average temperature by 1 °C. This has the potential to increase by 2.7 °C or
more by the end of the century if no decisive actions are taken to mitigate these risks. However, the
drilling process, being the only means of accessing energy from the subsurface, will likely increase in
coming years due to the exponential increase in energy demand stemming from various technological
advances. It can thus be concluded that drilling process and its accompanying activities are as dangerous
as the fossil fuel burning itself. It is highly recommended that countries, such as South Africa, planning
to engage in drilling activities for oil/gas exploration should critically consider environmentally benign
technologies that will protect the natural environment as they embark on exploration activities rather

than using known methods that cause environmental harm.
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ABSTRACT
An investigation was undertaken to determine the performance of a laboratory-scale spray dryer (semi-
dry process) involving flue gas desulphurization (FGD) to contribute to the understanding, modelling
and design of an industrial process. The study consisted of a systematic experimentation programme
using response surface methodology with a lab scale spray dryer to optimize the absorption of SO2.
Parametric tests were conducted to analyze the influence of stoichiometric ratio (0.5-2.5), inlet gas
phase temperature (120-200°C), slurry solid concentration (6-14%) and slurry pH (4-12) on SO2
absorption efficiency. The axial profiles of SO2 within the absorber space indicated two drying regimes
i.e., constant rate and falling rate drying periods within the spray dryer. A predictive quadratic model
correlating independent variables and the response was developed based on experimental findings. The
model was found to provide a suitable fit with an R-squared coefficient of 0.93. The recommended
optimal conditions for SO2 absorption were inlet gas phase temperature of 140°C, stoichiometric ratio

of 2, slurry solid concentration of 8% and slurry pH of 10 which gave 90% SO2 removal efficiency.
Keywords: Spray drying absorption, semi-dry FGD, experimentation, sorbents, optimization.

1 INTRODUCTION

The removal of pollutant gases such as SO, and NOy has gained a lot of interest for many years. They
mostly emanate from the combustion of sulphur-containing coal in power plants resulting in emission
of pollutant gases. This has resulted in the enactment of stringent laws and regulations governing
industrial air pollution particularly SO, and subsequently necessitated the need to implement flue gas

cleaning processes such as flue gas desulphurization (FGD) units in both new and existing power plants.

FGD technologies can be categorized as wet, dry, and semi-dry based on the state of the active
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ingredient applied (Katolicky and Jicha, 2013). Spray drying absorption (SDA) is an attractive
alternative to the wet FGD system due to smaller footprint requirement, ease of product handling, low

capital cost, ease of retrofit to existing plants and less water consumption (Xie ef al., 2017).

Despite its ability to remove SO, beyond legislative limits, the application of SDA in coal-fired power
plants has been limited by high sorbent cost, low sorbent utilization and lower SO, removal efficiency
compared to the wet FGD technology. It is therefore necessary to improve its desulphurization
efficiency and sorbent utilization to make it more attractive in the industry. The reaction between
hydrated lime (Ca[OH],) and SO» in the absorption chamber is an adsorption controlled reaction that
mainly depends on a variety of factors such as sorbent surface properties, particle size, slurry solid

concentration, humidity, approach to saturation temperature among others (Gassner ef al., 2014)

In this study, a systematic approach using central composite design (CCD) was used to assess the
influence of spray characteristics on the desulphurization efficiency using commercial hydrated lime as
a sorbent. This was performed using a laboratory scale spray dryer by varying the spray characteristics
such as stoichiometric ratio (0.5 - 2.5), inlet gas phase temperature (120 - 200°C), slurry solid
concentration (6 - 14%) and slurry pH (4 - 12) which were chosen as independent variables. These
limits were based on the results of trial experiments on the present work and considering SO,
concentrations in industrial flue gas. RSM was then applied to assess the cross-influences of the
variables on SO, removal efficiency. Optimization was carried out for the process variables with an aim

of maximizing SO, removal efficiency.

2 EXPERIMENTAL

The absorption experiments were conducted in a laboratory scale Buchi B290 mini spray dryer. A
schematic of the spray dryer is shown in Figure 1. The overall setup consisted of the following
subsystems: sorbent slurry preparation, spray drying absorption chamber, flue gas analysis and other

accessories.

Simulated flue gas was obtained by mixing 99% SO, with ambient air at controlled rate to achieve
the required inlet SO, concentration. To achieve the desired inlet temperature, flue gas is heated using
an electric heater located above the chamber before entering the spray chamber. The feed slurry
comprised of commercial grade hydrated lime mixed with water using pre-determined ratios. Table 1
presents a summary of the chemical and physical properties of the hydrated lime used. The pH of the
slurry was adjusted by adding 0.1M HCI into the feed slurry. The feed slurry was then injected into the
spray dryer via a two-fluid nozzle located at the top of the spray chamber. The nozzle disperses the
slurry into fine droplets which comes in contact with the heated flue gas in a co-current flow in the
spray chamber. A final dry product is collected at the bottom of the chamber which is also captured by

the cyclone separator. Throughout each experimental run, SO, concentration was monitored along the
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spray chamber using Testo 340 combustion gas analyzer. This was done by continuously sampling the

flue gas at 5 different points as depicted in Figure 1.

The hydrated lime sorbent was characterized using N> BET to determine their specific surface areas
while the elemental analysis was carried out using XRF analysis. Scanning electron microscope (SEM)

was used to obtain micrographs.

SO, T, H=—— —[— —
SO, T, Hy=
SO, Ts, Hy==
SO, Ty, Hyegy
505, Ty, Hs=|

KEYS

1 Slurry preparation tank

2 Peristaltic pump

3 Heater

4 Nozzle

5 Spray dry chamber

6 Dry product vessels

7 Cyclone

8 Treated flue gas

£

Simulated flue gas cylinder
10 Flow meter
11 Air compressor

Figure 1: Lime spray drying experimental setup.

Table 1: Sorbent properties

Property Ca[OH].
Composition (XRF) 89 wt% CaO
Mean particle size <75 pm
BET surface area (N7) 4.24 m?/g

2.1 Design of experiments and statistical analysis

In this study, response surface methodology (RSM) was used to optimize the experimental conditions
for the absorption of SO2 from flue gas using a laboratory scale spray dryer. RSM is a mathematical
and statistical technique useful for the modelling and analysis of problems in which a response of
interest is influenced by several variables, with an objective to optimize this response (Myer and
Montgomery, 2002). A full factorial design consisting of independent variables that were investigated

is shown in Table 2. A central composite design component with quadratic model and &= 2 in the
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Design Expert Software v13.0.1.0 was used to analyse the effects of process variables (inlet gas phase
temperature, stoichiometric ratio, slurry solid content and slurry pH) on SO, absorption efficiency.

Alpha (o) is the axial distance from the centre point and makes the design rotatable.

Table 2: Process parameters

Independent variable Code x=-2 x=-1 x=0 x=1 x=2
Inlet gas temperature (°C) Xq 120 140 160 180 200
Stoichiometric ratio (Ca:S) Xy 0.5 1.0 1.5 2.0 2.5
Slurry solid concentration (wt%) X3 6 8 10 12 14
Slurry pH X4 4 6 8 10 12

The experimental data obtained were fitted into a second-order polynomial model and regression
coefficients were obtained. The second-order polynomial model used in the response surface analysis

was as follows:
Y = bO + Z?:l bixl- + Z?=1 biixiz + Z?=_11 _7]'1=i+1 bijxixj Equation 1

Where Y is the predicted SO, absorption efficiency (ppm), by is offset term, b; are the linear
coefficients, b;; are the quadratic coefficients, b;; are the interaction coefficients, and x; j—1 5. are the
coded values for the independent variables investigated. The significance of the second-order model
was evaluated by analysis of variance (ANOVA) and a lack of fit test which was then used to optimize
spray dryer absorption efficiency for all the independent variables investigated. The model adequacy

was evaluated based on the R-squared statistic (R?).

3  RESULTS AND DISCUSSION
3.1 Sorbent characterization

Chemical analysis (XRF) of the commercial hydrated lime used a sorbent in this study indicated
significant presence of Ca expressed as CaO (89.55 wt%) which is an active component in the
chemisorption reaction. The was evident from XRD analysis which revealed strong presence of
Ca[OH]: (portlandite) peaks appearing at 20 = 20.9, 33, 39.5, 55, 59.5, 64 and 74° as shown in Figure
2. The diffraction patterns also revealed mild presence of quartz (SiO») appearing at 20 = 24, 31, 42.5,
47, 49 and 53.5°. The presence of calcite peaks in the sample could have been due to contamination
during preparation for XRD analysis. The surface morphology of the sorbent obtained from SEM
analysis indicated a porous particle surface with rough texture as shown in Figure 3. This contributes
to a high specific surface area as indicated in the BET N, surface area analysis of 4.24 m?*/g which is

adequate surface area beneficial for desulphurization in spray drying.
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Figure 2: XRD diffraction pattern for hydrated lime sorbent
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Figure 3: SEM image for hydrated lime sample

3.2 Model fitting

The percentage removal range of SO, for all the experiments conducted was between 48 and 93%.
The correlation between the independent variables and the responses were developed using CCD based
on the experimental findings. From CCD, the predictive quadratic model for SO, removal efficiency
was obtained in terms of coded factors as shown below:
Y =77 —6.58x; + 8.58x, + 1.58x3 + 3.42x, — xyx, — 0.5x1x3 + 1.75x;x, + 0.375x,x3 +
1.63x,x, — 0.625x3x, — 0.667x,% — 3.04x,% — 1.04x3% — 0.792x,° Equation 2
Y — S0, removal ef ficiency (%), x; — Temperature (°C), x, — Stoichiometric ratio

x3 — Slurry solid concentration (%), x4 — Slurry pH

The coded equation was useful in identifying the relative impact of the experimental variables by
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comparing the model coefficients. Analysis of variance (ANOVA) was carried out to determine the
significance test for the predictive model and the individual model terms. The results for lack of fit test
and ANOVA are presented in Table 3. The model F-value of 28.33 and p-value of less than 0.0001
confirm that the selected model is a suitable fit. The p-values were also used to check the model terms,
which indicate that the model term is significant if this value is less than 0.0500. In this case, all four
model terms x4, x,, x3 and x, have significant effect of SO, absorption efficiency. All interaction
effects of the model terms except x,x, are non-significant with p-values greater than 0.1000. The
analysis also shows that the quadratic effects of all variables except x,2 were non-significant bearing

p-values greater than 0.1000.

Table 3: Analysis of variance (ANOVA) for the quadratic model

Source Sum of squares  F-value p-value
Model 3495.20 28.33 <0.0001  Significant
x1- Temperature 1040.17 118.05 <0.0001
X5 - Stoichiometric ratio 1768.17 200.67 <0.0001
x3 - Slurry solid concentration 60.17 6.83 0.0196
x4 - Slurry pH 280.17 31.80 <0.0001
X1X3 16.00 1.82 0.1978
X1X3 4.00 0.4540 0.5107
X1X4 9.00 1.02 0.3282
X2X3 2.25 0.2554 0.6207
XpXy 42.25 4.80 0.0448
X3X4 6.25 0.7093 0.4129
x.2 12.19 1.38 0.2578
x52 253.76 28.80 <0.0001
x32 29.76 3.38 0.0860
x42 17.19 1.95 0.1828
Residual 132.17

Lack of Fit 132.17

Cor Total 3627.37

The precision of the predictive model was validated by assessing the linear relationship between
experimental and predicted values. Figure 4 shows a regression graph for experimental and predicted
values showing an acceptable fit of the data points along the line of unit slope. This gave an R-squared
(R?) value of 0.93 for the quadratic model which implies that the entire response variation can be

attributed to the quadratic model.
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Figure 4: Regression graph of the predicted and experimental values

3.3 Influence of spray drying parameters on SO2 absorption.

SO, removal efficiency obtained under different experimental conditions ranged from 48 — 93%. The
effects of all interactions of the independent variables on SO, absorption were represented using 3D
surface plots generated by the variation of two independent parameters while keeping the other two
constant at their respective central points. This gave six 3D surface response plots as shown in Figure
5 and Figure 6 which provide information of the effect of each independent variable and their interactive

effects on the response (SO, removal efficiency).

The interactive effects of the temperature (x, ) and the stoichiometric molar ratio (x,) on SO, removal
efficiency under constant values of solid concentration (10%) and slurry pH (8) is shown in Figure 5(a).
Stoichiometric ratio in lime spray drying is the ratio of the moles of the reactant in the feed slurry to the
mols of SO, inlet into the scrubber. From Figure 5(a), an increase in the absorption efficiency was
observed with increasing stoichiometric molar ratio. Improved SO, removal at high stoichiometric
molar ratios is due to increased concentration of the reactant (Ca[OH],) which maintains the reaction
front at the droplet surface and consequently reduces the liquid mass transfer resistance (Hill and Zank,
2000). On the other hand, increasing inlet gas phase temperature impacts negatively on SO, absorption
efficiency as observed from the model plot. Higher inlet gas phase temperatures cause rapid evaporation
and reduces the contact time necessary between the droplet and the flue gas. This eventually reduces

the removal of SO, due to increased driving force for evaporation.

The combined effects of temperature (x;) and slurry solid concentration (x3) at constant values of
stoichiometric ratio (1.5) and slurry pH (8) is shown in Figure 5(b). Slurry solid concentration was
observed to have little impact on SO, absorption efficiency with a slight increase in the efficiency from
67-69% when solid concentration was varied from 8% to 12% which was attributed to the increase in

the number of reactants (lime particles) available in the slurry for reaction with SO, (Scala et al., 2005).
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Figure 6(b) illustrates the interactive effects of the slurry pH and the stoichiometric molar ratio on
SO, absorption efficiency. This was conducted while keeping the inlet gas phase temperature and solid
concentration constant at their respective central points. The model plot portrays a slight decrease in
SO, absorption efficiency from 66% to 63% when the slurry pH was decreased from 10 to 6. The
decreasing absorption at lower pH is due to increasing concentration of HCI that was used to adjust the
slurry pH. Strong presence of HCI at lower pH increases the concentration of Cl ions present in the
slurry, which will inhibit the dissolution of lime (Ca[OH]s) particles i.e. diffusion of H" and Ca*" ions
withing the droplet (Zheng et al., 2002). We note that if the interaction term X,x, is significant, it

increases the risk of incorrectly identifying the effects of x4, x,, x3 and x, on SO, absorption efficiency.
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Figure 5: Interactive effects of inlet gas phase temperature with stoichiometric ratio (a), and inlet gas phase

temperature with slurry solid concentration (b) on SO2 removal efficiency.
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3.4 Optimization of desulphurization variables

Spray drying absorption involves scrubbing of SO, from flue gas by contacting it with alkaline (lime)
slurry. Efficient SO, removal requires operation of the spray dryer at most appropriate conditions of the
variables. In the present study, independent variables were evaluated to get optimal conditions
necessary to achieve maximum SO, absorption. Design expert v13.0.1.0 was used to generate the set of
optimum conditions of independent variables with the predicted values of the response i.e., SO> removal
efficiency using numerical optimization function called desirability. Desirability function is an
objective function the most commonly used method for optimization of responses. It is based on the
idea that the "quality" of a product or process that has multiple quality characteristics, with one of them
outside of some "desired" limits, is completely unacceptable (Heckert et al., 2002). The method assigns
a "score" between 0 (least) and 1 (most) to a response and chooses factor settings that maximize that
score. If any of the responses falls outside their desirability range, the overall function becomes zero
(Amjed et al., 2017). Optimization criteria chosen for all independent variables and responses is shown

in Table 4:

Table 4: Criteria for numerical optimization of SO2 absorption

Variable/Response Goal Lower limit Upper limit
x1: Inlet gas temperature minimize 140 180

Xo: Stoichiometric ratio In range 1 2

x3: Slurry solid concentration minimize 8 12

Xx4: Slurry pH maximize 6 12

SO, removal efficiency maximize 48 93

The optimum process conditions and response were generated from the software. The optimum
conditions for independent variables based on the highest desirability value were found to be at inlet
gas phase temperature of 140°C, stoichiometric molar ratio of 2, slurry solid concentration of 8% and
slurry pH of 10. These set of optimum conditions produced SO, removal efficiency of 90% with a

desirability of 0.98.

4 CONCLUSIONS

This study presents the findings of the influence of spray drying characteristics on SO, absorption
efficiency. RSM was used to analyse and optimize the independent variables which include inlet gas
phase temperature, stoichiometric molar ratio, slurry solid content and slurry pH. A predictive quadratic
model correlating the variables and response was developed using CCD. The analysis of the model was
found to best describe the relationship with an R-squared coefficient of 0.93 when compared to the
experimental data. The model results indicated stoichiometric molar ratio as a variable with significant

influence on the absorption of SO,. Under the recommended optimal conditions of inlet gas phase
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temperature of 140°C, stoichiometric ratio of 2, slurry solid concentration of 8% and slurry pH of 10, a
removal efficiency of 90% for SO, can be achieved. This study contributes to the understanding of the
interactive effects of the variables on the absorption of SO and will help on efficient operation in spray

drying FGD.
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ABSTRACT
Climatic factors coupled with urbanization and its dependence on carbon-based fuel for a range of
purposes, have highlighted a major concern regarding the rapid increase of hazardous gas emissions
globally (Howari, 2015). The abatement of pollution, process impact on health and the environment,
and safety protocols of emissions are important emerging issues. Oil and gas industries are significant
contributors of volatile emissions. Large-scale accurate monitoring of emissions is difficult to quantify
due to its complex nature. Therefore, knowledge from longstanding production process standards is
necessary to ensure accurate emissions estimates. The estimation of emissions is also necessary for the
implementation of emission control methods which actively work to limit emissions. Atmospheric
storage tanks also represent a significant portion of industrial incidents, typically due to its fragility and
inability to withstand slight overpressure. Inert gas padding is a safety system implemented in industry
to prevent the chemical oxidation of the contents within the tank by controlling the pressure within the
storage tanks (U.S. Environmental Protection Agency, 1992). This study reviews the current
knowledgebase and handling practices for volatile organic compound emissions from petroleum storage
tanks, examines suitable storage operating conditions, and aims to provide strategies for implementation
to achieve safe control and handling of emissions by performing calculations based on API 2000

(Ciolek, 2006) and dynamic simulations on ASPEN Plus.

1 INTRODUCTION

The emission of hydrocarbon compounds such as Volatile Organic Compounds (VOCs) to the
atmosphere poses a human health hazard and has a negative impact on the environment (Kihlman, et
al., 2006). In South Africa, ozone levels in the troposphere are rising rapidly and the effects of climate
change are being seen through water scarcity, resulting in issues with water restrictions, as well as crop

losses which reduces food and water security (Sasol Limited, 2019).

In order to achieve and combat issues related to the United Nations Sustainable Development Goal
13: Climate Change, stringent regulation policies have been implemented to reduce ground level ozone
by the monitoring and control of VOCs. This includes: The South African Carbon Tax Act 15 of 2019,

which imposes carbon tax on emissions (Government Gazette: Republic of South Africa, 2019); The
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National Atmospheric Emission Inventory System (NAEIS) is an integration between the management
of Atmospheric Emission Licenses (AEL) and The National Environmental Management: Air Quality
Act 39 of 2004, and imposes that process industries report their estimations of atmospheric emissions
(Government Gazette, 2015). South Africa’s commitment to a lower-carbon economy is further
supported by the Paris Agreement (to which South Africa is a signatory), which aims to “reduce
Greenhouse Gas (GHG) Emissions and limit the global average temperature increase to well below 2

degrees Celsius” (Nqwababa & Cornell, 2019).

Due to the reliance on fossil-fuel derived energy and the lack of available infrastructure, knowledge
and commercialization of renewable energy sources, there are numerous challenges to integrating a
low-carbon economy in South Africa (Nqwababa & Cornell, 2019). A leading anthropogenic source of
VOC emissions include oil and gas industries in which refinery petroleum storage tanks are considered
to be the single largest point source of VOC emissions (Howari, 2015). According to (Maxwell &
Lawal, 2016), 31.5% of VOC emissions occur from gasoline or oil storage tanks and (IMPEL Network,

2000) suggested that tank areas contribute 42% of the total emission sources from an oil refinery

Many major industries have responded to the new South African legislation. Sasol, for example, has
implemented an emission reduction roadmap based on a three-pillar emission-reduction framework
which aims to reduce emissions by 10% in South African operations by 2030 (Sasol Limited, 2019).
Currently, a common method used in petroleum industries for VOC emissions estimation was
developed by The Environmental Protection Agency (EPA) (United States), which is based on the AP-
42 model for air pollutant emission factors. Other methods including direct methods such as Leak
Detection and Repair (LDAR) or DIAL (SAPREF, 2016), have been utilised to monitor VOC emissions
in industry, however, in order for companies such as Sasol to accurately monitor and control their
emission reduction targets, more reliable estimation methods using current plant data are required to
predict VOC emissions over time. Technologies such as TANKS have been developed and commonly
used in industry thus far, however, this process simulator is considered outdated and offers inaccurate
estimates (Heath & Liu, 2016). Insight into new technologies which provide accurate estimates
employing rigorous thermodynamic and transport calculations, are therefore required to properly

control VOC emissions and monitor reduction methods.

To establish the effects of previous practices, and the consequences of future non-action, a
comprehensive environmental impact assessment of VOC emissions from petroleum storage tanks is
conducted in this work. This assessment highlighted the specific need for developing protocols and
tools to assist in monitoring and control of VOC emissions from storage tanks, to reduce the impact on

the environment, ensure process safety and abide with new legislature in South Africa.

ASPEN Plus ® is a versatile process simulation tool and is used commercially in many petroleum
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industries for preliminary design and simulation. The software offers rigorous estimation of
thermodynamic and transport properties, and also offers a rigorous tank design option. There is a
scarcity of research in the literature regarding the estimation of VOC emissions using the ASPEN Plus

® platform, and the precision of the methods available in the software.

In this study a focus is placed on developing a method that improves the analysis and prediction of
VOC emissions from petroleum storage tanks. Three case studies are considered that are aimed to
understand the uncertainties and limitations involved using the proposed method, in comparison to other
options. Manual calculations using the AP-42 method were also used to estimate breathing and working
losses and a comparative study was done against empirical correlation estimates. Safe operating
conditions were investigated by determining the effect of temperature and pressure of the storage tank;
and an in-depth study on VOC emission reduction strategies was conducted for implementation in

industry.

2 LITERATURE
2.1 Categories of tank emissions

There are six types of emissions which may occur from petroleum storage tanks, namely: 1) breathing
losses, 2) standing losses, 3) filling losses, 4) emptying losses, 5) wetting losses and 6) boiling or

evaporative losses (Taylor & Francis Group, 1971).
Breathing Losses

Breathing losses occur as a result of thermal expansion of vapours in the tank, barometric changes
with pressure or from an increase in vaporization of the product, without altering the level of liquid in
the tank, leading to an increase in vapours formed. Breathing losses also commonly occur when changes
in pressure or volume thresholds are exceeded, thereby the losses are forced to escape into the
atmosphere. It may occur in most tank types however, fixed roof tanks which lack proper insulation,
have no insulation or designed for vacuum are more prone to experience higher breathing losses.
However, fixed roof tanks with proper insulation and has good condition reflective paint, will have
lower breathing losses. Pressure tanks designed to operate above two and a half psig has a very low
probability of experiencing breathing losses. Floating roof tanks operate by reducing the vapour space
within the tank thereby eliminating the possibility of breathing losses from occurring. Similarly,

variable vapour space tanks reduce the breathing loss potential (Taylor & Francis Group, 1971).
Standing Losses

Standing losses are considered all losses other than breathing losses and losses resulting from a liquid
level change. A significant amount of standing losses from floating roof tanks occur from poor

maintenance or design. For example, when the seal and the shoe are improperly connected to the shell
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of the tank, it provides a source of leakage. This may also provide a means for the release of vapour
through the permeable membrane seal which is in the middle of the roof and shoe. Gaging hatches or
pressure vacuum vents, various fittings from equipment as well as wind are other major factors which

may contribute to the release of standing losses (Taylor & Francis Group, 1971).
Filling Losses

Filling losses occurs when the internal pressure of the tank is greater than the relief valve pressure
and as a result, the expulsion of vapour occurs from a storage tank during the process of loading or
filling the tank. Fixed roof tanks experience a high rate of losses by filling it has a lower pressure relief.
Therefore, more filling losses are released into the atmosphere. Due to the increased capacity for the
storage of vapours with variable vapour space tanks, variable vapour space tanks have a lower potential
of emitting losses during the filling operation. Pressure tanks operate slightly differently, by condensing
hydrocarbon vapours to reduce the loss of emissions during the loading process. However, floating roof
tanks do not encounter filling losses and are subject to other sources of emissions (Taylor & Francis

Group, 1971).
Emptying Losses

Emptying losses occur as a result of a decrease in partial pressure of hydrocarbon vapours when the
vapour space of the tank expands faster than the rate of vaporization occurs, during emptying of the
tank. During tank withdrawal, in order to sustain atmospheric pressure within the tank, a sufficient
amount of air enters the tank to control this. Once equilibrium of the vapour molecules is reached, the
capacity of the vapour space become overfilled with vapour which causes the vapour to be expelled into
the air. This is known as the emptying losses. Fixed roof tanks are the most susceptible to emptying
losses, whereas floating roof tanks are the least. Variable space tanks and pressure tanks may experience
emptying losses only if the volume of the vapour exceeds the capacity of the vapour space (Taylor &

Francis Group, 1971).
Wetting Losses

Wetting losses are minimal and occur as a result of lowering a floating roof during emptying of a tank
which allows for the surface of the wetted tank walls to be exposed. The liquid on the tank walls are

then vaporized and are termed wetting losses (Taylor & Francis Group, 1971).
Boiling Losses

When a liquid is boiled and vaporization occurs, boiling losses are emitted into the atmosphere.
Boiling losses typically occur in fixed roof tanks compared to a pressure tank (Taylor & Francis Group,

1971).
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2.2 Tank Parameters and types

The quantity of emissions emitted from storage tanks are largely reliant on the physical characteristics
of the storage tank. The type of tanks, type of roof, shape of roof, storage tank shell colour and condition
of the tank are all major factors that should be considered prior to the containment of liquids to ensure
minimal emissions are being emitted into the atmosphere (ERA Environmental Management Solutions,

2019).

Several types of storage tanks exist and may be used to storage various chemical compounds.
Common storage tanks used in industry include: external floating roof tanks, internal floating roof tanks,
fixed roof tanks, pressure tanks, horizontal tanks and vapour variable space tanks (Ciolek, 2006).
However, floating roof tanks are commonly used in industry to store volatile hydrocarbon liquids such
as crude oil and light hydrocarbon products such as jet fuel, diesel and gasoline. These tanks are
preferred due to its ability to keep the volatile vapours sealed below the roof during normal operating

conditions, when it is more susceptible to escape (Simon, 2014).

The average emission factor method is the most commonly used method to determine storage tanks
emissions and are based on emission factors as proposed by the Environmental Protection Agency
(EPA). The emission estimates procedures for fixed roof, external floating roof, domed external floating
roof and internal floating roof tanks are outlined below. These estimates are based on the AP-42

standards as approved by the US Environmental Agency (Ciolek, 2006).

2.3 Fixed Roof Tanks

The following equations can be applied to vertical cylindrical shelled tanks as well as fixed roof tanks
in which the liquid contents have a known vapour pressure. The equations are limited to atmospheric
storage tanks in which the tanks are vapour and liquid tight. The total losses from fixed roof tanks are

a combination of the standing and working losses:

Lt = Lg+ Lw Equation 1
Where:
Lt = Total losses [Ib/year]
Ls = Standing storage losses [Ib/year]
Lw = Working losses [Ib/year]

Refer to Ciolek (Ciolek, 2006) for more details regarding the dimensionless factors used in the

aforementioned equation.

2.4 Floating Roof Tanks
The total floating roof tank losses under normal operating conditions are a combination of rim seal,

deck fitting, deck seam and withdrawal losses as per the following equation:
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Lt = Lg+ Lwp + Lg+ Lp Equation 2
Where:
Lr = Total loss [Ib/year]
Lr = Rim seal loss [Ib/year]
Lwp = Withdrawal loss [Ib/year]
Lr = Deck fitting loss [Ib/year]
Lp = Deck seam loss — internal floating roof tanks only [Ib/year]

(Ciolek, 2006) contains more information regarding the dimensionless factors in the aforementioned

equations.

2.5 Empirical Correlations

Various types of correlations exist to estimate emissions from storage tanks. The Vasques-Beggs
(VB), Environmental Consultants and Research (C/R), Equation of State calculation programmes, Gas
Oil Ratio (GOR) and process simulators are some of the common types of estimation methods used

(U.S. Environmental Protection Agency, 1992).

2.6  Vasques — Beggs

Empirical equations such as the Vasques-Beggs or Griswold and Ambler GOR Chart methods may
be used to estimate hydrocarbon storage tank flashing emissions. The VBE equation is a simple equation
that does not require a process simulation. Then equation requires eight input variables which include:
separator pressure, temperature, specific gravity of the gas, API gravity, hydrocarbon volume, stock
tank gas molecular weight, atmospheric pressure and the VOC fraction of the emissions from the tank.
This method may be used to estimate emissions of dissolved gases in crude oils (U.S. Environmental
Protection Agency, 1992). Some limitations of this method include overestimating or underestimating

flashing losses and it does account for standing and working losses from storage tanks (Sills, 2019).

2.7 Environmental Consultants and Research (EC/R)

The EC/R equation is used to estimate flash emissions and occurs when there is a pressure drop across
the stream flowing to the storage tank. The equation involves the estimation of the ratio of the liquid
and vapour phase components which are based on the compositions of the flashed vapour and pressure
of the tank. This, along with the throughput of the tank, mass fraction each liquid component and the
liquid hydrocarbon density, are used to determine the tank flashing losses (kdheks.gov, 2006). Even
though the simplicity of this equation makes it an attractive option, this method fails to calculate
standing and working losses. It is also limited by its validity within the vapour pressure range of 1.6

atm and 5.1 atm (Sills, 2019).

2.8 Equation of State (EOS) Programmes

The E&P TANK simulation software can be used to determine working, breathing and flashing losses
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from hydrocarbon storage tanks. It can be based on the Reid Vapour Pressure (RVP) method or AP-42
method. This programme utilizes an Equation of state (EOS) such as Peng-Robinson (PR) with the
following inputs: Oil composition of the separator, temperature and pressure of the separator, sales RVP
and API gravity and production rate and ambient pressure and temperature. However, this programme

is outdated and does not account for the various types of tanks and fittings within the tank (Sills, 2019).

2.9  Gas Oil Ratio (GOR)

The GOR method is used to determine flashing losses from a pressurized liquid sample in a storage
tank. A laboratory analysis of the sample is taken to obtain the concentrations of each component
present in the flash emissions. This method is considered to represent the emissions most accurately
and utilizes a simple equation that requires four inputs: The measured GOR, molecular weight of the
stock tank, specification profile and the production of oil. However, this method fails to calculate
standing and working losses and sampling of pressurized liquids may be difficult to acquire (Sills,

2019).

3 METHODICAL APPROACH
3.1 Outline of approach
A comparative study and environmental impact assessment (EIA) were conducted by using the

following method:

e Flashing losses were predicted using Aspen Plus process simulator and various estimation
equations;
e  Working and breathing losses were predicted using the AP-42 method; and

e Various parameters were varied to determine its effect on the emissions — an EIA was conducted.

4 RESULTS AND DISCUSSION

This section discusses results for six major petroleum products: 1) crude oil, 2) ultra-low sulphur
diesel (ULSD), 3) 95 unleaded petrol (ULP 95), 4) jet fuel (JET Al), 5) marine gas oil (MGO) and 6)
cold tar, stored in its respective storage tank and applies various estimation procedures to determine
flashing and working and breathing losses from the storage tanks. A comparative study is conducted to
determine the effects of: the types of storage tanks, various estimation model equations and a simulation

method of Aspen Plus.

4.1 Crude Oil Storage Tank

According to the study conducted by (Burr & Georgeson , 2013), flashing losses using the ProMax
process simulator were estimated to be 110.8 tons/yr. A simulation conducted on Aspen Plus using
similar conditions and compositions, as shown in Figure 1, yielded 110.6 tons/yr of flashing losses from
the storage tank containing crude oil. A 0.18% uncertainty indicated that Aspen Plus offers a suitable

predictive modelling method to estimate flashing losses from storage tanks.
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VoC
P=1398 psia
T=1788°C
m=1108 ty

Pressurized Liquid
P=42 psig
T=1889°C
= 93108 t'y

Sales Oil
P=1398 psia
T=17.88°C
= 9400 t'y

Figure 1: Crude oil storage tank with conditions

The total working and breathing losses are regarded as secondary fugitive emissions. It may be as a
result of filling the tank in which the level of the liquid changes or through thermal expansion, relying
on meteorological conditions, respectively. (Burr & Georgeson , 2013) estimated the working and
breathing losses using the ProMax process simulator and was found to be 12.65 tons/yr. Aspen Plus
fails to predict working and breathing losses therefore the AP-42 method as outlined in (Ciolek, 2006)
by the US EPA, was used to estimate these losses. Using a fixed roof storage tank and assuming a cone
shaped roof, 2.32 tons/yr of working and breathing losses were estimated with an uncertainty of 81.66%

when comparing it to ProMax. Table below represents the comparison between the emission estimates.

Table 1: Comparisons of flash, working and breathing losses from ProMax and Aspen Plus

Flash Losses (tons/yr) Total Working and breathing losses (tons/yr)

ProMax® | Aspen Plus ® | Uncertainty (%) | ProMax® | Manual (AP-42) | Uncertainty (%)

110.8 110.6 0.18 12.65 232 81.66

According to the cited literature, internal floating roof tanks are considered to significantly reduce
emissions through its floating head which reduces the vapour space of the storage tank. Working and
breathing losses were calculated using the AP-42 method again, and a comparison was conducted on
fixed roof and internal floating roof tanks in which crude oil was stored, Table 2 represents this. It can
be noted that the fixed roof storage tank estimates 83.64% more emissions than the internal floating
roof tank with emissions of 2.323 tons/yr and 0.380 tons/yr respectively, therefore, suggesting that the
implementation of internal floating roof tanks in industry can significantly reduce the quantity of

working and breathing losses emitted.

Table 2: Comparisons of working and breathing losses from a fixed roof and internal floating roof storage
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tank containing crude oil

Fixed Roof Tank Emissions Internal Floating Roof Tank Emissions .
Uncertainty (%)
(tons/yr) (tons/yr)
2.323 0.380 83.64

4.2 EPA Estimation Method on Petroleum Products

Total working and breathing losses for six petroleum products were, as shown in Table 3, were
estimated using the AP-42 method and a comparison was conducted against fixed roof storage tanks
and internal floating roof storage tanks. Ulta-low sulphur diesel, 95 unleaded petrol, jet fuel and marine
gas oil were stored in a tank terminal in Durban, KwaZulu-Natal for (Golder Associates Africa (Pty)

Ltd, 2019) and cold tar was stored at a facility in Secunda for (Caddick, 2019).

Table 3: Comparisons of working and breathing losses from a fixed roof and internal floating roof storage

tank containing various petroleum products

Product Emissions (Tons/yr) Uncertainty
Fixed Roof Tank Internal Floating Roof Tank (%)

Crude Oil 2,323 0,380 83.64
Ultra-low sulphur diesel 85,791 4,693 94.43
95 Unleaded petrol 1486,287 8,100 99.46
Jet Fuel (A1) 573,848 1,673 99.71
Marine gas oil 0,064 0,464 86.21
Cold tar 743,504 2,189 99.71

5 CONCLUSIONS

A literature review was conducted to review the current procedures and practices involved in
estimating emissions and helped to determine the main factors involved in influencing emissions.
Calculations were performed based on the commonly used AP-42 method which estimated that internal
floating roof tanks yield lower emissions compared to fixed roof tanks. Aspen Plus was used to predict

flashing losses from the storage tanks and compared to another process simulator, ProMax.
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ABSTRACT
Plastic waste management (PWM) in South Africa entails mechanical recycling and landfilling. The
objectives of this review study are to explore the possibility of using pyrolysis in PWM. The key
findings are that most plastic types will result in high oil yield although PET and PVC may not be
suitable candidates for pyrolysis due to the corrosive benzoic acid and HCl generated during their
pyrolysis respectively and the calorific value (CV) of the produced oil which is also impacted
negatively.

Keywords: plastic pyrolysis; pyrolysis conditions; pyrolysis reactors; pyrolysis of plastic waste;
pyrolysis products

1 INTRODUCTION

Plastic waste management in South Africa entails mechanical recycling and landfilling. However, the
percentage of plastic waste landfilled exceeds the quantity that is recycled. For example, the input
recycling rate was 45.7% in 2019 (DeArmitt, 2019). In addition to the two afore-mentioned plastic
waste management methods employed in South Africa, illegal dumping, burning and littering are also
common (DeArmitt, 2019). Mazhandu et al. (Mazhandu et a/., 2020) also highlighted the constraints of
mechanical recycling which include the deterioration of the plastic after repeated recycling cycles and
contamination; consequently, this type of recycling lacks finality (Mazhandu et al., 2020). It is
imperative therefore to explore all the methods that are available to stamp out plastic waste leakage into
the environment and one such method is pyrolysis which has been gaining attention globally as a
potentially sustainable way to manage plastic wastes. Past studies that have been reviewed detailing life
cycle assessments of mechanical recycling, landfilling, incineration and pyrolysis of mixed plastic
wastes, have shown that landfilling and incineration overall have higher environmental impacts

compared to mechanical recycling and pyrolysis. The objectives of this review study are:

e To determine the different types of pyrolysis processes and associated process conditions;
e To assess from past studies; the operating conditions and yields of various plastics;
o To identify the plastics best suited for pyrolysis;

e To determine the various types of pyrolysis reactors and assess advantages and disadvantages of
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each system.

2 DATA SOURCES

Data was sourced from academic databases including Google Scholar, Scopus, Science Direct,
Springer Link and Web of Science. Some of the key words and phrases used were plastic pyrolysis,
conditions for pyrolysis, pyrolysis reactors, pyrolysis of polyethylene terephthalate (PET), pyrolysis of

polyvinyl chloride (PVC) and pyrolysis of mixed plastic wastes, calorific value and proximate analysis.

3 PYROLYSIS PROCESS REVIEW

Pyrolysis refers to the thermal degradation of organics such as biomass or plastic in the absence of
oxygen. Pyrolysis temperatures normally range from 300 to 1300 °C (Singh et al., 2019) (Lord and
Pfannkoch, 2012) (Zhang et al., 2019). Pyrolysis products; namely oil, char and gas can be further
processed into products of value (Basu, 2018). It can be catalytic or non-catalytic. In catalytic pyrolysis,
the heat energy requirements are reduced although the disposal of the catalyst is also a challenge
associated with this process (Miskolczi, Bartha and Angyal, 2009). Biomass pyrolysis has been studied
at great lengths by researchers to gain an understanding of the reaction kinetics of pyrolysis. However,
despite the popularity of biomass pyrolysis research, plastic waste appears to be more attractive, and
this may tip the scales towards more research in plastic pyrolysis. According to Zhao et al. (Zhao et al.,
2020), unlike biomass, plastic contains a higher carbon and lower oxygen content which results in high
liquid yield. Therefore, this makes plastic an ideal candidate for pyrolysis (Zhao et al., 2020). Figures
1 to 4 show proximate analysis for the different plastic types. Data for the figures was sourced from
Sharuddin et al. The proximate analysis of a fuel is defined as the measurement of ash, volatile matter,
fixed carbon and moisture content expressed as a percentage (Suarez-Ruiz and Ward, 2008) (Nunes,
Matias and Joao, 2017). According to Sharuddin et al. (Sharuddin et a/., 2016), the amount of volatile
matter and ash content in a fuel determine how much oil and char are generated respectively. During
pyrolysis, the higher the volatile matter, the higher the oil yield while a high ash content will result in
less oil yield, and higher char and gas formation. The authors also argue that based on the proximate
analyses of the various plastics reviewed, the results indicate that the pyrolysis of plastics will result in

high oil yields since they contain a significant amount of volatile matter and low ash content.
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Figure 1: Volatile matter per plastic type, based on data from (Sharuddin et al., 2016)
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Figure 2: Moisture content per plastic type, based on data from (Sharuddin et al., 2016)
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Figure 4: Ash content per plastic type, based on data from (Sharuddin et al., 2016)

Figure 1 shows that PET and PVC plastics had the least volatile matter among all the plastic variants
studied. This in turn results in low liquid yield for these two variants. Miandad et al. (Miandad et al.,
2019) measured the calorific values of different oils produced using thermally activated and acid
activated natural zeolites (TA-NZ and AA-NZ) from the different plastic types and mixtures as shown
in Table 1 (Miandad et al., 2019). The gross calorific values (GCVs) for all the plastic types and
mixtures were higher (41.7 Ml/kg to 44.2 MJ/kg) than those for high quality coals; bituminous and
anthracite which range between 33.5 MJ/kg and 34.6 MJ/kg for. Other solid and liquid fuels such as
lignite, peat, petrol, kerosene, diesel, light fuel oil (LFO), heavy fuel oil (HFO) and residual fuel oil had
the following GCVs: 21.65 MJ/kg, 15.9 Ml/kg, 47 MJ/kg, 46.3MJ/kg, 46 Ml/kg, 44.8 MJ/kg, 44 MJ/kg
and 42.1 MJ/kg respectively (Carvill, 1993). This indicates that the CV for plastics, except for PET and
PVC,; is within the same range as that for petrol, kerosene, diesel (Miandad et al., 2019), LFO and HFO,

also alluding to the versatility of plastic. This is summarised in Table 2.

Table 1: Gross calorific value for various plastic types and mixtures (Miandad et al., 2019)

Feedstock TA-NZ (MJ/kg) AA-NZ (MJ/kg)
PS 41.7 42.1
PP 43.4 42.9
PE 42.9 435
PS/PP 425 42.9
PS/PE 42.6 43.7
PP/PE 44.1 43.7
PS/PE/PP 42.4 442
PS/PE/PP/PET 41.9 43.7
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Table 2: Properties of plastic pyrolysis oil, diesel and gasoline (Sharuddin et al., 2016)

Type of Plastics (Experimental typical value) Commercial
PHYSICAL S(t;'é‘,iral\r,ldl‘;%‘;e
PROPERTIES
PET HDPE PVC LDPE PP PS Gasoline | Diesel
Calorific value 28.2 40.5 21.1 39.5 40.8 43.0 42.5 43.0
(MlJ/kg)
API gravity @ n.a 27.48 38.98 47.75 33.03 n.a 55 38
60°F
Viscosity n.a 5.08? 6.36° 5.56°¢ 4.09* 1.4¢ 1.17 1.9-4.1
(mm?/s)
Density @ 0.90 0.89 0.84 0.78 0.86 0.85 0.780 0.807
15°C (g/cm?)
Ash (wt%) n.a 0.00 n.a 0.02 0.00 0.006 - 0.01
Octane no. n.a 85.3 n.a n.a 87.6 n.a 81-85 -
MON (min)
Octane no. n.a 95.3 n.a n.a 97.8 90-98 91-95 -
RON (min)
Pour point (°C) n.a -5 n.a n.a -9 -67 - 6
Flash point (°C) n.a 48 40 41 30 26.1 42 52
Aniline point n.a 45 n.a n.a 40 n.a 71 71.5
(‘°C)
Diesel index n.a 31.05 n.a n.a 34.35 n.a - 40

*n.a., not available in literature; a viscosity at 40 °C; b viscosity at 30 °C; ¢ viscosity at 25 °C; d viscosity at 50 °C

In plastic pyrolysis, the overall reaction would therefore be as represented in Figure 5.

mixed liquid +

plastic syngas
waste + solid

Figure 5: Overall reaction for plastic pyrolysis, based on information from (Basu, 2018)

Factors which influence the characteristics of pyrolysis process products and yields are temperature,
heating rate, residence time, pressure, composition of feed and type of reactor used (Singh et al., 2019).
According to Qureshi et al. (Qureshi, Oasmaa and Lindfords, 2019), lower process temperatures result
in the formation of char and oil whilst at higher temperatures gas formation is promoted. In addition,
higher heating rates result in bond cleavage while lower rates encourage production of char. On the
other hand, pressure effects are only significant at low temperatures while at high temperatures pressure

such effects are minimal. Long residence times favour the production of light hydrocarbons and non-
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condensable gases (Qureshi, Oasmaa and Lindfords, 2019). Figures 6-8 summarise the expected

outcomes after combining the afore-mentioned factors (Basu, 2018).

Figures 6 & 7: Conditions for High char yield and High gas yield respectively, based on information from
(Basu, 2018)

Figure 8: High liquid yield, based on information from (Basu, 2018)

Considering these conditions and the goal of the process, pyrolysis can either be described as slow
(conventional), fast or flash depending on the operating conditions as indicated in Table 3 (Zhang et
al., 2019) (Matayeva et al., 2019). In slow pyrolysis, the heating rate is less than 1°C/s and favours char

formation while in fast pyrolysis, liquid (oil) is formed from condensation and quenching of generated
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vapours. In flash pyrolysis, residence times for vapours inside the reactor are shorter than those for slow

and fast pyrolysis to prevent reduced oil yield through further cracking (Matayeva et al., 2019).

Table 3: Types of pyrolysis processes, based on information from (Matayeva et al., 2019) and (Zhang et al.,
2019)

Type of Heating Temperature | Residence | Products Common Reactor type

pyrolysis | rate (°C/s) | range (°C) time (s)

Slow 0.1to1 300-700 450-550 Char Fixed bed, vacuum, drum, rotatory
pyrolysis kilns, screw/auger

Fast 10-300 550-1250 0.5-10 Gas, oil, char Ablative, various fluidised bed

configurations, auger, rotating
cones, entrained flow, vacuum

Flash > 1000 800-1300 <0.5 Gas, oil, char | Various fluidised bed
(high yield of | configurations
liquid phase)

(Chisti, 2019)

As cited by Sharuddin et al. (Sharuddin et al., 2016), (Jamradloedluk and Lertsatitthanakorn, 2014)
analysed char produced from the pyrolysis of HDPE and found that it had a high calorific value of
around 19 MJ/kg and minute sulphur quantities and consequently can be burnt with other wastes and
coal as a fuel. However, the purity of char produced is also dependent on the feed composition. If the
feed to the pyrolizer contains a significant quantity of inorganic compounds, the resulting char could be
used as a road surfacing agent or building material (Jung et a/., 2010). Char can also be utilised in water
treatment to remove contaminants through the process of adsorption (Miandad et al., 2019) as well as
use in activated carbon manufacture. From studies reviewed by Sharuddin et al. (Sharuddin et a/., 2016)
although some of the studies indicated all the process parameters used, some did not indicate such
information. Figure 9 shows the spread of operating temperatures used in the studies with the highest
temperature at 740°C in a study of PP pyrolysis conducted by Demirbas (Demirbas, 2004) and the
lowest temperature used of 300°C also in a study of PP pyrolysis by (Ahmad et al., 2015). The optimum
temperature range for pyrolysis is between 500-550 °C in the absence of a catalyst and 450 °C in the
presence of a catalyst (Sharuddin et al., 2018). Figure 10 shows the range of heating rates used in the
various experiments conducted. The minimum and maximum heating rates were 3 °C/min and 25
°C/min in PP and HDPE pyrolysis respectively. Figure 11 shows the oil, gas and solid (char) yield from
the different plastic types.
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Figure 11: Spread of Yield (based on data from (Sharuddin et al., 2016)

PS had the highest average oil yield of 93%, followed by LDPE and HDPE with 81% each, PP with
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76%, PET with 31% and PVC with 13%. PET and PVC pyrolysis resulted in the generation of the most
non-condensable gases making them attractive if the goal is to generate gases for providing heat to the
pyrolysis reactor (Sharuddin et al., 2016). This showed a marked difference in the behaviour of plastics
during pyrolysis. The low PET and PVC oil yield can be correlated to their low volatile matter content
compared to other plastic variants as indicated in Figure 1, a view also supported by (Sharuddin et al.,
2016). PET pyrolysis also reportedly yielded oil laden with approximately 50% benzoic acid which is
a corrosive chemical and can also cause blockages within pipes and equipment such as heat exchangers.
Besides low yield in pyrolysis of PVC wastes, other drawbacks are the production of hydrochloric acid
(HCI) as well as the contamination of the generated oil with chlorides which in turn not only reduces
its value but also makes it corrosive. Miskolczi et al. (Miskolczi, Bartha and Angyal, 2009) found the
highest concentration of HCI in the gas fraction, which would therefore require a calcium hydroxide
solution containing scrubber downstream. The authors also assessed the effect of varying PVC
concentration in mixed plastic wastes between 0% to 3% during thermal cracking and found that the
yields of gasoline and light oil increased with increasing PVC content. The authors highlight the
mechanism of breakage of main polymer chains through radicals in thermal cracking, with the chain
breaking where there are electron density differences or weaknesses in the chain. The bond energy for
the C-ClI bond in PVC pyrolysis is lower than the C-C and C-H bonds in HDPE, PP and PS.
Consequently, due to the presence of chlorine in the PVC chain, that chain is broken first. During PVC
thermal degradation, there is early onset of degradation of PVC at low temperatures ranging from 280-
350 °C as highlighted by Alwaan (Alwaan, 2014), while McNeill et al. (McNeill, Memetea and Cole,
1995) give a range of 200-360°C. The free radicals released during PVC dehydrochlorination encourage
the breakdown of other polymers in the plastic waste mixture at low temperatures compared to PVC

free wastes hence the high yield reported earlier . (Miskolczi, Bartha and Angyal, 2009).

3.1 Pyrolysis Reactors

According to Matayeva et al. (Matayeva et al., 2019), most research in pyrolysis has been conducted
on pyrolysis reactors. Various types of reactors that are used during pyrolysis can be grouped under
fluidised or fixed bed as well as entrained bed. It is from these three groups that various pyrolyser
designs are configured; some which are explained in greater detail in the ensuing sections. The main

components making up a pyrolyser and their functions are highlighted in Table 4.
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Table 4: Main components of a pyrolyser, based on information from (Matayeva et al., 2019)

Component Function

Reactor Where the chemical reactions occur

Cyclone To separate generated char (solid) from the liquid and gaseous components

Condenser To cool down the vapours followed by collection of generated liquid while non-
condensable gases are recirculated in the system either to provide heat energy or for use
as a fluidising medium.

3.1.1 Fluidised Bed Reactors (FBRs)

According to Dhyani and Bhaskar (Dhyani and Bhaskar, 2019), FBRs are employed in processes
involving solid reactants. In this type of reactor, a fluidising medium in the form of a gas or liquid is
passed through the bed of reactants at high velocity continuously, causing the solid particles to be
suspended and behave in a fluid-like manner. In this reactor, the particles making up the bed serve as
the heat transfer medium. These particles are circulated by the gas to the burners where they come into
contact with oxygen or accompanying solid reaction products, heated and then recirculated to the reactor
(Matayeva et al., 2019). Among the various FBR configurations, the bubbling fluidised bed (BFB)
reactor is well known and therefore it can be scaled up easily (Chemical Engineering World, 2019).

Table 5 shows some of the advantages and disadvantages of fluidised bed reactors.

Table 5: Advantages and disadvantages of FBRs, based on information from (Sharuddin et al., 2016).

Advantages Disadvantages

Good heat and mass transfer as well as mixing and Its design and operation are riddled with

high conversions complexities.

Residence times for gases are flexible There is a possibility of the bed losing its fluidity

Can be operated continuously Molten plastic sticks to the surfaces of particles in
the bed

Thermal and catalytic cracking can be employed Particle attrition can be problematic especially in
circulating fluidised bed reactors

Maintenance costs are minimal A pilot plant is a must have & grinding costs are high

Although Sharuddin et al. (Sharuddin et al., 2016) highlight the complexity of operating FBRs as a
disadvantage, Matayeva et al. (Matayeva et al., 2019) attribute the popularity of FBRs to the good
understanding of the engineering principles behind FBRs.

3.1.2 Fixed bed reactor (FBR)

A FBR operating in batch mode is considered as the oldest pyrolyser; with the heat of pyrolysis
supplied externally or through an oven. Whilst the char remains in the reactor, the generated gas flows
out as it expands in volume. An inert gas may also be introduced in the reactor to ensure that the formed

gaseous product is removed effectively. Heating rate is slow and the product spends a significant

i SAIChE "




64

amount of time in the pyrolysis zone resulting in high char yield (Basu, 2018). Table 6 below shows

the advantages and disadvantages of fixed bed reactors.

Table 6: Advantages and disadvantages of fixed bed reactors (Qureshi, Oasmaa and Lindfords, 2019)

Advantages Disadvantages

Construction is not complex Temperature control can be complicated

The reactor is not expensive to operate and maintain | Scaling up and batch operating may be riddled with
complexities

Ability to incorporate two stages in the reactor Channelling across the bed which affects even
product distribution

It can be thermally or catalytically operated There can be huge pressure drops associated with
coke blockages

3.1.3 Rotating-Cone pyrolysis reactor (RCP)

In a RCP reactor, particles of biomass or plastic are introduced through the bottom of a cone rotating
between 360 to 960 rev/min simultaneously with other solid particles which serve as heat carriers. Due
to the action of centrifugal forces, the particles are swung to the heated walls and spiral upwards. For a
biomass feed, heating rate is around 4700 °C/s due to good mixing in the pyrolyser. While the generated
oil flows out through a tube, the char and sand overflow into an adjacent fluidised bed where the burning
of char progresses through combustion. The heat generated is used to heat the rotating cone and other
recycled solids as heat of pyrolysis. The RCP is characterised by a relatively short residence time for
solids of approximately 0.5 seconds and an even shorter residence time for gases of approximately 0.3
seconds. The expected liquid yield is normally between 60 to 70%. Its advantages are that; no carrier
gas is required as well as the excellent mixing in the pyrolyser. However, RCP configuration makes

scaling up problematic (Basu, 2018).

3.1.4 Vacuum pyrolysis reactor (VPR)

A VPR, is made up of several circular plates which are heated and piled on top of each other. The
feed to the reactor enters through the top and drops onto the ensuing plates by means of scrappers and
is dried and pyrolyzed in the process. The heating rate in a VPR is quite slow and the vapour residence
time inside the pyrolysis zone is short (Basu, 2018). The advantages and disadvantages of a VPR are

shown in Table 7.

Table 7: Advantages and disadvantages of a VPR system, based on information from (Basu, 2018)

Advantages Disadvantages

No carrier gas is required | The pyrolyser configuration is complex

- Liquid yield is low ranging between 35% to 50% with a high char content.

- There is a risk of fouling of the vacuum pump

3.1.5 Ablative Pyrolysis Reactor (APR)

In an APR, high pressures are developed between the feed particle and the reactor wall which is
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heated. Consequently, there is continuous heat transfer from the wall to the biomass which in turn results
in production of liquid. A major advantage of this type of pyrolysis system is the high liquid yield which
is around 80% due to the rate of heat transfer that is high, as well as short residence time for the gases

produced (Basu, 2018).

4  DISCUSSIONS AND CONCLUSIONS

Although there is a need for an increase in plastic recycling rates in South Africa; there remains plastic
waste that is either contaminated, unrecyclable or cannot be recycled due to lack of recycling capacity.
As other countries move to stem the practice of landfilling, this is an ideal time for South Africa to
explore other plastic waste management practices such as pyrolysis. The introduction of pyrolysis of
plastic wastes in South Africa has the potential to revolutionize the plastic industry in the country and
Africa as a whole. Plastic waste-based fuels present an alternative to coal-based fuels. In addition, the
char and gases produced can be used in various applications such as wastewater treatment and heat
energy supply for the process respectively. However, although most plastics will result in high liquid
yield, PET and PVC may not be suitable candidates for pyrolysis due to the benzoic acid and HCI
generated respectively during their pyrolysis. Besides the corrosive nature of the compounds, the CV
of the produced oil is also impacted negatively. Therefore, in any pyrolysis programmes that maybe
initiated in SA, PVC and PET should be removed first and undergo mechanical recycling. If 55 000
tonnes of mixed plastic waste are pyrolised then this will potentially produce around 1928407.25 TJ of
energy which in turn results in the avoided production of approximately 44 850 tonnes of diesel. The
use of pyrolysis in waste management will result in a reduction in the amount of plastic waste that is
landfilled which will not only be of benefit to the environment but will also result in job creation
consequently improving the socio-economic and environmental profile of the country. However, PVC
and PET streams should be removed from mixed plastic wastes destined for pyrolysis as these will lead

to contamination of the oil.
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ABSTRACT

This study aimed to apply a combined treatment process of chemical coagulation (CC) and adsorption
to remove pollutants from carwash wastewater. The process efficiency was evaluated according to the
removal of anionic surfactants (AS), turbidity, chemical oxygen demand (COD) and fats, oils, and
grease (FOG). CC experiments were conducted using polyferric sulphate (PFS) at different
concentrations. Results showed 120 mg/l PFS was the optimal concentration (Turbidity: 99%, FOG,
96%, COD: 79%, AS: 45%). The supernatant of the CC treatment process was applied to the adsorption
process using a commercial powdered activated carbon (PAC). The PAC was characterised using
Scanning Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR). Results
showed the Freundlich isotherm fitted the data well with a monolayer adsorption capacity of 82.9 mg/g
for AS and reached equilibrium within 60 minutes. Adsorption kinetic models investigated showed
conformity of the pseudo-second order (PSO) model to the adsorption of AS. Thermodynamic
adsorption parameters showed that the adsorption of AS onto PAC was endothermic and spontaneous.
The adsorption mechanism was a combination of chemical and physical adsorption but dominated by
chemical adsorption. The combined treatment process achieved an overall removal efficiency of COD:
98.5%, FOG: 100%, AS: 99% Turbidity: 99%, respectively.

Keywords: adsorption, chemical coagulation, polyferric sulphate, pseudo-second-order,
thermodynamics

1 INTRODUCTION

Water shortages are one of the most critical issues globally as currently, less than 3% of the earth
water supply is readily usable for human activities. Moreover, water demand has increased rapidly due
to population growth and industrialisation (Sarmadi et al., 2020). Therefore, the development of
industrial wastewater treatment technologies is essential for meeting global demand. Adopting these
water strategies would alleviate the strain on the freshwater supply and prevent the degradation of
ecosystems due to the entrance of different wastewaters. Industrial wastewaters include textiles, paper,
dairy, carwashes, and the food industry as the most important sources of water pollution, even in low
volumes. The carwash industry has attracted plenty of attention and requires high water volumes,

generating large amounts of wastewater (Veit et al., 2020). Carwash wastewater is characterised by
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having high surfactants, low levels of COD and FOG and low concentrations of metals which are
harmful to the environment. CWW also contains phosphates, which cause excessive growth of plants
in aquatic environments, biodegradable soaps, and detergents harmful to fish mucus membranes and
gills, disrupting oxygen supply leaving fish susceptible to bacteria and parasites. Detergents can also
kill fish in concentrations of 15ppm and fish eggs at Sppm (Tony & Bedri, 2014). The benefit of carwash
wastewater reuse includes environmental protection, economic proceeds and preservation of freshwater
resources (Gonder et al., 2020). The standards for carwash wastewater reuse are unclear; however,
Zaneti et al. (2013) reports washing water should ensure low turbidity, odourless, good chemical
(corrosion and scaling) and microbiological quality (safety for operators and users). Integrated

treatment processes are to be preferred to produce high-quality water for reuse.

Economic viability should also be considered when choosing a treatment method (Leiknes &
@degaard, 2007). Many reclamation processes have been tried as remedial applications, such as
membrane technology, adsorption, chemical coagulation (CC), oxidation processes and membrane
bioreactor (MBR) (Moazzem et al., 2018); however, the performance has not been compared or ensured.
CWW treatment systems generally comprise a primary and secondary treatment step. In the primary
treatment systems, a significant portion of total solids and suspended organic material, including oil and
grease, COD and BOD, are removed from CWW. Coagulation is highly effective in removing TSS and
turbidity; however less effective for the removal of organic matter such as COD and BOD from
greywater such as CWW (Foroughi et al., 2018). Therefore, it is preferred to be applied with other
methods, especially adsorption or membrane processes. Adsorption is a common technique applied in
wastewater treatment; however, it has not been widely applied in CWW treatment processes. The main
reason for this could be the complex nature of CWW and cannot be treated by one unique process.
However, in the limited studies, available adsorption has shown to be an efficient process for removing
organic and inorganic pollutants such as surface-active substances, oil and grease, TDS and heavy
metals (Enoh & Christopher, 2015). The main objective of this work is to provide an integrated CC-
adsorption process for the treatment of carwash wastewater. The combined process was investigated in
terms of COD, FOG and AS. The purpose of the investigation was to reduce these parameters in order
to maximum allowed discharge standards or reuse purposes. Equilibrium adsorption, thermodynamic,
and kinetic studies were used to evaluate the effective performance of AS ions removal on the adsorbent

active sites surface.

2 EXPERIMENTAL PROCEDURE
2.1 Carwash wastewater characterisation
The wastewater used in this study was supplied from a carwash station in Cape Town, South Africa.

The water obtained from the station was stored in a fridge at 4 °C before experiments. It has a COD of

1000 mg/l, FOG of 30 mg/l, AS of 35 mg/l, Turbidity of 100 NTU, and a TDS of 2300 mg/l. The pH
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and conductivity values were measured as 7.5 and 3.5 ms/cm, respectively. The COD was measured
using a Hanna Instruments multiparameter photometer (HI83399-02), the AS concentration was
analysed using Hanna Instruments Anionic surfactant portable photometer (HI96769), the turbidity was
measured using a Xylem Analytics turbidity meter (Turb 355 IR) and the TDS was measured using a

Crison Instruments multimeter

2.2 Preparation of PFS and chemical coagulation treatment process

The polyferric sulphate (PFS) synthesis process was followed according to the well-known method
proposed by Jiang & Graham (1998). PFS was applied to 1 L of carwash wastewater samples. The
coagulant had a pH of 1.15, Fe (III) concentration of 40 g/l, the conductivity of 44.5 mS/cm, and an r
(OH/Fe) molar ratio of 0.3. Chemical coagulation was performed using the jar test methodology.
Samples were mixed at 300 rpm for 5 minutes, followed by 100 rpm for 25 minutes. The samples could
settle for 1 hr, after which the supernatant was collected for analysis. The concentrations of PFS used
were 40, 80 and 120 mg/l Fe(Ill) per 1 L of carwash wastewater. The parameters analysed were

turbidity, COD, FOG and AS, where the best dosage was chosen.

2.3  Adsorbent characterisation

The activated carbon used in the research was obtained from a South African company, RotoCarb.
The PAC was manufactured from macadamia nut shells through steam activation. The PAC had a mesh
size of 0-100 microns. Size distribution was performed on the 1 kg sample, and 80% of particles had a
size of <75 microns, 17.3% had a particle size between 75 and 55 microns, 1.78% had a size between
55 and 35 microns, and only 0.88% had a size of 35 microns and below. The activated carbon was
characterised using Fourier Transform Infrared Spectroscopy (FTIR) to determine the functional groups

and Scanning Electron Microscopy (SEM) for surface morphology.

2.4 The batch adsorption treatment process

Batch equilibrium adsorption studies were performed using supernatant collected from the chemical
coagulation experiments. A volume of 251 was collected from the CC process using the best coagulant
concentration. This volume was used for all sequential adsorption experiments. For the kinetic
experiments of surfactant adsorption, the following experimental conditions were used: 500 ml of
supernatant, 100, 200 and 300 mg/l PAC dosage, temperatures of 25, 37.5 and 50 0C, a pH 6 and a
stirring speed of 200rpm. The pH of the samples was adjusted using 0.5M NaOH and H>SOs. Samples
were collected at different contact times (10 min, 20 min, 30 min, 60 min, and 120 min), and the
surfactants in solution at each time were determined. The samples collected were filtered through a 0.45
um syringe filter. The final sample collected at equilibrium was analysed for COD, FOG, turbidity and
AS. The AS concentration was analysed using Hanna Instruments Anionic surfactant portable

photometer (HI96769). Table 1 represents the design matrix for the experiments.
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Table 1: Adsorption experiments design matrix

Experiment No pH Dosage (mg/l) Temperature (°C)
1 6 300 25
2 6 100 25
3 6 200 37,5
4 6 300 50
5 6 100 50
6 6 200 25
7 6 200 50
8 6 100 37,5
9 6 300 37,5

3 RESULTS AND DISCUSSION
3.1 Chemical coagulation treatment

Polyferric sulphate (PFS) was used in the chemical coagulation experiments to evaluate different PFS
concentrations at initial wastewater pH of 7.5. The results of COD, FOG, AS, and turbidity removal

efficiency are shown in Figure 1.

Pollutant Removal
mFOG
Turbidity
120 = COD
100 - mAS
@ 80 -
:
S 60 -
x
X 40 -
20 -
0 -
40 80 120
PFS Concentrtion (mg/l)

Figure 1: Effect of coagulant dosage on pollutant percentage removal

The addition of PFS to the CWW saw an initial drop in pH from 7.5 to as low as 6 due to the acidic
nature of the coagulant. Figure 1 shows that at a concentration 40 and 80 mg/l, 99% of the oil (FOG)
was removed, whereas at concentration 120 mg/l, 96%. Higher coagulant concentrations place positive
charges on particle surfaces; therefore, re-dispersing solid particles can cause higher FOG

concentrations at elevated coagulant dosages (Chatoui et al., 2017). The anionic surfactants (AS)
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removal increases with an increase in the adsorbent dosage, although the removal percentage is much
lower than COD and FOG. The 14% AS removal at 40 mg/l dosage increases significantly to 44% at
120 mg/l. The primary mechanism for the removal of AS via chemical coagulation is adsorptive
micellar flocculation (AMF). AMF involves cationic species attraction to the surface of anionic
micelles and the flocculation as their mutual electrostatic repulsion is neutralised. This process creates
an aggregate that can be easily filtered (Talens-Alesson et al., 2006). The Fe** ions bind to the micelles
causing the following simultaneous effects: it suppresses repulsive forces between micelles, causing
them to flocculate and effectively removing micellar surfactant from solution in the form of an
aggregate, and it binds organic compounds to the flocs. In addition to the coagulation process, the AMF
mechanism removes AS and organic matter (Aboulhassan et al., 2006). The COD removal was between
70-79% and increased as PFS concentration increased. The difference between the lowest and highest
dosage was less than 10%. The increase can be attributed to charge neutralisation which plays a major
role in coagulation and flocculation processes. Positively charged ion species will destabilise negatively
charged organic compounds through charge neutralisation, thus decreasing COD concentration. It can
also be seen that residual turbidity decreased as the PFS dosage increased, showing the coagulant was

not overdosed (Liang et al., 2009).

3.2 SEM and FTIR

SEM carbon provided, making it a good candidate for anionic surfactants' adsorption, was used to
observe the surface of the adsorbent. The SEM analysis, shown in Figure 2, was conducted with a
magnification of 5,000. Figure 2 shows the PAC's detailed surface characteristics, with many pores
showing irregular granules (Dejang et al., 2015) and some debris occupying the pores' surface (Kuang

etal.,2020). The SEM images also show the mesoporous structures that favour the adsorption of anionic

pollutants.

Figure 2: SEM analysis of PAC

Figure 3 shows an FTIR comparison between the new activated carbon and the CWW loaded activated

carbon. The broadband around 3350-3500 cm™ is standard in both spectra and attributed to O-H
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stretching vibration. The loaded CWW wastewater exhibits a peak at 2900 cm™ unique to itself and can
be ascribed to a C-H stretching vibration and is observed only in the loaded activated carbon. The bands
at 1650 cm™! are present in both adsorbents and can be attributed to a C=0O stretching vibration in
carboxyl and alkene groups and aromatic rings. The bands at 1350 cm™ can be assigned to C-C
stretching; additionally, the bands at 1050 cm™! can be attributed to C-O stretching in carboxyl acids,
alcohols, phenols and esters (Martins et al., 2015). The band at 850 cm™ found only in the loaded
activated carbon represents the stretching oscillation of the C=C functional group, indicating that the
carbon content increases in the activated carbon (Dao et al., 2020). The study performed by Gong et al.
(2005) investigated the effect of chemical modification on anionic and cationic dye adsorption capacity
of peanut hull found that carboxyl, amino, and hydroxyl groups had an impact on anionic dye removal.
The study found that carboxyl groups bearing a negative charge slightly reduced the adsorption capacity
of anionic dyes. When amino and hydroxyl groups were removed, anionic dyes' adsorption capacity
was highly reduced, showing the importance of those groups in anionic dyes' adsorption. It shows that
carboxyl and amine groups are essential for the adsorption of anionic species. These groups are found

in the commercial activated carbon, making it a good option for anionic surfactants' adsorption.

FTIR Analysis
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Figure 3: FTIR analysis of PAC

3.3 Nonlinear Isotherm Study

The findings from Figures 4 and Table 2 shows that the data follows the Freundlich adsorption
isotherm. The Temkin isotherm follows the Freundlich isotherm closely, while the Langmuir and D-R
isotherms did not fit very well. Table 2 presents the Freundlich and Temkin R? values of 0.99 across all
temperatures. Still, the Langmuir and D-R isotherms R? values drop as the temperature increases
showing a lack of fit at higher temperatures. Ayranci & Duman, (2007) investigated the removal of

anionic surfactants from aqueous solutions using activated carbon and found that the data fitted the
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Freundlich isotherm better than Langmuir. In a similar study performed by Gupta et al. (2003), a low-
cost waste activated carbon was tested to remove sodium dodecyl sulphate (SDS) in aqueous solutions

and found the data fitted best the Freundlich isotherm as well.

Nonlinear adsorption isotherm 25

60 o
55 -
}Eg‘ 50 =
é’ 45 Z
40 ¢
35
0 2 4 6 8 10
Ce (mgl)
® Original Data Langmuir Freundlich Temkin D-R
Figure 4: Nonlinear adsorption isotherm regression at 25°C
Table 2: Nonlinear adsorption isotherm constants
Isotherms Parameters Temperature (°C)
25 37,5 50
Langmuir Qmax (ME/g) 73,9 69,6 82,9
Ki (L/mg) 0,41 2,38 4,225
RL 0,139 0,0272 | 0,0155
R? 0,997 0,94 0,85
Freundlich Kr (mg/g) (L/mg)'/ 29,4 48,7 58,26
n 3,12 6,24 5,6
R? 0,99 0,99 0,99
Temkin Kr (L/mg) 4,81 166,5 136,1
b 158,3 263,5 208,7
R? 0,99 0,99 0,99
D-R q (mg/g) 71,4 70,76 83,03
Kpr x 10 (mol?/kj?) 404 170 83
E (KJ/mol) 35,16 54,23 77,61
R? 0,98 0,95 0,902
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The same conclusion was reached in this study. The Freundlich exponent, 1/n, obtained in this study
was 0.32, 0.16 and 0.17 for 25, 37.5 and 500 °C, respectively, indicating favourability as the values
were between zero and one. The values of 1/n also indicate the degree of nonlinearity between solution
concentration and the sorption process. If the value is below unity, the process is chemical, and if the
value is above unity, the process is physical. The values of 1/n are below unity, thus showing the
adsorption process is a chemical one (Jasper et al., 2020). Table 2 also shows large Kr values, which
increase with temperature, showing the anionic surfactants are strongly adsorbed onto the activated

carbon, and the adsorption process is favourable upon heating (Foo & Hameed, 2010).

3.4 Thermodynamic study

The Gibbs free energy measures the systems spontaneity and is significant for values less than zero
(Papegowda & Syed, 2017). The thermodynamic adsorption parameters are summarised in Table 3. The
negative values of AG® indicated the adsorption process happens spontaneously; the positive AH? values
show the process is endothermic. An increase in temperature increased the uptake capacity of anionic
surfactant ions. Positive AS, values showed an affinity of the adsorbent towards the adsorbate and that

there was also greater randomness at the adsorbent-adsorbate interface (Obayomi et al., 2020).

Table 3: Adsorption thermodynamic properties

agg";‘i;}??ﬁi‘g}l) AH (kJ/mol) | AS (kJ/mol.K) AG (kJ/mol)
298.15K 310.65K | 323.15K
100 20.456 0.084 -4.533 -5.581 -6.629
200 29.505 0.118 -5.744 7222 -8.700
300 74.549 0.272 -6.558 -9.958 -13.359

3.5 Nonlinear Kinetic Study

OrginLab 2021 software was used to perform a nonlinear regression analysis on the experimental
data. It was fitted to pseudo-first order (PFO), pseudo-second-order (PSO) and intra-particle diffusion
(IPD) and Elovich kinetics to determine the best-fit equation and compare the findings to linear
regression (Figure 5). The results summarised in Table 4, followed the PSO kinetics making it the best

model to describe the data. The PSO model was shown to have the highest R? values across all the runs.
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The values of qexp and qcal were well in agreement for the PSO kinetic model more than the PFO.

The PSO model also exhibits significantly lower rate constants than the PFO, supporting the

experimental and calculated ge values. The studies performed by Gupta et al. (2003) and Ayranci &

Duman, (2007) both found the adsorption

Table 4: Nonlinearized adsorption kinetic constants

Equation Parameter 1 2 3 4 5 6 7 8 9
PFO e exp (ME/) 40,5 58,9 58,87 48,83 82,65 51,25 | 64,675 | 68,25 46,892
Qe cal (ME/L) 38,59 57,48 56,39 47,62 74,8 49,5 61,96 66,45 47,7
ke (min™) 0,16 0,067 0,139 0,32 0,065 0,108 0,137 0,155 0,214
R 0,86 0,91 0,8 0,49 0,8 0,93 0,906 0,859 0,86
PSO qe exp (M/Q) 40,5 58,9 58,87 48,83 82,65 51,25 | 64,675 | 68,25 46,892
qe cal (Mg/g) 39,9 59,4 58,67 48,2 78,2 51,6 66,55 68,65 47,05
ks (g/mg min) | 0,00819 | 0,0016 | 0,0043 | 0,03319 | 0,00097 | 0,0034 [ 0,00385 [ 0,00516 [ 0,01274
R 0,97 0,95 0,967 0,84 0,91 0,98 0,99 0,96 0,99
IPD Kid(mg/g.mino's) 0,98 3.4 1,36 0,21 4,08 1,98 1,91 1,51 0,67
C (mg/g) 30,42 25,35 45,27 46,1 37,47 32,43 45,72 53,76 40,47
R 0,81 0,78 0,83 0,77 0,90 0,77 0,79 0,71 0,72
Elovich o (mg/g.min) | 5873,19 | 19,039 | 1054,44 | 2,4E+16 | 63,32 [ 163,09 [ 1386,3 [ 28833 | 1420000
B (g/mg) 0,299 0,085 0,164 0,86 0,092 0,15 0,153 0,19 0,42
R 0,91 0,87 0,95 0,97 0,87 0,9 0,91 0,85 0,87
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Of anionic surfactants (AS) onto activated carbon to best follow the PSO reaction kinetics. The
following PSO reaction kinetics further supports the adsorption of anionic surfactants onto activated

carbon as chemisorption.

4 CONCLUSIONS

The integrated treatment process used in this study consisted of two steps, chemical coagulation and
adsorption. The treatment processes were investigated to obtain the most favourable conditions for
removing COD, FOG and AS in carwash wastewater. The process of chemical coagulation investigated
the effect of coagulant dosage. The adsorption process investigated temperature, pH, and dosage effects
on AS, COD, and FOG removal. The adsorption data were then fitted to adsorption isotherm and kinetic
models to describe the process. The first step, chemical coagulation using a dosage of 120 mg/1, showed
excellent removal efficiencies. At these conditions, the COD was reduced by 79.8%, the AS by 44.82%,
the FOG by 96% and turbidity by 99.5%. The functional groups and morphological structures of the
commercial activated carbon were determined using SEM and FTIR. It showed the activated carbon to
have a porous structure and contain bonds promising for the adsorption of AS. The second step,
adsorption using commercial PAC, showed excellent results at conditions of pH:6, dosage: 300mg/1
and temperature of 50°C. The results showed a COD removal of 94%, AS removal of 97% and FOG
removal of 100%. Of the three operating parameters tested, it is noted that PAC dosage had the most
significant effect increasing removal percentage by over 50% when moving from 100mg/1 to 300mg/1.
It can be assumed that adsorption of AS and COD onto PAC occurs best at low pH values and high
temperatures. The process of adsorption of AS and COD onto PAC is endothermic, occurs
spontaneously, and exhibits increased randomness as temperature increases. The adsorption is governed
by pseudo-second-order reaction kinetics and follows the Freundlich and Temkin isotherms closely.
The adsorption mechanism was revealed to be predominantly chemisorption with subordinate physical

adsorption.
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ABSTRACT

Due to the need to solve global energy crises and environmental problems, there is much interest in the
development of efficient and effective semiconductor photocatalysts. ZnO nanoparticles and ZnO-BiOI
10% heterojunction were synthesized through facile synthesis methods. The structural and crystal
phases, morphologies, elemental analysis, surface area measurements and optical properties were
measured by XRD, SEM, energy dispersive spectroscopy, N2 adsorption-desorption isotherms via the
BET method and UV-vis spectroscopy respectively. The photocatalytic activities of the as-synthesized
photocatalysts were evaluated in the photocatalytic degradation of 2-CBP under solar simulation.
Results obtained showed the superior photocatalytic activity of the ZnO-BiOI 10% composite. This is
attributed to the optimum loading of BiOI into ZnO to form a p-n heterojunction which ensured effective
charge separation, due to the formation of inner electric fields between two semiconductors.

Keywords: 2-CBP (2-chlorobiphenyl); solar simulation; heterojunction; semiconductor; facile
synthesis methods

1 INTRODUCTION

The meteoric growth of the human population worldwide, coupled with accelerated industrial growth
and energy demands, the emission of toxic pollutants (VOCs, POPs, heavy metals, toxic sludge,
solvents) and industrial wastes into the air, water, and land has led to the contamination of our
environment, climate change, and an increase in diseases (Xiao et al., 2015). Industrial effluent
discharge is an ever-present issue challenging access to potable water globally. Humans and indeed all
life forms all over the world are severely affected as a result of the consumption of impure water and
presence of organic, inorganic, and microbial contaminants in water (Bora & Mewada, 2017).
Consequently, remediation/clean-up of organic pollutants have become increasingly necessary.
However, the process is expensive, costing nations and corporations a lot of money. In order to achieve
a carbon free water, it has become imperative to develop and implement artificial methods for water

and waste water treatment for the survival of the human race (Colmenares et al., 2015).

2 LITERATURE
The current practises in organic pollutant remediation (ozonation, reverse osmosis, filtration,
adsorption, biological treatment, coagulation, incineration) have been reported to be inefficient and

inadequate (Garcia-Montafio et al., 2008). Incineration can result in the emission of toxic volatile gases,
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while physical methods (adsorption, filtration, reverse osmosis, coagulation) have been reported to be
expensive and may not totally eliminate organic pollutants, but may transform them to harmful
intermediates (Vinita ef al., 2010; Zelmanov & Semiat, 2008). A long treatment time is required in
biological treatment processes, coupled with the presence of toxic and recalcitrant pollutants immune
to the aforementioned, which may also cause unpleasant odour. Ozonation, although effective in some
cases, has been reported to be unstable and also affected by temperature, pH and salts (Garcia-Montafio

et al., 2008).

Polychlorinated biphenyls (PCBs) are synthetic compounds which have been detected in nearly every
part of the global environment as pollutants, including water, sediments, air, fish and animals, and
human adipose tissue, milk, and serum (Safe, 1992). There are about 209 congeners of PCBs with
different structures and an empirical formula of Ci» Hio.n Cln (n=1-10) which differs depending on the
number and positions of chlorine on the biphenyl skeleton (Khan et al., 2007). The commercial
production of polychlorinated biphenyls is prohibited; however, they still pose major challenges due to
the already released PCBs into the environment, in addition to the problem of inappropriate disposal of
equipment containing PCBs. More than 1 million tons of PCBs are reported to have been produced
globally (Furakawa & Fujihara, 2008; Safe, 1992), and over one-third have been dispersed in our
environment (Zhang et al., 2016). Among the class of pollutants listed as persistent organic pollutants
(POPs), polychlorinated biphenyls are among the 12 persistent organic pollutants (POP) compounds,
together with the 209 PCB congeners (Li et al., 2008). PCBs have been reported to exhibit both thermal
and chemical stability, which is beneficial for industrial uses (in capacitors and transformers, hydraulic
fluids, rubber plasticizers, adhesives etc.), unfortunately, this also makes them a threat to our
environment. They are persistent and show strong resistance to solar photodegradation and microbial
biodegradation (Hong., 1998). Originally PCBs were abated by biodegradation, physical processes such
as incineration, solvent extraction, adsorption, and chemical processes such as the use of nanoscale
zero-valent iron via de-chlorination (Chu & Kwan, 2003; Jantunen et al., 2010; Kubatova et al., 2001;
Wang et al., 2011; Weber et al., 2002; Wu et al., 2005). Incineration leads to the production of
polychlorinated dibenzo-p-dioxins and polychlorinated dibenzo-furan (toxic by-products),
bioremediation is unsuitable because of the highly oxidized and recalcitrant nature of PCBs to biological
processes, adsorption requires large quantities of adsorbents and may cause waste disposal problems
and regeneration of adsorbent. Some researchers have proposed the application of activated carbon (via
sorption) and subsequent thermal treatment (for the solid residue), or super critical oxidation. However,
these methods may not be cost effective (Khan et al., 2007; Kastanek et al., 2004; Nollet et al., 2003).
These days, photocatalysis has been proposed for the treatment of PCBs, however there are not a lot of

studies in this regard.

Bismuth oxyhalides are considered as very promising because of their excellent photocatalytic
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activity which is due to their satisfactory optical and electrical properties (Arumugam & Choi, 2020).
Among the Bismuth ternary metal oxides, bismuth oxyiodide (BiOI), which has the narrowest band
gap, and highest photocorrosion stability, is equipped with a strong absorption in the visible light region
and also exhibits excellent best photocatalytic activity (Jiang et al., 2011; Liu et al., 2020). BiOl is
classified as a p-type semiconductor with a band gap of 1.7-2.1 eV and belongs to the group V-VI-VII

ternary semiconductors with layered crystal structures.

Despite the possession of a narrow band gap and visible light absorption range, BiOl is plagued with
the problem of increased recombination of photogenerated carriers which affects its quantum efficiency.
In light of this, adequate tailoring is mandatory to enhance the photo-activity of BiOl. The motivation
for our own study is evidenced in the fact that ZnO, being an n-type semiconductor, will be ideal to
form a heterojunction with BiOI which is a p-type semiconductor. We believe that coupling ZnO and
BiOl into a heterojunction will improve the photocatalytic activity of our synthesized ZnO, because of
the high-contact areas enabled by the fast charge transfer channel of BiOI and ZnO. To the best of our
knowledge, there are no studies that have synthesized ZnO-BiOI through a facile hydrothermal process
for the photocatalytic degradation of 2-chlorobiphenyl

3 EXPERIMENTAL PROCEDURE
3.1 Materials
All solvents and chemicals used in the experiments were of AR grade and therefore not subjected to

any additional purification before use.

3.2 Preparation of pure ZnO and ZnO-BiOI 10% heterojunction

ZnO nanoparticles were synthesized via the sol-gel process. ZAD [Zn(CH3COO),,H>0)] was used
as precursor, ethanol as solvent and oxalic acid as surfactant. 11 grams of ZAD were dissolved in a
beaker containing 300 ml of ethanol, which was subsequently poured into a 3-neck reactor set on a
reflux apparatus and water bath. The solution was refluxed at 60°C (£5) under vigorous stirring for 30
minutes. A clear solution was obtained. Oxalic acid was dissolved in a beaker containing 200 ml of
ethanol and was subsequently added “drop wise” into the ZAD solution. On addition of oxalic acid, the
formation of gels was observed as reflux was continued at 50°C (£5) for 60 minutes. After refluxing,
the xerogel was cooled to ambient temperature and oven dried overnight at 80°C. After drying, the

sample was collected and calcined at 500°C in a furnace to obtain ZnO nanoparticles.

To synthesize ZnO-BiOI 10%, ZnO was suspended in 30 ml deionised water. A stoichiometric
amount of bismuth nitrate pentahydrate [Bi(NO3)3.5H>0] were added to ethanol (30 ml) under vigorous
stirring. The latter was poured into the suspension and stirring was continued. A stoichiometric amount
of potassium iodide (KI) was dissolved in deionized water and added dropwise into the mixed liquor

under vigorous and continuous stirring. After an hour of stirring, the suspension changed to a yellow
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colour. The mixed liquor was allowed to stir for 3 hours. The suspension was subsequently centrifuged
at 4000 rpm for 15 minutes and dried in ambient air for 18 hours. The dried product was collected and

ground in an agate mortar to obtain a series of ZnO-BiOI heterojunctions.

The surface morphologies and elemental analysis of the as-synthesized composites were determined
using a Carl Zeiss Sigma FE-SEM equipped with an Oxford X-act EDS. Optical studies were conducted
using a UV 1800 Shimadzu UV-Vis Spectrophotometer. X-ray diffraction measurements were
determined with a Bruker D2 XRD instrument, while BET surface area measurements and isotherms
were obtained using a Micrometrics TriStar 3000 instrument. The average particle sizes of the as-
synthesized composites were calculated from diffraction peaks using the Debye-Scherrer relation, while
band gap was calculated via Tauc plots established from UV-Vis spectra. A Hettich ROTOFIX
Benchtop Centrifuge was used to separate some particles suspended in liquids during synthesis, while
all pH values were determined using an OHAUS Starter 3100 pH meter. A GC-MS QP 2010 equipped
with a Rxi-5ms column was used for all our photocatalytic degradation studies. The light source for this

study was an AM 1.5G 100 mW/cm?,

3.3 GC-MS process for 2-CBP measurements

The model pollutant (2-CBP) was analysed using a Shimadzu GC-MS QP 2010 equipped with a Rxi-
Sms column of 30m length, an internal diameter of 0.25mm and a film thickness of 0.25um. Helium
was used as carrier gas and the injector temperature was set at 220°C. 1ul of sample was auto-injected
into the column and the temperature program set at 140°C, held for 4 minutes and then ramped up to
240°C at a rate of 4°C/minute, and subsequently held for 10 minutes. The GC run was initiated after 3
minutes to isolate the solvent peak from the chromatogram because of the solvent cut off point. Our

compound of interest was identified between 4 minutes to 10 minutes.

4 RESULTS AND DISCUSSION
4.1 SEM-EDS

The morphologies of the ZnO and ZnO-BiOI nanoparticles were investigated using FE-SEM. As
shown in Fig. 1a, there is an observed high porosity with a sponge-like morphology and agglomeration
due to the elevated temperature chemical reactions (500°C) for the ZnO nanoparticle. This resulted in a
dense morphology due to total decomposition of the organometallic precursor. The SEM image of the
Zn0O-BiOI 10% heterojunction shows changes from the pure ZnO composite. There is observed
penetration of BiOI in the ZnO which may have caused some agglomeration in addition to irregularly
shaped aggregates and some plate-like morphology (as a result of BiOI). The EDS analysis as presented

in Table 1 confirm the presence of the reference elements in addition to appropriate stoichiometry.
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Figure 1: SEM images of (a) pure ZnO and (b) ZnO-BiOI composite

Table 1: EDS analysis of ZnO and ZnO-BiOI 10 %

ZnO ZnO-BiOI 10 %
Element Weight % Atomic % Element Weight % Atomic %
OK 75.18 57.42 OK 18.38 51.17
Zn L 24.82 4258 | ZnK 65.38 44.55
IL 6.00 2.10
BiM 10.24 2.18
Total 100.00 100 100.00 100.00

4.2 XRD pattern and average crystallite sizes

The XRD pattern of the as-prepared ZnO nanoparticles show sharp and intense peaks which were
observed at 20 with values of 31.7°, 34.4°, 36.1°, 47.3°, 56.3°, 62.6°, 66.3°, 67.9° and 69.1° which
correspond to 100, 002, 101, 102, 110, 103, 200, 112 and 201 crystal planes of hexagonal ZnO. As
displayed in Figure 2, the diffraction peaks of pure ZnO are intense and narrow showing high crystalline
character. The ZnO-BiOI 10% heterojunction showed a peak at 29° (Figure 2) which corresponds to the
102 diffraction plane of BiOI. The XRD pattern of the as-prepared ZnO-BiOI 10% composite exhibits
characteristic peaks of both pure BiOI and ZnO.

The average crystallite sizes of the as-synthesized composites were calculated from the most intense
peaks of the XRD pattern from the FHWM using the Debye—Scherrer relationship shown in Equation

1:
D =k(1/(B cos ©)) Equation 1

where A = 1.54056 nm is the wavelength of X-ray diffraction used, 0 is the Bragg diffraction angle of

the XRD peak, B is the measured broadening diffraction line peak at an angle of 26 at half its maximum
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intensity (in radian). The average crystallite size of pure ZnO was determined to be 37.6 nm while that

of ZnO-BiOI 10% composite was established to be 31 nm.

400

—— Zn0-BiOl 10%
300 ——Zn0

200

Intensity

100

|
EL

0 20 40 60 80 100

Figure 2: X-ray diffraction patterns of bare ZnO and ZnO-BiOI 10% composite

4.3 Textual properties of the as-prepared photocatalysts

The surface area of the ZnO was measured as 1.08 m?/g, which is small compared to the ZnO-BiOI
10%. This smaller surface area is attributed to probable pore blockages. This means that the BET
measurement probe gas will not properly adsorb inside the pores. The Barret-Joyner-Halender (BJH)
pore size distribution plot is shown in Figure 3¢ with an average pore size width of 43.2 nm. The BET
surface area measurement of the ZnO-BiOI 10% composite exhibited a measured surface area of 19.8
m?/g with an average pore size diameter of 35 nm. The N adsorption-desorption isotherm (Figure 3b)
of the heterojunction is observed to exhibit a Type IV Isotherm with little Hyr hysteresis. The BJH pore

size distribution plot (Figure 3d) is classified as mostly mesoporous with some distribution macropores.
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Figure 3: Nz adsorption-desorption isotherms of (a)pure ZnO (b) ZnO-BiOI 10 % and BJH pore size
distribution of (c¢) pure ZnO (d) ZnO-BiOI 10

4.4 Optical properties and bandgap measurements

A Shimadzu 1800 UV-vis spectrophotometer was used to determine the absorption properties of the
composites. All spectra were recorded at ambient temperature at 200-900 nm range. The bandgaps of
all the composites were calculated from Tauc's plot via the Kubelka—Munk equation (Equation 2) by
extrapolating the linear portion of the plot of (ahv)? vs the proton energy as shown in the equation

below:
ahv = A(hv — Eg)" Equation 2

where a - absorption coefficient, 4 - constant, 4 - Plank's constant, v - photon frequency, E, - band
gap (bg), and n = 1/2 or 2 for the transition being direct or indirect respectively. Extrapolating the linear

portion in a plot of (ahv)? against 4v gave us the bg values.

44.1 ZnO

The ZnO composite absorption spectrum showed maximum absorption at 373 nm (as shown in Figure
4a) in the UV region. This observation is in agreement with several other studies (Potti & Srivastava,
2012; He et al., 2018; Thein et al., 2017). Figure 4b shows the estimated band gap of the ZnO
photocatalyst estimated via the Tauc’s plot of the absorption spectrum. A band gap of 3.24 eV was
estimated, showing the wide band gap nature of ZnO.

442 ZnO-BiOIl 10%

Figure 4c¢ shows the absorption spectra of the ZnO-BiOI 10% heterostructure. The absorbance of the
composite was recorded at 378 nm. There was an observed slight red shift for ZnO-BiOI 10% due to
the BiOI loading. A narrowing of the band gap was also observed for the heterojunction as shown in
Figure 4d. With the introduction of BiOI at 10 % loading, the band gap narrowed down to 3.0 eV. This

observation is attributed to visible light characteristic of BiOl.
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Figure 4: (a) ZnO and ZnO-BiOI 10% absorption spectra (b) ZnO Tauc plot showing band gap (c) ZnO-BiOI
10% Tauc plot showing band gap

4.5  Photocatalytic activity and mechanism

4.5.1 Photocatalytic performance

To assess the photo-activities of the composites, the degradation under simulated solar irradiation was
undertaken. From Figure 5, it can be observed that the 2-CBP degradation efficiency was about 20 %
when pure ZnO was applied. The reaction reached its peak at 150 minutes after which no further
degradation was observed. On the other hand, ZnO-BiOI 10% achieved a degradation efficiency of
nearly 60% at 150 minutes. Beyond 150 minutes, the photocatalytic activity levelled off and no further
significant degradation was observed. The ZnO-BiOI 10% heterojunction photocatalyst showed more
significant activity than the pure ZnO. The superior activity of the ZnO-BiOI 10% heterostructure is
ascribed to increased light absorption and efficient charge separation in addition to the narrow bandgap
and exposed reactive facets. Thus, the BiOl in the heterostructure acted as a photosensitizer. In addition,
coupling ZnO and BiOlI into a heterojunction enhanced the photocatalytic activity of the ZnO because
of the high-contact areas enabled by the fast charge transfer channel of BiOI and ZnO. ZnO-BiOI 10%
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heterostructure with a significantly larger surface area of 19.8 m?/g and a significant pore volume was
observed to exhibit the best photocatalytic activity. Thus, a larger surface area led to the subsequent
formation of more hydroxyl radicals for more photocatalytic reaction centres. Several researchers made
similar observations in their respective studies (Flores et al., 2014; Moafi et al., 2013;

Mekasuwandumrong et al., 2010; Ameen et al., 2012).

—=— ZnO-BiOl 10%
—e—ZnO

T T T T T
0 50 100 150 200 250
Time (mins)

Figure 5: Comparison of the photo-activity of bare ZnO and ZnO-BiOI 10%

4.5.2 Proposed degradation mechanism

From the UV-Vis spectra of both ZnO and BiOl, the calculated band gaps were established as 3.24

eV and 1.23 eV respectively. A simplified band energy structure of ZnO and BiOlI is shown in Figure
6a. ZnO being an n-type photocatalyst has its Fermi level close to its CB, while BiOI being a p-type
photocatalyst has its Fermi level located close to its VB (Jiang et al., 2011). The introduction of BiOI
into the ZnO lattice and subsequent p-n heterojunction construction leads to the realignment of the
Fermi levels of the two materials. Photoexcited electrons transfer to the CB of ZnO, leaving the holes
in the BiOI VB (Figure 6b). This takes place because the conduction band of BiOI is more negative
than the conduction band of ZnO. In the same way, the valence band of ZnO is more positive than that
of BiOLI. This shows that separation efficiency of the ZnO-BiOI 10% composite is improved and in turn,
the photocatalytic activity is also improved. From the experimental results, the photocatalytic

mechanism is proposed as follows

. hv(Az2400nm) | " _
Biol ——— BiOI(hyg" + ecp) Equation 3
transfer
BiOI(ecg) —— ZnO0(ecp) Equation 4
Zn0(ecg) + 0, Zn0 + 05 Equation 5
05 + H* > OH Equation 6
05 and OH + 2CBP - Deg}’adatlon(products) Equation 7
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Figure 6: Proposed diagram of ZnO and BiOI band energy structure (a)before contact (b) after interfacial
contact, p-n junction formation and improved charge separation process of the ZnO-BiOI 10%

heterostructure under solar irradiation

S CONCLUSIONS

Zn0O-BiOI 10% heterojunction was prepared through a facile and direct method. The ZnO-BiOI 10%
heterostructure with a reduced band gap of 3.0 eV, surface area of 19.8 m?/g, pore volume of 0.180
cm?®/g and a pore size of 35 nm showed superior photocatalytic activity in the abatement of 2-CBP when
compared with the bare ZnO nanoparticles. A possible photocatalytic degradation mechanism is
proposed to explain the improvement in photocatalytic activity. The synthesized heterojunction
photocatalyst shows potential for practical application in the remediation of water contaminated with

calcitrant organic pollutants.
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ABSTRACT
The experimental measurement of the pressures in a different region of the fluidized bed; in the plenum
chamber, on the bed of the solid material, and above the bed of solid material was performed by using
pressure transducers of model S-20, P#10471134 and the inverted manometers to investigate the
behavior in the fluidization of samples of size 277 pm, 428 um, 161 um, and 338 pm. The applicability
of the published correlation such as the Ergun equation was fitted to the experimental pressure drop
measured using both measuring methods; the sphericities of the samples were measured using the fitted
Ergun equation. The fluidization parameters such as minimum fluidization velocity, voidage, and height
were measured from the experimental data and compared with the calculated minimum fluidization
parameters obtained from the published correlation. The study on the behavior of the samples was to
familiarize with the application of the published correlations in the investigation of the fluidization
behavior of 13 nm aluminum oxide nanoparticle in size. Two methods were used during the experiment
in the fluidization of nanoparticles materials; acoustic sound fluidization and Vibro-fluidization. During
the enhanced fluidization by external forces of aluminum oxide nanoparticle, it was observed that
pressure transducers of model S-20, P#10471134 were appropriated for pressure measurement; and the
primary size of nanoparticles formed agglomerates, and their fluidization was of agglomerate
particulate fluidization. The use of the Richardson and Zaki equation and stoke law in the experimental
data was to estimate the size of the agglomerates formed during fluidization associated with mechanical

vibration and acoustic sound.

Keywords: fluidization associate with external forces, nanoparticles, size of agglomerates.

1 INTRODUCTION

The handling of nanoparticles in the process industry is identifiable in many areas such as in
cosmetics, painting, electronics, medicine; nanoparticles are used as catalysts due to their large surface
area per volume of particles. Nanoparticles are those particles that exist on a nanometre scale. Their
physical properties such as size and density can be determined in a fluidized bed system because
nanoparticles can easily be transported, mixed when their hydrodynamics are well understood.
Fluidization of nanoparticles become very attractive to daily life for many reasons when utilizing them

in many sectors in the industry. In drug delivery, it has been found that nanotechnology is proven
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beneficial in the treatment of cancer, AIDS, and many other diseases (Rizvi and Saleh, 2018).
Processing nanoparticles in the fluidizing system is not as easy as it seems, much research has
undergone fluidization of fine/ultrafine particles and has found difficulties fluidizing particles falling in
Geldart category of group C (Wang et al., 2007). Geldart (1986) has classified the fluidization of
particles according to different groups; and he has pointed out, that the fluidization of particles differs
as their size changes. It has been reported that the fluidization of nanoparticles seems unrealistic in a
conventional fluidization process due to the cohesive forces existing between particles. In most cases,
they can be fluidized when an external force is applying to the fluidized system, and their fluidization
is in the form of agglomerates and is called agglomerate fluidization. Before proceeding to the
fluidization of nanoparticles it is very important to understand the theory governing the fine/ultrafine
particles. The practice of the traditional fluidization technique has revelled the possibility of fluidizing
particles of Geldart Groups A and B.

Fluidizing nanoparticles in a conventional fluidized bed is a complex matter that needs to be addressed
by applying a modified methodology for the use of these nanoparticles in many sectors for applications.
This complexity of fluidizing this group C material is due to the presence of the inter-particles forces
existing between particles. To study the behavior of nanoparticles in the fluidization, it is of interest to
be able to expose these materials under fluidization. The use of assisted method: fluidization assisted
by acoustic sound and vibration to fluidized nanoparticles come into practice before obtaining any
fluidization parameters of nanoparticles. Many researchers have undertaken methodologies to fluidize
nanoparticles, however, the use of fluidization assisted by the vibration and acoustic sound for

fluidization of 13 nm aluminum oxide nanoparticles have been used in the study of the fluidization.

2 LITERATURE
2.1 Classification of particles according to the Geldart group

Processing fluidization of solid particles without any knowledge makes the process difficult; it is
important to know what class of solid particles belong, this will give a physical understanding of their
behavior when applying fluidization. The work of Geldart (Wang et al., 2007) has proven the necessity
of classifying particles when studying them in fluidization. He has classified solid particles according

to their size and density difference.

Many researchers have taken their work on fluidizing particles of different sizes, and their results
have demonstrated how different the fluidization behavior of solids particles are. Their results are just
the confirmation of what was found by Geldart in working with particles of different sizes. He has
categorized particles in four groups according to their fluidization behavior and these groups are

comprising of Geldart group A, B, C and D.
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2.2 Inter-particle forces existing between solid particles of Group C

The classification of Geldart group C particles is strongly dependent on inter-particles forces existing
between particles, due to the existence of these forces, the solid particles of such characters are classified
in group C from the Geldat’s Chart. The fluidization of Group C particles become more difficult
compared to Group A, B, and D. The inter-particle forces in solid particles of group A, B and D are
insignificant compared to group C. As particles get smaller their inter-particle forces become more
predominant. Geldart has defined those forces as the van der Waal force, electrostatics force, and
capillary force between solid particles. When working on the solid particles, it is important to define
those forces and their effect on particles when they are subjected to the process of fluidization. The
solid particles of group C are classified as a powder or fine/ultrafine particles with a size range of less
than 30um. Nanoparticles are within this group. These forces dominate other forces when nanomaterials
are fluidized in a conventional fluidized bed, because of this phenomenal existence of inter-particle
forces between particles, the fluidization of nanoparticles become impractical because of the bed being
lift up or occurrence of channelling or slagging when a gas fluid is injected to the fluidized bed. Some
researchers (Zhu et al., 2005) have attempted to fluidize nanoparticles in a conventional fluidized bed,
they have found that fluidization could happen in form of agglomeration when a very large superficial
velocity is applied that is more in magnitude to the minimum fluidization velocity of individual

particles.

2.2.1  Van der Waals forces

Atamolecular and atomic level, van der Waals force is the force that exists between two electronically
charged particles, influencing the attraction situation occurring between particles. This interaction
happens in two molecules, atom, surface, or intermolecular forces. In the case of a surface with an
opposite charge when two particles are significantly close, there is an appearance of attraction.
Literature has shown the van der Waal force is the most significant in all inter-particle forces and it
dominates over the gravitational force (Raganati ef al., 2018). Literature has proposed mathematical
correlation to calculate this force, in this literature review, we are still defining, and more details like
correlation will be provided in future work to have a clear understanding of the inter-particle forces
between nanoparticles. Small size nanoparticles do have the presence of van der Waal forces in between
two particles as defined above, these forces are responsible for the cohesiveness of these fine/ultrafine
particles. And when nanoparticles are exposed to fluidization they tend to form agglomerates

(Tamadondar et al., 2016).

2.2.2  Electrostatic forces

Electrostatic forces in nanoparticles arise when two ultrafine particles slide, collide with each other
when they are mixed. There is a transfer of electrons occurring into their surface layers when materials

a brought into contact. This characteristic of nanoparticles being electrically charged under electrostatic
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force is called contact electrification. It has been shown from the literature, a mathematical model of
this form of force obeyed coulomb’s theory. Many researchers have found that the electrostatic forces

in nanoparticles are negligible compared to the van der Waal forces.

2.2.3  Capillary forces

Literature shows that in the presence of humidity capillary forces have an important contribution to
the attraction between nanoparticles with a hydrophilic surface (Tamadondar et al., 2016). When the
vapor pressure of the surrounding gas is close to the saturation pressure, capillary forces can be much
larger than gravitational force and also van der Waals force as well. Generally, they increase with
increasing humidity of the gas and decreasing material porosity. Many workers have considered
nanoparticles of the nature of hydrophobic where the capillary forces are negligible compared to van

der Waals forces.

2.3 Characteristics of Geldart Group C particles

Solid particles of Group C are those with a size below 30um; literature has published work on the
fluidization of Group C and demonstrated that materials of this Group do not fluidize easily in a
conventional fluidized bed but they can be fluidized if the fluidization is associated with external forces,
such as acoustic sound, mechanical vibration, magnetic, and electric fields, centrifugal fluidized bed,
and the use of micro-jets as a secondary flow in the bed. Publishers have demonstrated, by associating
forces to the fluidization of solid particles of Group C, the inter-forces in solid particles disrupt and
cause spaces in between nanoparticles, and enhance the fluidization to occur. Due to the phenomenal

behavior of nanoparticles, their fluidization is defined in the form of agglomerates.

2.3.1 Agglomerate fluidization

The study on the agglomerate fluidization of nanoparticles is recorded by many workers in the
literature, and is defined by the fluidization of nanoparticles being grouped in particles called
agglomerate fluidization. And it has been shown that there exist two forms of agglomerate; natural
agglomerate when nanoparticles are packed for storage or transportation before fluidization; and the
secondary agglomerate when nanoparticles are subjected to the fluidization processed. As demonstrated
in the literature, the nanoparticles belonging to Group C are governed by the predominance of the inter-
particles forces that make the fluidization of this type of solid particles difficult. These fine particles are
characterized by the presence of channeling, slagging of the bed being lift as a plug when a gas velocity
is injected into a fluidized bed (Zhu et al., 2005). Due to the high magnitude of inter-particles forces of
nanoparticles, it has been observed the fluidization may occur in form of agglomerate behaving like
particles of group A, B, or C, and the superficial gas velocity required for the fluidization is highly
compared to the normal minimum fluidization of individual nanoparticles in a conventional fluidized

bed. It has been recorded that this fluidization of nanoparticles can be classified as agglomerate
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particulate fluidization when smooth fluidization is observed and agglomerate bubbling fluidization

when there is a presence of bubbles.

2.3.2  Agglomerate particulate fluidization

The cohesiveness of particles of Group C, especially nanoparticles is dominated by the inter-particles
forces. Due to these forces, nanoparticles are in the form of agglomerate rather than single nanoparticle
when they are transported or stored. Many works of the literature have proven the fluidization of
nanoparticles to behave as smooth fluidization with high bed expansion when their characteristic of the
fluidization is defined in the form of agglomerate. It has been mentioned in the literature, agglomerate
particles can be considered as single particles and categorized as Group A, B, or C according to their
agglomerate sizes. Their fluidization is depended on density differences and the size of agglomerate. It
has found that particles having sizes less than 20 nm when fluidized is characterized as bubbleless or
liquid-like fluidization and this type of fluidization is called agglomerate particulate fluidization. And
this case, as stated above, when nanoparticles have been fluidized in the form of agglomerate particulate
fluidization, there is an observation of smooth fluidization. Literature has shown that this type of

fluidization obeys the Richardson- Zaki equation.

2.3.3  Agglomerate bubbling fluidization

The fluidization of nanoparticles as agglomerate bubbling fluidization is characterized by poor bed
expansion, high minimum fluidization velocity, and occurrence of bubbles. The non-homogeneous of
the agglomerate nanoparticles in the bed defined the size of the agglomerate being distributed within
the bed. It has been found that the size of the agglomerate is high in magnitudes with a very large

density difference.

2.4 Determination of the size of agglomerates

Solid particles that belong to group C are very important due to the increase in the surface-to-volume
ratio, this property of solid particles of group C increases the heat and mass transfer in a fluidization
process of particulate materials. It is evident, the prediction of the size of the agglomerate will
characterize the fluidization of nanoparticles. As mentioned early, the agglomerate fluidization of
nanoparticles is defined by the size of the agglomerate and their density different to classify them as
agglomerate particulates fluidization or agglomerate bubbling fluidization. The fluidization parameters
such, minimum fluidization velocity, bed expansion, the pressure drop across the fluidized bed column
are correlated from the model and compared with the experimental value. We are emphasizing in
agglomerate particulate fluidization as this has been experimentally shown and their size of

agglomerates has been correlated using the Richardson-Zaki equation.

Morooka et al. (1988) worked on the energy balance model for agglomerate formation and

disintegration and stated that the energy for the agglomerate formation is the same as the energy
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required to break the agglomerate in two parts. They have assumed that the size of the agglomerate
could be obtained by evaluating the energy generated by laminar shear plus the kinetic energy of
agglomerate that is balanced with the energy required to break the agglomerate. (i.e., energy due to the
inter-particle forces). It was noted from the literature that the value of n, which is the Richardson and
Zaki exponent, an empirical parameter is a value of 5 as reported by many researchers in the small

Reynold number regime, while n decrease as Reynold number increase.
m, =pp X0 Equation 1
Where m,, is defined as the mass of particles; and p,, as the density of particles

Vp—V .
&= v—p Equation 2
B

Where ¢ is defined as the voidage; vp is the volume of the bed and v, is the volume of the particles
AHypp(1 —¢gp) = AHmfpbulk(l - smf) Equation 3

The equation 3 is the conservation of mass at initial state and at fluidization state
e=1- [(1 — &) X %] Equation 4

Where ¢, is defined as the initial voidage; and H,, is defined as the initial height

18X UXv¢ .
d, = ’— Equat
a (r-pp)xg quation 5

Where d,, is defined as the average diameter.

3 EXPERIMENTAL PROCEDURE
3.1 Process description for the fluidization of nanoparticle using acoustic sound fluidized bed
A 0.12 m diameter fluidized bed was chosen to associate with the acoustic sound for the fluidization
of nanoparticles. The fluidized bed was 0.49 m in height. A line from the set of rotameters was
connected to the fluidized bed associated with acoustic sound where the airflow was controlled through
the rotameter. A speaker was placed at top of the fluidized bed to produce waves from the sound coming
from a 2 MHz function generator of model ALP-1614B, the working range of the frequency of the
sound to the fluidized bed was from 0 to 200 Hz. The sound from the 2 MHz functional generators was
sent to a speaker placed at top of the fluidized bed before the circulation of the flowing air through the
fluidized bed. The processes for measuring devices were three pressure transducers of model S-20, they
were connected at different measuring pressure tap on the fluidized bed. The first in the plenum, the
second above the perforated plate, and the third few centimeters above the second. All pressures
measuring devices were connected to controllers where pressure was recorded during fluidization.

After, the air was allowed to flow through the fluidized bed column by controlling the flow from a
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rotameter 1

3.2 Process description of fluidization of nanoparticles using vibro-fluidized bed

A vibro-fluidized bed is used to investigate the fluidization of nanoparticles enhanced by vibration, it
was equipped with a control panel where the frequency of the vibration is controlled. Nanoparticles
materials were poured into the vibro-fluidized bed; the fluidization of nanoparticles was occurring in a
0.5 meters in height and 0.16 meters in diameter, thereafter a frequency of 250 rpm was applied to the
fluidized bed to initiate the vibration of the fluidized bed. One pressure transducer of model S-20 was
connected to the measuring tap in the plenum chamber and another pressure transducer of the same
model was connected on the measuring tap located on the bed of nanoparticles. All these pressures
measurement devices were sending a signal to controllers located in the control room hut 2 where
pressures were displayed. One was reading the pressure from the plenum chamber displayed from a
digital display device and the other was reading the pressure from the bed of the nanoparticles displayed
from a controller connected to a LapTop. Before the fluidization, a vibration was applied to the fluidized
bed, thereafter, a fluidizing medium was allowed to flow through one of the rotameter. The reading
from the rotameter was recorded including the bed expansion of nanoparticles and the pressures on the

plenum chamber and the bed of the nanoparticles.

4 RESULTS AND DISCUSSION
4.1 The behaviour of nanoparticles in fluidization associated with eternal forces

The objectiveness of investigating the characteristics behaviour of aluminum oxide nanopowder, 13
nm primary particle (TEM), 99.8% trace metals basis in fluidization associated with external forces
were of merger concern. In an appropriate turn, acoustic sound fluidization and vibro-fluidization of
aluminum oxides were run in the main laboratory to observed the minimum fluidizations of the

nanomaterials.

4.1.1 Acoustic sound fluidization of aluminum oxides nanoparticles

After the powder nanoparticles of aluminum oxides have been under fluidization enhanced with
acoustic sound, it was observed the bed of nanomaterials expanded rapidly when the valve of the
rotameter was open to permit the fluidizing medium to flow through the line. The initial height of the
bed of nanoparticles was set at 15 cm and was reduced to 8 cm due to the formation of agglomerates of
nanoparticles in the bed and loss of dust of nanoparticles at top of the fluidized bed. The recording of
the measured variables such as bed expansion of nanoparticles, pressure in the plenum chamber of the
fluidized bed, pressure on the bed of nanoparticles, and pressure above the bed of nanoparticles were
reproduced after many runs. In the fifth run of acoustic sound fluidization, the bed of nanoparticles was
at 8 cm. It was observed a small reading in the pressures in different parts of the fluidized bed when

aluminum oxides nanoparticles were under fluidization. The rotameter reading was open and increased
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with an increment of 1.

4.1.2 Determination of the size of agelomerates nanoparticles using scanning electron microscopy

analysis (SEM)

After the acoustic sound fluidization of aluminum oxide nanoparticles, the forming agglomerate

nanoparticles formed during fluidization were analyzed through the scanning electron microscopy
analysis to visualize the structure of the agglomerate aluminum oxide nanoparticles and to determine
the size distribution of the agglomerate formed. It was observed the agglomerate aluminum oxide
nanoparticles were observed to be spherical. The maximum and minimum size of the agglomerate found

were 21.59 pm and 9.783 um respectively.

4.1.3 Determination of the size of the agglomerates nanoparticles using Stokes’ Law

Aluminum oxide nanoparticles fluidized in a modified fluidized bed with acoustic sound, and the
fluidization was of the form of agglomerate particulates fluidization. the agglomerate formed during the
acoustic sound fluidization were distributed in the bed of the aluminum oxide nanoparticles, it was
observed that the main cause of the fluidization of this nanoparticle in the acoustic sound fluidization
was due to the formation of agglomerate, and the mean size of the agglomerate was estimated using the
Stokes’ Law. The mean diameter of the agglomerates was estimated at a value of 128 um using Stokes’

Law.

4.1.4 Determination of fluidization parameters

The pressure drop on the bed of aluminum oxide nanoparticles recorded after acoustic sound
fluidization demonstrated a minimum fluidization velocity at a value of 0.03 m/s; the pressure drop
remained unchanged when the pressure transducers recorded a pressure of 0.012 kPa. It was observed
that the expansion of the bed of aluminum oxide nanoparticles started to occurred from the top of the
bed to the bottom; the bed did not show any behaviour as the bed remained fixed while the superficial
air velocity was injected to the acoustic sound fluidized bed. And the all bed of the aluminum oxide
nanoparticles fluidized entirely at a height of 9.3 cm. The initial voidage of the aluminum oxide
nanoparticles in the acoustic sound fluidized bed was calculated using the Richardson and Zaki
equation. During the acoustic sound fluidization of this nanoparticle, it was observed the aluminum
oxide nanoparticles demonstrated fluidization of the form of agglomerate particulate fluidization thus
the Richardson and Zaki accommodated the calculation of parameters such as initial voidage, minimum
fluidization voidage, voidage after minimum fluidization and the terminal velocity. The plot of the
velocity and the height of the bed of aluminum oxide nanoparticle from a linearized Richardson and
Zaki equation (Figure 1) shows a y-intercept representing the terminal velocity of 0.192 m/s, and an

initial voidage was calculated from the plot to be 0.513.
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Figure 1: A linearized Richardson and Zaki equation from the acoustic sound fluidized bed of aluminum

oxide nanoparticle with a y-intercept as the terminal velocity and the slope as the initial voidage at an index
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Figure 2: The SEM image of agglomerate formed during acoustic sound fluidization of aluminum oxide
nanoparticles, picture taken at Microscopy and Microanalysis Unit at University of KwaZulu-Natal-Westville

campus
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4.2  Vibro-fluidization of aluminum oxides nanoparticles

The vibration from the two motors mounted on a vibrating plate where a fluidized bed was positioned,
the applied vibrations were at a frequency of 2 and 4 Hz. The fluidized bed was simulated with vibration
before the fluidizing medium was allowed to pass in the line. The expansion of the bed of nanoparticles
was initiated by the flowing of the air. After the second run, the nanoparticles were forming agglomerate
and fluidizing at the same time. It was observed that the expansion of the bed was so height and the
behaviour of the aluminum oxide under vibro-fluidization demonstrated an agglomerate particulate
fluidization. The increase of the pressure on the bed while the vibro-fluidization was occurring was
recorded and a pressure profile was produced. Due to the primary size of the aluminum oxide
nanoparticles, the complexity arises if the initial voidage could be determined using methodology
performed in the conventional fluidization of samples collected in the main laboratory of the Discipline
of Chemical Engineering. Because there was the formation of agglomerate during the vibro-fluidization
of aluminum oxides nanoparticles and the loss dust of nanoparticles, it has necessitated the combination
of the model voidage to the ratio of the initial height to the bed expansion with the mathematical

representation of the superficial velocity for liquid fluidization.

4.2.1 Determination of the fluidization parameters

The initial voidage was calculated from a linearized Richardson and Zaki equation; the behavior of
the aluminum oxide nanopowders under vibro-fluidization was of agglomerate particulates fluidization
as its bed of nanoparticles expanded so higher at a frequency of 2Hz. In linearizing the Richardson and
Zaki correlation, the graphical representation of the superficial velocity exponent to the fraction of the
Richardson and Zaki index with the ratio of the initial height to the bed expansion produced a straight
line where y-intercepted represented the terminal velocity and the initial voidage was calculated from

the slop of the linearized graph.

The Richardson and Zaki index considered in the experiment was 5. From the slope of Figure 1, the
initial voidage of aluminum oxide nanoparticles in a vibro-fluidized bed was calculated at a value of
0.5134. The superficial velocity was reaching 0.0105 m/s when the pressure on the bed of nanoparticles
remained unchanged, it was observed that the pressure stayed unchanged when the pressure transducers
recorded a pressure of value of 0.009 kPa. By using the minimum fluidization velocity, the bed
expansion reached its minimum fluidization height when the bed of nanoparticles was at 11.7 cm.
Graphically, the minimum fluidization voidage was interpreted by plotting the superficial velocity with
the voidage as the bed expanded after minimum fluidization has reached. The minimum fluidization

voidage was graphically read at a value of 0.56.

4.2.2 Determination of the size of agglomerates nanoparticles using scanning electron microsco

analysis (SEM)

The size of the agglomerate formed during the vibro-fluidization of aluminum oxide nanoparticles
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was measured from the SEM analysis, during the analysis, the shape and structure of the agglomerates
were visualized and measured (Figure 2). Noting that single nanoparticle created agglomerates which
were able to break the complexity of the nanoparticle in fluidization. For common sense, the size of this
agglomerate was important to study and investigate their size and structure as this allowed the
fluidization of aluminum oxide nanoparticles to occur. The maximum and minimum size of agglomerate
of aluminum oxide nanoparticles in vibro fluidization was found to be 25.57 ym and 11.39 um

respectively.

5 CONCLUSIONS

The fluidization enhanced my mechanical vibration and acoustic sound of 13 nm aluminum oxide
nanoparticles demonstrated different behavior. The acoustic sound fluidization of 13 nm aluminum
oxide with a frequency of 100 Hz in a 0.12 m of diameter was observed and the pressure profile on the
bed of 13 nm aluminum oxide nanoparticles was obtained in 10 cm of a bed of nanoparticles. It was
observed the formation of agglomerate during the acoustic sound of these nanoparticles distributed
within the bed of an acoustic sound fluidized bed. In the vibro- fluidized bed, the 13 nm aluminum
oxide demonstrated a lower minimum fluidization velocity measured during the experiment, and
different vibration frequencies were applied to the vibro-fluidised bed of 13 nm of aluminum oxide; 2
Hz and 4 Hz. It was observed the bed of nanoparticle expanded much when 2 Hz was applied on the
vibro-fluidised bed then 4 Hz and the minimum fluidization velocity at 4 Hz was found much lower
compared to the minimum fluidization velocity at a lower frequency, thus the vibration influenced the

fluidization behavior of 13 nm aluminum oxide nanoparticles.

REFERENCES

Ali, S. S., Al-Ghurabi, E. H., Ibrahim, A. A. & Asif, M. 2018. Effect of adding Geldart group A particles
on the collapse of fluidized bed of hydrophilic nanoparticles. Powder Technology, 330, 50-57.

Arno, M. C., Inam, M., Weems, A. C., Li, Z., Binch, A. L., Platt, C. L., Richardson, S. M., Hoyland, J.
A., Dove, A. P. & O’reilly, R. K. 2020. Exploiting the role of nanoparticle shape in enhancing
hydrogel adhesive and mechanical properties. Nature communications, 11, 1-9.

Batista, C. A. S., Larson, R. G. & Kotov, N. A. 2015. Nonadditivity of nanoparticle interactions.
Science, 350.

Blott, S. J. & Pye, K. 2006. Particle size distribution analysis of sand-sized particles by laser diffraction:
an experimental investigation of instrument sensitivity and the effects of particle shape.
Sedimentology, 53, 671-685.

Carrillo, J.-M. Y., Raphael, E. & Dobrynin, A. V. 2010. Adhesion of nanoparticles. Langmuir, 26,
12973-12979.

Dos Santos, A. P. & Levin, Y. 2019. Like-Charge Attraction between Metal Nanoparticles in a 1: 1
Electrolyte Solution. Physical review letters, 122, 248005.




103

Fabre, A., Salameh, S., Kreutzer, M. T. & Van Ommen, J. R. 2017. Modeling the size distribution in a
fluidized bed of nanopowder. Powder technology, 312, 347-353.

Geldart, D. 1973. Types of gas fluidization. Powder technology, 7, 285-292.

Geldart, D. 1986. Gas fluidization technology.

Geldart, D. 2004. Expansion of gas fluidized beds. Industrial & engineering chemistry research, 43,
5802-5809.

Guo, D., Xie, G. & Luo, J. 2013. Mechanical properties of nanoparticles: basics and applications.
Journal of physics D: applied physics, 47,013001.

Hoo, C. M., Starostin, N., West, P. & Mecartney, M. L. 2008. A comparison of atomic force microscopy
(AFM) and dynamic light scattering (DLS) methods to characterize nanoparticle size
distributions. Journal of Nanoparticle Research, 10, 89-96.

Hotze, E. M., Phenrat, T. & Lowry, G. V. 2010. Nanoparticle aggregation: challenges to understanding
transport and reactivity in the environment. Journal of environmental quality, 39, 1909-1924.

Kagan, C. R., Fernandez, L. E., Gogotsi, Y., Hammond, P. T., Hersam, M. C., Nel, A. E., Penner, R.
M., Willson, C. G. & Weiss, P. S. 2016. Nano day: celebrating the next decade of nanoscience
and nanotechnology. ACS Publications.

Khlebtsov, B. & Khlebtsov, N. 2011. On the measurement of gold nanoparticle sizes by the dynamic
light scattering method. Colloid Journal, 73, 118-127.

Konert, M. & Vandenberghe, J. 1997. Comparison of laser grain size analysis with pipette and sieve
analysis: a solution for the underestimation of the clay fraction. Sedimentology, 44, 523-535.

Li, J., Kong, J., He, S., Zhu, Q. & Li, H. 2018. Self-agglomeration mechanism of iron nanoparticles in
a fluidized bed. Chemical Engineering Science, 177, 455-463.

Loépez-Lopez, M. T., Zubarev, A. Y. & Bossis, G. 2010. Repulsive force between two attractive dipoles,
mediated by nanoparticles inside a ferrofluid. Soft Matter, 6, 4346-4349.

Matsuda, S., Hatano, H., Lin, H. & Tsutsumi, A. Fluidization Characteristics of Nanoparticles. Asian
Pacific Confederation of Chemical Engineering congress program and abstracts Asian Pacific
Confederation of Chemical Engineers congress program and abstracts, 2004. The Society of
Chemical Engineers, Japan, 41-41.

Min, Y., Akbulut, M., Kristiansen, K., Golan, Y. & Israelachvili, J. 2010. The role of interparticle and
external forces in nanoparticle assembly. Nanoscience And Technology: A collection of reviews
from Nature journals, 38-49.

Mishra, S., Keswani, C., Abhilash, P., Fraceto, L. F. & Singh, H. B. 2017. Integrated approach of agri-
nanotechnology: challenges and future trends. frontiers in Plant Science, 8, 471.

Molteni, G., Bianchi, C. L., Marinoni, G., Santo, N. & Ponti, A. 2006. Cu/Cu-oxide nanoparticles as
catalyst in the “click” azide—alkyne cycloaddition. New Journal of Chemistry, 30, 1137-1139.




104

Morooka, S., Kusakabe, K., Kobata, A. & Kato, Y. 1988. Fluidization state of ultrafine powders.
Journal of Chemical Engineering of Japan, 21, 41-46.

Raganati, F., Chirone, R. & Ammendola, P. 2018. Gas—solid fluidization of cohesive powders.
Chemical Engineering Research and Design, 133, 347-387.

Rizvi, S. A. & Saleh, A. M. 2018. Applications of nanoparticle systems in drug delivery technology.
Saudi pharmaceutical journal, 26, 64-70.

Siegrist, M. 2010. Predicting the future: Review of public perception studies of nanotechnology. Human
and Ecological Risk Assessment, 16, 837-846.

Sun, W. 2014, Interaction forces between a spherical nanoparticle and a flat surface. Physical Chemistry
Chemical Physics, 16, 5846-5854.

Tamadondar, M. R., Zarghami, R., Boutou, K., Tahmasebpoor, M. & Mostoufi, N. 2016. Size of
nanoparticle agglomerates in fluidization. The Canadian Journal of Chemical Engineering, 94,
476-484.

Taubner, H., Roth, B. & Tippkoétter, R. 2009. Determination of soil texture: Comparison of the
sedimentation method and the laser-diffraction analysis. Journal of Plant Nutrition and Soil
Science, 172, 161-171.

Tohver, V., Chan, A., Sakurada, O. & Lewis, J. A. 2001. Nanoparticle engineering of complex fluid
behavior. Langmuir, 17, 8414-8421.

Valverde, J. M. & Castellanos, A. 2006. Fluidization of nanoparticles: A modified Richardson-Zaki
law. AIChE journal, 52, 838-842.

Wang, X. S., Rahman, F. & Rhodes, M. J. 2007. Nanoparticle fluidization and Geldart's classification.
Chemical Engineering Science, 62, 3455-3461.

Zhu, C., Yu, Q., Dave, R. N. & Pfeffer, R. 2005. Gas fluidization characteristics of nanoparticle
agglomerates. AIChE Journal, 51, 426-439.




105

Evaluation of two different reactor configurations for the simultaneous
remediation AMD and pretreatment of lignocellulosic biomass

N.W. Burman'?*, K.G. Harding', C.S. Sheridan® and U. Kappelmeyer*

'School of Chemical and Metallurgical Engineering, University of the Witwatersrand, Johannesburg
2 WEC Projects, Johannesburg

3 School of Geography, Archaeology and Environmental Studies, University of the Witwatersrand,
Johannesburg

4 Department of Environmental Biotechnology Helmholtz Centre for Environmental research, Leipzig

*Corresponding author: nwburman@gmail.com

ABSTRACT
A process to simultaneously remediate acid main drainage (AMD) and pre-treat lignocellulosic biomass
was investigated. In this lignocellulosic biomass is contacted with AMD, breaking down the
carbohydrates in the biomass into sugars which can be utilized as a carbon source by sulfate-reducing
bacteria (SRB) to perform dissimilatory sulfate reduction (DSR), which remediates the AMD. The
breakdown in carbohydrates pretreats the biomass making it more susceptible to further enzymatic
hydrolysis to produce glucose that can be fermented to produce bioethanol or other biochemicals. Two
different reactor configurations have been experimentally evaluated: A, biomass first undergoes
pretreatment at high temperature (90°C), producing a COD rich stream that is cooled and undergoes
DSR in a separate reactor; B. biomass is pretreated and DSR occurs in the same reactor at ambient
temperatures (30°C). The performance of these two reactor configurations was evaluated both in terms
of the rate of sulfate reduction and the amount of glucose that was released after enzymatic hydrolysis.
The amount of glucose released from enzymatic hydrolysis was found to be 22.0 g/L for A. and 26.1
g/L for B. The rate of sulfate reduction was found to be 0.019 g/L/day for A. and 0.073 g/L/day for B.
This suggests that B. is better suited, although a further evaluation of operating and capital cost of both

should be performed to determine which is more economically feasible.
Keywords: acid mine drainage (AMD); sulfate-reducing bacteria (SRB)

1 INTRODUCTION

The burning of fossil fuels has led to increasing atmospheric and oceanic temperatures, and the
associated climate crisis (IPCC, 2014a). To overcome this, renewable alternatives to fossil fuel that are
more environmentally sustainable need to be developed (IPCC, 2014b). Once sustainable alternative to
petrol is the use of bioethanol produced from lignocellulosic biomass. Sources of lignocellulosic
biomass include agriculture residue (corn stover, sugarcane bagasse) forestry waste (sawdust, wood
chips), and energy crops (switchgrass, miscanthus, other long-stemmed grasses). In the production of

lignocellulosic bioethanol, enzymatic hydrolysis of the cellulose present in the biomass is performed to
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release glucose which can be fermented to produce bioethanol (Mosier ef al., 2005). Unfortunately, the
presence of the ligno-hemicellulosic matrix surrounding the cellulose fibrils prevents cellulase enzymes
from accessing the cellulose. To overcome this biomass first needs to be pre-treated, to break apart the
lignocellulosic matrix before it can undergo efficient enzymatic hydrolysis. Although various
pretreatments (chemical, physical, physico-chemical, and biological) have been found to be effective,
the additional cost of pretreatment adds additional processing costs, making the process less

economically feasible.

Biological pre-treatment, in which the ligno-hemicellulosic matrix is broken down by various
enzymes secreted by micro-organisms, has been found to be more environmentally sustainable, the
other forms of pretreatment due to the lower operating temperatures and chemical input (Sun and
Cheng, 2002). Although various micro-organisms with hydrolytic activity have been identified, the
slow rates of reactions require long residence times (Azman et al., 2015). To overcome this there has
recently been investigation into the combined chemical-biological pretreatment in which both
chemicals and micro-organisms are used for the pretreatment of biomass (Sindhu, Binod and Pandey,
2016). Recently there has been investigation into the pretreatment of lignocellulosic biomass using the
acidity present in acid mine drainage AMD (Magowo, Rumbold and Sheridan, 2015; Burman et al.,
2017; Burman, Harding, et al., 2018; Burman, Sheridan, et al., 2018; Burman, Harding and Sheridan,
2019; Greenway, 2019; Burman, Sheridan and Harding, 2020).

Acid mine drainage is highly acidic water (pH 2 — 4) with high concentrations of sulfate (<12 g/L)
and metals (<5 g/L), that is formed through a series of geochemical reactions when sulfate-rich minerals
are exposed to oxygen and water, often as a result of mining activity (both pit and shaft mining). This
has a negative environmental effect when it enters natural water systems (Simate and Ndlovu, 2014)
Widespread generation of AMD in both the Witwatersrand gold mining area and the Mpumalanga
coalfields has caused environmental damage necessitating the need for remediation of water before it
enters natural water systems. Current remediation consists of chemical neutralization which results in
the precipitation of metals. Although effective, this is expensive and produces large volumes of toxic
sludge. As the generation of AMD is ongoing, there is a need for more environmentally and

economically sustainable remediation technologies.

Dissimilatory sulfate reduction (DSR) catalyzed by sulfate remediating bacteria (SRB) has been found
to be effective at reducing the sulfate concentration and increasing the pH which results in the
precipitation of metals (Sanchez-Andrea et al., 2014). Various studies have demonstrated that
lignocellulosic biomass can be used as a carbon source for sulfate-reducing bacteria (Magowo,
Rumbold and Sheridan, 2015; Ramla and Sheridan, 2015). Although SRB may not utilize the

lignocellulose directly as a substrate, a community of bacteria breaks down the lignocellulose, similar
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to anaerobic digestion, into a product that can be utilized by the SRB for DSR. Studies found that
various feedstocks including wood chips and sawdust (Chang, Shin and Kim, 2000; Neculita, Zagury
and Bussicre, 2008; Lefticariu et al., 2015), rice husk (Chockalingam and Subramanian, 2006), grass
cuttings (Greben et al., 2009; Lefticariu et al., 2015), sugarcane bagasse (Magowo, Rumbold and
Sheridan, 2015), and indigenous South African grasses could be used to reduce the sulfate concentration
and also increase the pH of AMD, in passive bioreactors (Magowo, Rumbold and Sheridan, 2015;
Ramla and Sheridan, 2015).

Magowo et al (2015) also demonstrated that biomass that was used from the remediation of AMD in
the presence of SRB, underwent pre-treatment in this process and hence produced a higher
concentration and yield of glucose during enzymatic hydrolysis. This pre-treatment was attributed to
the hydrolysis of the lignocellulosic matrix, catalyzed by the acidity present in the AMD. The effect of

biological pre-treatment catalyzed by hydrolytic micro-organisms present was not considered.

The rate of sulfate reduction by SRB in AMD has been found to vary between 0.03 —29 g/L/day. This
large variance is thought to be due to variation in pH, substrate, reactor design, and source of inoculum
(Sanchez-Andrea, Triana and Sanz, 2012). The large variation in rates of reaction reported in literature
suggests that it is necessary to determine the rate of reaction for the specific conditions at which the

system would operate.

Although previous studies by Ramla and Sheridan (2015) and Magowo et al (2015) demonstrated the
suitability of remediating AMD using indigenous south African grass as a substrate, the rate of sulfate
removal was not presented. In this study, the simultaneous pretreatment of long-stemmed South African
Grass (using a combination of AMD and SRB ) and remediation of AMD (using SRB) will be
investigated. The rate of sulfate reduction and the quantity of glucose produced after enzymatic

hydrolysis of pretreated by mass for two different reactor configurations will be compared.

2 EXPERIMENTAL PROCEDURE

Two different reactor configurations have been identified as feasible. In the separate pretreatment and
AMD remediation reactor (SRP), biomass first undergoes pretreatment in AMD at high temperatures
(90°C), to produce a high COD solution that will undergo remediation through DSR in a separate reactor
at mesophilic temperatures (30°C). Pretreated biomass will undergo enzymatic hydrolysis in a separate
reactor to produce fermentable sugars (Figure 1.A). In the combined remediation and pretreatment
reactor configuration (CRP), biomass pretreatment and remediation of AMD through DSR occur in the
same reactor at mesophilic temperatures (30°C). This is followed by the enzymatic hydrolysis of

pretreated biomass in a separate reactor to produce fermentable sugars (Figure 1.B).
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Figure 1: Different reactor configurations investigate. A. Separate remediation and pretreatment reactor

configuration (SRP) B Combined remediation and pretreatment reactor configuration (CRP).

Different experimental setups were used to mimic the different reactor configurations as described
below. As the experimental procedure used for the enzymatic hydrolysis was the same for both

experiments this was only described once.

2.1 Materials

AMD was sourced from a coal mine in the eMalahleni district in South Africa. pH was determined
using the Ohaus ST2100-F benchtop pH meter. Sulfate concentration was determined using a Merck
Sulfate Test Kit #114548. Dissolved metal concentrations were determined by ICP-OES by UIS
Analytical Services (www.uis-as.co.za) using method UIS-AC-T007.

An indigenous South African grass classified as Eragrostis curvula (Weeping Lovegrass or
Oulandsgrass) was sourced from an agricultural supplier in Gauteng Province, South Africa. The
structural composition of this grass was determined using the National Renewable Energy Laboratory
(NREL) method (Sluiter et al., 2008b). This method first determines the extractives through soxhlet
extraction then determines the monosaccharide composition by hydrolyzing the grass using a two-stage
concentrated/dilute sulfuric acid, and then analyzing the hydrolysate for monosaccharides by high-
performance liquid chromatography (HPLC). The only deviation from this method was the use of a
single-stage soxhlet extraction using acetone as opposed to a two-stage ethanol/water extraction. The

structural composition is presented in the results.

Celluclast 1.5 L cellulase enzyme (Novozyme), with an activity of 80 FPU/mL, was used for
enzymatic hydrolysis at a dosage of 16.5 FPU/g substrate. This was mixed with 0.05 M sodium citrate
buffer (pH 4.8).
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2.2 Combined AMD remediation and pretreatment reactor configuration

Forty grams of Eragrostis curvula biomass were pretreated with 200 mL of AMD, bacterial
community isolated from horse manure or a combination thereof in 250 mL Schott bottles. Pretreatment
was carried out at 30°C and 130 RPM, for various times (5, 10, 15, 20, 25, and 32 days) after which
the biomass was heated up to 95 °C for 2 hours to sterilize it before being washed, filtered and dried.
The liquid filtrate was analyzed for the sulfate concentration. Liquid samples were taken at 0, 24, and
48 hours and analyzed for reducing sugar concentration. Pretreated biomass then underwent enzymatic

hydrolysis.

2.3  Separate AMD remediation and pretreatment reactor configuration

Four hundred grams of biomass was pretreated with AMD in 2 L Schott bottles for 3 days at 90°C, to
produce a COD rich AMD solution. Liquid samples were taken during pretreatment and evaluated for
COD. After pretreatment biomass was separated from the COD rich solution, washed and dried before
undergoing enzymatic hydrolysis. The COD rich AMD solution was used to determine the rate of
sulfate reduction. The rate of sulfate reduction was determined by adding 200 mL of the COD rich
AMD solution to 250 mL culture bottles that were inoculated with SRB. Culture bottles were incubated
at 30°C and 130 RPM. Three different sources of SRB were evaluated, two were sampled from different
locations on a coal mine in the Mpumalanga coalfields in South Africa (SRB-A, SRB-B), and the third
was a pure culture of Desulfovibrio desulfricans (SRB-P) obtained from the culture collection of the
Helmholtz Center for Environmental Research, Leipzig, Germany. To evaluate if the high concentration
of sulfate and metals present in the water was toxic to the SRB and inhibiting the rate of sulfate reduction
three different concentrations of AMD were evaluated (100%, 33%, and 10%), by diluting the COD
rich AMD solution with deionized water. Liquid samples were taken at various times (6, 10, 27, 35, 44,

and 55 days) and analyzed for sulfate concentration.

2.4 Enzymatic hydrolysis of pretreated biomass

Pretreated biomass was loaded into 250 mL Erlenmeyer flasks with 200 mL of 0.05M sodium citrate
buffer (pH 4.8) loaded with 16.66 FPU/g Cellucalst 1.5L cellulase enzyme (Novozyme). Flasks were
incubated at 45°C C and 100 RPM for 48 hours. After 48hrs, liquid samples were taken for analysis of

reducing sugars.

2.5 Analytical methods

Reducing sugar concentration was analyzed using the DNS method (NREL, 1996) sulfate
concentration was analyzed using the Merk sulfate Cell Test #114548 (www.sigmaaldrich.com), with
Merk Spectroquant® NOVA 60. COD was determined using the Hatch Lange LCW 514 Test kit and
DR LANGE CADAS 100 spectrophotometer. pH was measured using the WTW 526 benchtop pH
meter equipped with a WTW pH Electrode SenTix 41.
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3  RESULTS AND DISCUSSION
3.1 Biomass composition

The composition of the biomass is presented in Table 1 along with the standard deviation (SD).
Results from previous studies are also presented for weeping love grass (Torget et al., 1990);
switchgrass (Lee et al., 2007); elephant grass (Menegol et al., 2014) and dwarf Napier grass
(Wongwatanapaiboon et al., 2012). Switchgrass, dwarf Napier grass, and elephant grass were chosen

for comparison as they are grasses that have been found suitable feedstocks for bioethanol production.

Table 3: Experimentally determined structural composition of Weeping Lovegrass, compared to results

presented in literature for Weeping Lovegrass and Switchgrass.

O il T i+l Ko
Biomass Type I}Z \C/Zggfs Ij?)l szggsgs Switchgrass Elg}r):;nt Dwarf Napier?
Structural Mean | SD Mean Mean | SD Mean | SD Mean SD
Composition % % %! % % % % % %
Hemicellulose 206 | 3.0 21.9% 285 |35 20.51 | 0.023 | 34.19 1.24
Cellulose 353 3.0 36.7% 373 |44 37.95 | 1.06 | 35.64 0.21
Acid Soluble Lignin | 2.46 | 0.15 51 8% 35 0.3 1.12 1 0.02 | 3.66 0.20
Acid Insoluble Lignin | 26.1 5.19 16.2 0.5 19.65 | 0.78
Ash 3.08 034 |56% 59 1.0 853 1023 |0.13 0.12
Extractives 2.33 099 |6.3% 3.1 0.7 884 |0.83
Other 26.38 1.38

IThe standard deviation was not reported by this study.

The lignin was not reported as acid-soluble and acid-insoluble lignin just as Klason lignin which was taken to
be the total lignin content.

3The acid-insoluble lignin and extractives were not reported in this study, however, an "other" category was
reported

As can be seen in Table 1, the composition of weeping love grass determined in this study is similar
to that reported by Torget et al. (1990). The cellulose content was found to be similar for all different
grasses presented (35.3-38.0%). The comparable cellulose content of weeping lovegrass to other grass
species indicates that it would be a suitable feedstock for the production of bioethanol from the C6 sugar
platform. There was, however, significant variation in the hemicellulose content in the grasses
presented. The hemicellulose content was much higher in switchgrass (28.5%) and dwarf Napier grass
(34.2%) than in weeping love grass (20.6-21.9%) and elephant grass (20.5%). The comparatively low
hemicellulose content of weeping love grass indicates it would not be a good feedstock for the

production of bioethanol through co-fermentation of both C5 and C6 sugars.
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3.2 AMD composition

The AMD was found to be highly acidic (pH 2.4) with a high concentration of sulfate (12.5 g/L).
There was also a high concentration of dissolved iron (4.29g/L) and low concentrations of dissolved
magnesium (0.474 g/L) and aluminum (0.396 g/L). There were trace concentrations (< 0.1 g/L) of
various other metal such as manganese, silicon, sodium, and zinc. Trace concentrations of other

elements were found, however, elements with a concentration of < 10 mg/L were not listed.

The quality of the AMD used in this investigation was relatively strong, with previous studies
reporting AMD pH of 2-3, and sulfate concentrations of 3,5 g/L. (McCarthy, 2011). The low pH of

AMD should enable effective pre-treatment of biomass.

3.3 Rate of sulfate reduction
The sulfate concentration over time is presented in Figure 2 for combined AMD remediation and

biomass pretreatment, and in Figure 3 for separate AMD remediation and biomass pretreatment.
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Figure 2: Sulfate concentration vs time in combined AMD remediation and biomass pretreatment at 30°C.
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Figure 3: Sulfate concentration vs time in separate AMD remediation and biomass pretreatment at 30°C, at

different AMD concentrations and using different sources of SRB. A & B are communities of SRB

As can be seen in Figure 2 the sulfate concentration did not significantly decrease with increased
pretreatment time in CRP. The sulfate concentration of liquid from biomass pretreated with both SRB
and AMD decreased from 12g/L to 11.5g/L after 32 days of pretreatment. The sulfate concentration of
biomass pretreated with AMD alone decreased from 12.5 g/L to 11.4 g/L after 32 days of pretreatment

The rate of sulfate reduction was determined through fitting linear trend lines in Microsoft® Excel to
the data of the concentration of sulfate over time. The rate of sulfate reduction in CRP was found to be

0.019 g/L/day.

As can be seen in Figure 3 for undiluted AMD the sulfate concentration decreased from 13.3 g/L to
10.5 g/L, 10.3 g/L and 10.1 g/L for SRB-A, SRB-B and SRB-P respectively. For 33% AMD the sulfate
concentration decreased from 4.6 to 3.9 g/L, 3.9 g/L, 3.3 g/L for SRB-A, SRB-B and SRB-P
respectively. For 10% AMD the sulfate decreased from 1.5 to 1.2 g/L for SRB-P. For SRB-A and SRB-
B the sulfate initially increased to 2.1 due to a high concentration of sulfate in the inoculum and then
decrease to 1.8 g/L and 1.9 g/L respectively. At day 35 the concentration of sulfate was found to increase
slightly for all sources of SRB at 100% and 33% AMD concentrations. samples were thus assumed to

be outliers, caused by experimental error.

The rate of sulfate reduction was determined through fitting linear trend lines in Microsoft® Excel to
the data of the concentration of sulfate over time, excluding outliers. For 10% AMD dilution he rate of

sulfate reduction was determined only after the maximum concentration was reached.

A summary of the rate of sulfate reductions determined in SRP is presented in Table 2.
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Table 2: Rate of sulfate reduction determined in separate AMD remediation and biomass pretreatment

Rate of sulfate reduction (g/L/day)

Source of SRB 100% AMD 33.33% AMD 10% AMD
SRB-A 0.069 0.015 0.073
SRB-B 0.069 0.014 0.0037
SRB-P 0.071 0.028 0.0031

113

As can be seen in Table 2 the rate of sulfate reduction was fastest for 100% AMD, and this was faster
than the rate of sulfate reduction in CRP (0.019 g/L/day). The different sources of SRB did not produce
significantly different rate of reaction. Although the rate of sulfate reduction was faster in SRP than in
CRP the rate of reduction is still very slow. The rate of sulfate reduction would need to increase

significantly before this process could be economically feasible.

3.4 Enzymatic hydrolysis of pretreated biomass

The concentration of reducing sugar released after enzymatic hydrolysis of pretreated biomass vs
pretreatment time is presented in Figure 4. As can be seen in Figure 4, in SRP, pretreatment with SRB
was found to be the most effective form of pretreatment producing a reducing sugar concentration of
+-22.5g/L after 5 days of pretreatment. The reducing sugar concentration did not increase with
increasing pretreatment time. The concentration of reducing sugar produced from biomass pretreated
with AMD increased slightly with increased pretreatment time. The concentration of reducing sugars
produced from enzymatic hydrolysis of biomass pretreated with the combination of AMD and SRB was
found to decrease with pretreatment times up to 15 days (10.0 g/L) after which it increased with
increasing time to a maximum of 22.5 g/L reducing sugar after 32 days of pretreatment. Pretreatment
of biomass with the combination of AMD and SRB was less effective than pretreatment with AMD or
SRB individually up to 15 days of pretreatment. For longer pretreatment time (20-32 days) pretreatment
with AMD and SRB was more effective than pretreatment with AMD alone, however slightly less
effective than pretreatment with SRB alone. The initial decrease in the concentration of reducing sugars
produced from biomass pretreated with AMD and SRB is not understood, and further experimental
work would need to be conducted to determine the cause of this. At pretreatment times >15 days the
concentration of reducing sugars produced from biomass pretreated with a combination of AMD and
SRB increases rapidly until the end of the experiment (32 days). This suggests that the concentration of
reducing sugars from biomass pretreated with a combination of SRB and AMD may be greater than
that produced from biomass pretreated with SRB alone, at pretreatment times longer than 32 days. This
would need to be verified experimentally. In separate AMD remediation and biomass pretreatment,

enzymatic hydrolysis of pretreated biomass was found to produce a glucose concentration of 26.1 g/L.

This is higher than the glucose concentration achieved in SRP, indicating that SRP is better suited

than CRP in terms of biomass pretreatment.
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Figure 4: Reducing sugar concentration vs time after enzymatic hydrolysis of biomass pretreated with SRB,

AMD, or SRB and AMD in combined AMD remediation and biomass pretreatment.

4 CONCLUSIONS

The rate of sulfate reduction was found to be higher in SRP (max 0.073 g/L/day) than in CRP 0.019
g/L/day). The concentration of glucose produced from biomass pretreated was found to be higher in
SRP (26. g/L) than in CRP (max 22.0 g/L). SRP was thus found to better reactor configuration in terms
of both the rate of sulfate reduction and final glucose concentration. Although SRP is better than CRP,
in terms of both the rate of sulfa reduction and the final glucose concentration, the rate of sulfate was
very low. For this process to be commercially viable the rate of sulfate reduction would need to increase
substantially. It is recommended that further experimental work is conducted to optimize the rate of
sulfate reduction, this should include investigating different sources of SRB, optimizing the reactor

conditions (COD, ORP, temperature, mixing), and determining the toxicity of AMD to SRB.
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ABSTRACT
In South Africa, sulfide is a large component of many of the natural ore bodies, in particular coal and
gold ores. This results in large-scale problems such as acid mine drainage (AMD). AMD run-off or
decant can corrode infrastructure and, if allowed to flow unchecked, will infiltrate ground and surface
water bodies causing severe negative impacts on the surrounding environment. Sustainable, cost-
effective treatment processes could mitigate such AMD problems. However, prior to designing
treatment processes, the nature of the problem needs to be comprehensively quantified. In this study,
the physical and chemical characteristics of AMD, emanating from two coal sites in Mpumalanga, are
described and the ramifications of these properties, for the design of treatment processes, are discussed.
The concentrations of total dissolved solids, total acidity, and dissolved iron varied by an order of
magnitude between the sites. Reduced rainfall volumes were recorded during the winter months, and
seasonal variability of AMD waters was shown in instances where reduced and increased concentrations
coincided with increased and reduced rainfall volumes, respectively. Significant concentrations of
aluminum, manganese and zinc could impact the effectiveness of active and passive treatment systems

and should be considered in the design of a suitable treatment system.

Keywords: acid mine drainage (AMD), composition, correlation, regression

1 INTRODUCTION

Gold and coal mining activities in South Africa result in the formation of large quantities of acid mine
drainage (AMD) (McCarthy, 2011). Given the immediacy of the decant issues, considerable attention
has been given to AMD in the Western and Central Basins. A total of 126 coal mine operations have
been identified in South Africa (DMR, 2017). Decant from coal mining sites in the Witbank—
Middelburg area has historically flowed into the tributaries of the Olifants River causing significant
increases in the salinity and sulfate levels of nearby dams, thus deleteriously affecting the quality of

local water.

Mining operators are under a legal obligation to adhere to increasingly stringent environmental
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compliance regulations, as stipulated in their water use licenses. Strictly regulated industrial water
discharge limits imposed to prevent environmental damage, compounded with a growing demand for a
limited water supply, necessitate consideration of treatment options to ensure sustained quality of
receiving water bodies into the future and to facilitate the reuse of water. Development of sustainable,
cost-effective AMD treatment processes would mitigate potential environmental damage that could
result from decant of AMD water and facilitate the re-use of discharge water. The 2010 Inter-Ministerial
Committee on AMD report recognized that ingress prevention and decant control would not limit the
production of AMD and that treatment would still be required, and that the variability of water quality
between the different basins would necessitate the use of different treatment technologies (Expert Team
of the Inter-Ministerial Committee, 2010). Given the high density of coal fields in Mpumalanga, this
research aims to facilitate the design of an appropriate treatment process for the AMD in this region.
The aim of this work was to quantify seasonal physico-chemical parameters of AMD produced by a

coal operation in Mpumalanga.

2 EXPERIMENTAL PROCEDURE
2.1 Sampling Procedure

Grab samples were taken from two AMD dams in the Mpumalanga coalfield region at monthly
intervals during 2018 and in April 2019. Sample volumes of between 1 — 2.5 L were collected in glass
or polypropylene containers. A 50 mL portion of filtered sample, and a 50 mL portion of unfiltered
sample were preserved with acid to a pH of less than 2 using 1:1 ultrapure nitric acid, and the remaining
sample was stored in a refrigerator at 4 °C. A total of 13 sampling events occurred for Site 1, while six

took place for Site 2.

2.2 Analytical Methods
A range of physical and chemical parameters were analysed and the instrumentation and methodology

used are as follows:
e  pH: Ohause Starter 3100 combined pH and mV meter and a ST310 pH electrode.

e Redox Potential (Eh): Ohause Starter 3100 combined pH and mV meter and a STORP redox
probe and a STREF 2 (saturated calomel) reference electrode. Eh values are reported relative

to the standard hydrogen electrode (SHE) (Bednar et al., 2005).
e  Electrical Conductivity (EC): Ohaus Starter 3100C conductivity meter and STCON3 electrode.

e  Turbidity (NTU): HACH 2100N turbidimeter. Data are reported in Nephelometric Turbidity
Units.

e  Total dissolved solids (TDS): Gravimetric determination after filtration using a glass fibre (GF)

filter, followed by drying of the filttrate to constant mass at 180 °C (EPA Method 160.1).
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e Total suspended solids (TSS): Gravimeteic determination after filteration through a GF filter

and drying of the retained solids to constant mass at 103—105 °C (EPA Method 160.2).
e  Total acidity (TA): Potentiometric titration to pH 8.3 using 1.0 M NaOH.

e  Major cations, sulfur and dissolved metals: Inductively coupled plasma—optical emission

spectrometry (ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS).

e  Sulfate concentrations calculated from sulfur (S), assuming that all S was present as sulfate,
and total ion (TI) concentrations were calculated by summing the individual cation and sulfate
concentrations. Calcium and magnesium hardness were calculated by converting the elemental

calcium and magnesium concentrations to the carbonate form.

3 RESULTS AND DISCUSSION
3.1 Physical and Chemical Parameters
The data for the physical parameters, as measured between 2018 and April 2019 for AMD Sites 1

and 2 in Mpumalanga are presented in Tables 1 and 2, respectively.

Table 1: Physical and chemical parameters as measured for Site 1 in Mpumalanga

TA
mg/L

Eh mV EC TDS TSS CaCO; Total

pH at SHE at | mS/m at mg/L at | mg/Lat | atpH Ions

Date 25 °C 25 °C 25 °C NTU 180 °C | 180 °C 8.3 mg/L

Site 1

2018-02-01 2.94 642 3460 19| 19640 63 10500 | 18575
2018-02-26 2.87 620 3 685 24| 21130 86| 11200 | 30700
2018-03-26 2.57 682 2335 3 12015 29 5760 9720
2018-05-02 2.16 887 3750 11| 21340 1 12600 | 22845
2018-05-31 2.87 632 3725 241 | 23180 321 10700 | 20895
2018-06-25 2.90 626 3780 201 | 23920 58| 11100 | 21410
2018-08-02 2.49 689 3940 123 | 23950 55| 11700 | 18900
2018-08-14 2.86 611 3 865 95| 25150 60| 11800 | 19135
2018-09-04 2.99 621 3985 413 19 575 100 | 11900 | 19515
2018-10-17 2.73 688 2 650 161 12 850 250 6 050 9765
2018-11-22 2.84 628 3790 29 | 23830 21 11100 | 17250
2018-12-13 2.69 622 3990 337 | 23565 109 | 11000 | 17570
2019-04-04 2.64 640 3705 241 | 26635 110 | 11100 | 17200

These data were compared against the general discharge limits specified by the Department of Water
Affairs and Forestry (DWAF, 2013). The general discharge limits indicated an acceptable pH range
between pH 5.5-9.5, an EC of 70 mS/m above the intake to a maximum EC of 150 mS/m, and a
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maximum TSS concentration of 25 mg/L. The remaining parameters are not controlled.

Table 2: Physical and Chemical parameters as measured for Site 2 in Mpumalanga

TA
mg/L

H at Eh mV EC TDS TSS CaCOs Total

ptia SHE at | mS/m at mg/L at | mg/L at at pH Ions

Date 25°C 25°C 25°C NTU 180 °C 180 °C 8.3 mg/L

Site 2

2018-02-01 2.92 752 1090 20 5 820 62 1480 6028
2018-02-26 2.87 795 1465 408 9175 199 2160 7 346
2018-05-10 2.85 821 1055 205 6 680 80 1260 6 035
2018-05-31 2.72 816 1720 99 9900 52 3440 8 462
2018-08-02 2.54 850 1935 248 10 700 170 3673 7 646
2019-04-04 7.02 349 727 389 4525 92 — 3248

With the exception of the April 2019 sample from Site 2, pH values were acidic and reported pH
values ranged between 2 — 3 which fell outside of the pH 5.5 DWAF lower general limit for discharge
of wastewater into a water resource (DWAF, 2013). Although similar pH values were recorded for both
sites, TA concentrations for Site 1 were an order of magnitude higher than those for Site 2. The acidity
of water is defined as its capacity to neutralise a strong base to a predetermined pH and comprises the
free protons and undissociated acids, i.e., strong, and weak acids as well as hydrolysable salts in a
solution (Cook et al., 2000, Larson and Henley, 1955, Loftus, 2003). The higher TA concentrations for
Site 1 would be indicative of the presence of increased concentrations of hydrolysable salts which was
corroborated by the elevated EC measurements for Site 1 samples compared with those of Site 2. EC is
a measure of the ability of water to conduct electric current and is dependent on the concentration of
free ions in the water. All conductivities were significantly in excess of DWAF maximum general
wastewater limit of 150 mS/m. The majority of TSS concentrations were in excess of the 25 mg/L
DWAF general limit for discharge (DWAF, 2013). The pH and Eh values generally showed an inverse
relationship and a lower average Eh of 661 mV was recorded for Site 1 compared with a more
electropositive average of 801 mV for Site 2. The different Eh values could be as a result of differing
concentrations of oxygen, pyrite, other metals and organic matter present in the rock (Johnson et al.,
2012, Tutu et al., 2008). Gravimetrically determined TDS concentrations compared well against
calculated TDS values, which were determined by multiplying the EC readings by 6.5, returning
Pearson’s correlations of 0.88 and 0.98 for Sites 1 and 2, respectively, at a 95 % confidence level
(Rusydi, Wolkersdorfer and Hubert, 2015). This indicated a statistically significant relationship and
analytical robustness between the TDS and EC data. The stronger correlation achieved between EC and

TDS for Site 2 is probably due to the lower ion concentrations present in this AMD water. The
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gravimetrically determined TDS, the sum of the total ions and the calculated TDS from EC data
generally followed similar trends for the duration of the sampling period. For most sampling events,
significantly larger variations were noted between the calculated TDS and total ion concentrations
compared with the differences between the calculated TDS and the gravimetrically determined TDS for
both sites. This could have been as a result of the complex chemistry of AMD waters and possible
removal of contributory ions from solution by adsorption and precipitation resulting in under reporting

of the contributary ion concentrations.

3.2  Major Cations and Anions

The cations calcium (Ca®"), magnesium (Mg?"), sodium (Na"), potassium (K*) and anion sulfur (S)
data are presented in Table 3. Where specified, the Target Water Quality Range (TWQR) concentrations
advised by the Department of Water Affairs (DWAF), and the South African National Drinking Water
Standard (SANS 241:2015) regulatory limits are given (DWAF, 1996, SABS, 2015a).

The hardness of water is a measure of its capacity to react with soap. Water is classified as “very
hard” if the total hardness exceeds 180 mg/L (Kamble, 2014, WHO, 2009); thus, as the Ca and Mg
hardness contributions to total hardness are in excess of this concentration, the AMD waters from both
sites are classified as very hard. Site 1 had a higher Mg hardness contribution (58 % average) than Ca
hardness contribution to total hardness, while Site 2 showed a marginally higher Ca hardness
contribution to total hardness (52 % average). The World Health Organisation Guidelines for drinking
water indicate the probability of scum and calcium carbonate scale formation in waters with hardness
values greater than 200 mg/L, while waters with a hardness values below 100 mg/L could cause
corrosion of water pipes owing to decreased buffering capacity (WHO, 2017). Ca?>" and Mg"
concentrations were in excess of the target water quality range (TWQR) specified in the 1996 DWAF
Water Quality Guidelines for Domestic use, while Na* and K* concentrations were below the specified
TWQR (DWAF, 1996). The SANS: 241:2015 regulatory acute health limits for sulfate are given as 500
mg/L, which equates to 167 mg/L as S. Assuming all S is in the form of sulfate, the high concentrations

reported would render that these waters are in excess of standard limits (SABS, 2015b).
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Table 3: Site 1 and 2 data — major cations and anions

Ca Mg
Hardness Hardness | Total Ca & Mg
Ca* | mg/Las | Mg* | mg/Las | Hardnessmg/L | Na* | K' S

Date mg/L | CaCO; | mg/L | CaCO; as CaCOs mg/L | mg/L | mg/L

Site 1
2018-02-01 398 993 | 375 1 545 2 535 34 6.5 | 4345
2018-02-26 752 1880 | 725 2990 4 865 <1 18 | 6845
2018-03-26 310 775 | 201 827 1 600 20 4.0 | 2350
2018-05-02 462 1155 | 428 1 760 2915 36 10 | 5345
2018-05-31 440 1100 | 410 1 690 2790 39 10 | 4850
2018-06-25 439 1095 | 405 1670 2 765 44 11| 4940
2018-08-02 446 1115 ] 396 1630 2745 58 32| 4515
2018-08-14 433 1080 | 349 1 440 2 520 58 13 | 4455
2018-09-04 437 1090 | 365 1505 2 595 58 14 | 4545
2018-10-17 324 809 | 209 860 1670 35 33| 2385
2018-11-22 409 1020 | 338 1395 2415 71 12 | 4075
2018-12-13 418 1045 | 348 1435 2 475 76 15| 4140
2019-04-04 429 1070 | 314 1290 2365 56 12 | 4060

Site 2
2018-02-01 655 1635 | 375 1 545 3180 34 56| 1525
2018-02-26 811 2024 | 397 1 635 3660 | 0.63 63| 1840
2018-05-10 633 1581 ] 333 1370 2950 39 13| 1545
2018-05-31 568 1417 | 286 1175 2 595 58 291 2135
2018-08-02 447 1117 | 315 1295 2415 58 39| 1980
2019-04-04 448 1119 239 985 2105 42 17 824

DWAF 1996
TWQR 32 — 30 — — | 100 50 —
SANS
241:2015 — — — — — | 200 — 167
3.3 Metals

A total of 60 elements were analysed for the first sampling event to determine which were present in
significant concentration. For the purposes of this paper, the discussion is limited to the dissolved metals
results for the following elements: Fe, as a major metal contributor to AMD; arsenic (As), mercury
(Hg), molybdenum (Mo), selenium (Se), and nickel (Ni) because of their noted presence in Witbank
Coalfield 4 seam (Bergh, 2009); Mn, Zn, and cadmium (Cd), owing to the difficulty in removing these
elements by adsorption; copper (Cu), tin (Sn), lead (Pb), and Al, because of the amphoteric nature of
their hydroxides (Gazea et al., 1996, Fu and Wang, 2011). Data are presented in Table 4, together with
the respective DWAF general discharge limits set for Sections 21 (f) and (h) and South African National
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Standard (SANS) 241:2015 regulatory limits (DWAF, 2013, SABS, 2015b). Mo, As and Se data were

not included as these elements were not detected and Hg was also omitted as all concentrations were

below the 0.005 mg/L legislated limit.

Table 4: Dissolved Metals Concentrations

Al Cd Cu Fe Mn Ni Pb Sn Zn
Date mg/L mg/L | mg/L | mg/lL | mg/L | mg/L | mg/L mg/L mg/L

Site 1

2018-02-01 365 0.02 | 0.07 4210 97 1.1 0.02 0.001 7.8

2018-02-26 518 — — 7950 133 1.3 0.43 — 13

2018-03-26 222 — — 1825 50 0.79 0.07 — 7.4

2018-05-02 354 0.02 | 034 5390 86 0.85 0.02 0.001 9.3

2018-05-31 371 0.02 | 0.26 4950 78 0.89 0.03 0.003 8.5

2018-06-25 373 0.01 | 0.09 5185 82 0.83 | 0.003 0.001 9.0

2018-08-02 442 — | 0.08 3770 153 1.6 0.01 0.001 9.2

2018-08-14 300 — | 0.02 4475 84 0.90 0.02 0.001 8.3

2018-09-04 259 — | 0.02 4600 88 0.80 0.02 | <0.0001 7.7

2018-10-17 191 — | 0.06 1735 71 0.66 | 0.006 | <0.0001 4.5

2018-11-22 206 — | 0.02 3860 76 0.65 0.01 | <0.0001 6.4

2018-12-13 193 — | 0.02 3975 78 0.62 0.01 | <0.0001 6.3

2019-04-04 213 — | 0.04 3875 68 0.57 0.01 | <0.0001 5.0
Site 2

2018-02-01 157 0.010 | 0.10 160 44 1.3 0.02 0.005 3.1

2018-02-26 162 | <0.003 | 0.08 376 51 1.1 0.12 — 3.6

2018-05-10 126 0.007 | 0.13 199 35 1.2 | 0.005 0.004 2.5

2018-05-31 230 0.010 | 0.15 828 52 0.90 0.03 0.006 4.1

2018-08-02 144 0.004 | 0.09 646 58 0.92 | 0.006 0.001 33

2019-04-04 0.04 0.003 | 0.04 4.2 17 0.31] 0.005| 0.0002 0.44
DWAF 2013

general
discharge
limit — 0.005 | 0.01 0.3 0.1 — 0.01 — 0.1
SANS
241:2015 <0.3 | <0.003 — <2 | <0.1| <0.07| <0.01 — <5

- = not determined

Where analysed, most Cd concentrations exceeded legislative limits and all except for two samples

from Site 2 exceeded discharge limits; three of the six Pb concentrations for Site 2 were below limits,

while all Site 1 concentrations, except for one sample, were at the 0.01 mg/L limit or higher. All Cu,

Ni, Mn, and Site 1, Zn concentrations were in excess of legislated concentration limits, with Mn

followed by Zn present in noticeably higher concentrations. Fe was significantly in excess of legislated
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limits. No general discharge limits are available for Al and Ni, and these data were compared against
the SANS 241:2015 regulatory limits, where they were found to be in excess of prescribed limits
(SABS, 2015b). Al was present in significant concentrations. No guidelines were available for Sn,

which, when detected, was present only in very low concentrations.

3.4 Significant Trends
Total acidity, EC, and dissolved Al, Fe and S concentrations showed similar trends over the time,

while rainfall volumes showed an inverse trend.
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Figure 3: Variation in rainfall and total acidity, electrical conductivity, and dissolved aluminium (Al), iron

(Fe), and sulfur (S) concentrations for Site 1 over the sampling period.

As shown in Figure 3, increased concentrations for the geochemical parameters measured at Site 1
were observed for the February sampling event which might have resulted from the reduced rainfall
volumes from the previous month. The significant decrease in the concentrations observed for the
March 2018 sampling event could be as a result of dilution effects caused by substantial rainfall that
occurred immediately prior to this sampling event. Monthly rainfall data for the area, indicated a
substantial increase in rainfall volume compared with the previous month (WorldWeatherOnline,
2019). Similarly, lower concentrations recorded for the October 2018 sampling event coincided with a
significant increase in recorded rainfall volume. Lower rainfall was recorded for November 2018 and

the concentrations increased to approach previously recorded levels. Site 1 showed no reduction in
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geochemical parameter concentrations in December 2018 despite the significant rainfall recorded for
that month, this is probably because the rainfall only occurred in the latter half of the month, after
sampling had taken place. High rainfall was recorded for January and February 2019, but rainfall
volumes decreased significantly in March, which might explain why the concentrations for Site 1

samples did not reflect any significant dilution effect from the concentrations recorded in December.

Site 2 sample concentrations showed an increase in February, which could be as a result of reduced
rainfall levels from the previous sampling period. This was followed by a decrease in concentrations in
April, probably as a result of the increased rainfall volumes over that period. Concentrations showed a
significant increase at the end of May, which could be caused by net evaporation and dry climatic
conditions during that time. Significantly reduced concentrations were recorded for the March 2019
sampling event and the sample was no longer acidic. The increased rainfall recorded from October 2018
to March 2019 could have provided sufficient dilution for natural remediation given the lower ion
concentrations present in the Site 2 AMD, although remediation could also have been as a result of the
effectiveness of ongoing remediation processes that were implemented at this site. These trends are

shown in Figure 4.
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Figure 4: Variation in rainfall and total acidity, electrical conductivity, and dissolved aluminium (Al), iron

(Fe), and sulfur (S) concentrations for Site 2 over the sampling period.

4 CONCLUSIONS
Characterisation of Mpumalanga coalfield AMD showed that there was significant variation in the

physical and chemical parameters of these waters. Total acidity, dissolved Fe and TDS concentrations
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varied by an order of magnitude between sites, and concentrations differed between sampling events.
Reduced rainfall volumes were recorded in the winter months which coincided with increased
concentrations, thus confirming the seasonal variability of AMD, which could, in turn, upset passive
system dynamics. Pb, Cu, Mn, Zn, Al, S, Fe, Ni, and some Cd concentrations were in excess of
legislative limits with Fe, and S present in very high, and Al, Mn, and Zn present in significant
concentrations. Removal of Mn and Zn would not support passive treatment systems owing to their
difficulty of removal by adsorption, whilst high concentrations of Al, given the amphoteric nature of
aluminum hydroxides, would limit the effectiveness of active treatment systems. These factors should
be accounted for when designing a suitable treatment system. More importantly, if a treatment process
were required to switch between different AMD streams, cognizance must be taken of the extent of
variability and should be built into the design. A strong correlation was observed between electrical
conductivity and total dissolved solids, indicating analytical robustness between these parameters. Since
total acidity, dissolved aluminum, iron, and sulfur showed similar trends over time, potential

correlations that might exist between these parameters should be investigated.
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ABSTRACT

Lithium-ion batteries (LIBs) are the heart of the latest technology devices, but these batteries become
harmful waste at the end of their life. This study aimed to develop an integrated and optimised acid
organic acid-based hydrometallurgical process for the treatment of LIBs to recover metals after end-of-
life. Citric acid was selected as the organic acid to leach LIBs; at the constant condition of 95 °C,
750 rpm stirring, S/L ratio of 20 g/L and 2 vol. % H»O,, the effect of lixiviant concentration (0.75 M,
IM, 1.5M, 2M and 3 M) on metal equilibrium extraction was investigated. The concentration of
0.75M resulted in equilibrium metal extractions of 94.3% Li, 95.1% Co, 96.2% Mn and 95.7% Ni after
1 hour. Ni was the first metal to be recovered from a leachate solution using 0.07 M DMG at a pH of 6,
followed by the solvent extraction of Mn using 10% D2EHPA at an O/A ratio of 3 and a pH of 5. Mn
was stripped from the organic phase using 0.5 M H>SO; at an O/A ratio of 1.33 followed by hydroxide
precipitation. The aqueous phase from Mn solvent extraction mainly consisted of Co which was
precipitated using NaOH at a pH of 13.5. Four products yielded include Ni(OH), with more than 99.5%
purity, followed by 89% Mn(OH), product, 97% Li,SO4 product and lastly cobalt hydroxide based
product with 68 % Co(OH)..

Keywords: leaching; metal recovery; recycling; spent lithium-ion batteries (LIBs)

1 INTRODUCTION

Lithium-ion batteries (LIBs) have significantly increased their application in mobile cell phones,
cameras, computers, electrical vehicles (EVs), renewable energy storage and many other electrically
powered devices (Chen, et al., 2015; Zheng, et al., 2018). Batteries that are discarded at their end of life
can cause environmental pollution due to toxic chemicals present in discarded LIBs (Wang, et al., 2009).
Currently, an estimated 10 billion LIB units are considered waste worldwide (Peng, et al., 2020). The
characteristics that make LIBs be in demand or favourable, is the size, lightweight and superb
electrochemical properties or high energy density over other rechargeable batteries such as nickel-
cadmium, zinc-based, etc. (Fergus, 2010). The increasing rate of demand for the use of LIBs is also
proportional to the increase of quantity discarded; the recycling of spent LIBs is compelling not only
for saving the environment but also for the monetary incentive to recover valuable metals (Horeh, et

al., 2016). At present, two main research areas namely pyrometallurgy and hydrometallurgy focus on
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the recycling of spent LIBs (Chen, et al., 2015; Li, et al., 2015; Peng, et al., 2020; Mossali, et al., 2020;
Wang, et al., 2017). This paper addresses this issue by an experimentally developed and optimised
hydrometallurgical process flowsheet that utilises an organic acid for the recovery of the main metals

of the LIBs.

2 LITERATURE
2.1 Structure of LIBs

Lithium-ion batteries consist of the anode, cathode, separator and electrolytes within the metal or
plastic casing (Li, et al., 2013; Chagnes, et al., 2015). The anode is made from carbon (graphite) that is
coated to the copper foil; the cathode which serves as the active material is a lithium oxide-based
compound such as LiCoO,, LiMnyOs, LiFePO4, LiNiO,, Li(Nig33Mno33C0033)O2 or
Li(NigsCoo.15Alo.05)O> that is coated to the aluminium foil (Li, et al., 2013). The cathode material is
bonded together with polyvinylidene (PVDF) as a mechanically and chemically stable material (Xu, et
al., 2008). A separator is used to separate the anode and cathode from direct contact that can result in
short-circuiting and is made from polymeric materials (polypropylene (PP) or polyethene (PE)), paper
or paperboard (Vassura, et al., 2009; Zheng, et al., 2018). A separator should be able to allow lithium-
ions to pass through from the cathode to an anode (Vassura, et al., 2009). The electrolytes consist of the
solute (usually LiClO4, LiPFs, or LiBF,) that is dissolved in a solvent that is generally the mixture of
two or more organic solvents such as dimethylsulfoxide (DMSO), propylene carbonate (PC), and/ or

diethyl carbonate (DEC) (Zheng, et al., 2018).

2.2 Potential Environmental Impact

There is a high rate of using LIBs across the globe and this results in an increase in their waste in
landfill sites (Zeng, et al., 2014). The waste of LIBs in the landfills forms leachate of inorganic elements
with poisonous metals during the biological and chemical decomposition process (Kjeldsen, et al.,
2002). Water that enters landfills, especially during rainfalls, can transport this dangerous leachate to
water sources for the society and pose environmental and health issues (Kjeldsen, et al., 2002; Li, et al.,
2009). The World Health Organisation (WHO) and the United States Environmental Protection Agency
(EPA) developed guidelines for threshold metal concentrations in drinking water to prevent the cause
of carcinogenic diseases to humans (Winslow, et al., 2018). LIBs in landfill sites also cause fires due

to overheating and short-circuiting of the LIBs (Wang, et al., 2012).

2.3  Organic Acid Leaching

The use of organic acids in the leaching of spent lithium batteries has emerged as a promising
alternative to mineral acid-based hydrometallurgical processes in recent years. The organic acids that
are mostly explored in different studies for leaching cathode materials of spent LIBs include citric acid,

DL-malic acid, oxalic acid, acetic acid, tartaric acid, succinic acid, lactic acid, formic acid and aspartic
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acid. The prominent factors that affect organic leaching include acid concentration, solid-to-liquid (S/L)
ratio, temperature, reductant concentration, particle size and stirring speed. Few studies from the

literature survey conducted and tabulated in Table 1 showed that:

i.  The optimal leaching conditions for Li and Co using organic acid are achieved at acid
concentrations between 0.1 and 2 M with 1 to 4% (v/v) H2O,, a temperature of 60-95°C and a
leaching time as short as 20 minutes.

ii.  Hydrogen peroxide is the most commonly used reductant in citric acid leaching processes.

Table 1: Organic acid leaching and metal extraction efficiencies

OPTIMUM CONDITIONS
Material Leachant + Temp | Time | S/L Leaching Reference
Reductant (°C) | (min) | (g/L) Efficiency
itri i 96% Li; 95% Co;
1.5M Citric Acid + 2 95 30 20 0 0
. vol% H,0, 99% Ni
Mixed 0 g
Batteries 0/ 13- 090 : (Musariri, 2019)
IM DL-malic Acid + | o 30 | o |80 LE99% Co;
2 % Hy0, 99% Ni
. 0.1M Citric Acid + ~100% Li;
LiCoO; 0.02M Ascorbic Acid 80 360 2 80% Co (Nayaka, et al., 2015)
Mixed 2M Citric Acid + 60 120 30 ~92% Li; (Golmohammadzadeh,
batteries 1.25 vol% H,0, ~81 Co etal., 2017)
) ) ) 98.5% Li; .
LiCoO, 1.25M Ascorbic Acid 70 20 25 04.8% C (Li, et al., 2012)
670 LO

2.4 Metal Recovery

Metals can be separated through a combination of solvent extraction, stripping and precipitation
processes. The prevailing variables that require optimisation include the O/A ratio, organic phase
concentration, stripping agent concentration, precipitation agent concentration, equilibrium pH, and
molar ratio. Ni can be recovered from an organic solution using dimethylglyoxime (C4sH4N>O») as a
precipitating agent (Chen & Zhou, 2014), while manganese can be recovered with D2EHPA through
liquid-liquid extraction (solvent extraction) followed by stripping with H>SO4 (Chen & Zhou, 2014;
Musariri, 2019). Cobalt can be covered using oxalate ion (Chen & Zhou, 2014; Chen, et al., 2015), and
Li can be recovered using precipitation with phosphate or carbonate ion (Chen & Zhou, 2014; Chen, et
al., 2015; Musariri, 2019). All the main metals can also be precipitated using sodium hydroxide
(Musariri, 2019).
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3 EXPERIMENTAL PROCEDURE
3.1 Cathode material characterization

The outer plastic battery casing was firstly removed by manually dismantling using a band saw,
hammer, a side cutter and a flat screwdriver to recover individual cells. Individual cells were then
discharged by soaking them in 1 wt.% NaCl solution for 48 hours to prevent short-circuiting and
ignition during cutting and opening. After soaking and drying, each cell was cut using the electric band
saw and opened to uncoil the anode, plastic separators and cathode. Copper foil with anode was
recovered and separators were removed to recover the cathode material for the further leaching process.
Cathode material was leached with 10 wt.% NaOH solution for 2 hours at room temperature, S/L ratio
of 100 g/L and 300 rpm stirring. The dried cathode material was pulverised for characterisation by aqua
regia digestion followed by ICP-OES analysis, scanning electron microscope (SEM) and X-Ray
diffraction (XRD).

3.2 Organic acid leaching

Organic acid leaching using citric acid was performed in a 1 L leaching glass vessel with a Teflon lid
and condenser. Citric acid was fully dissolved and the stirrer was stopped then cathode material was
promptly added at an S/L ratio of 20 g/L and the stirrer was restarted and increased to a speed of
750 rpm. Directly after adding cathode material, 2 vol.% of H,O, was added through the sampling port
and samples were taken at fixed time intervals (5, 10, 20, 30, 40, 60, 80, 100 and 120 minutes) and

filtered immediately using 0.22um syringe filters.

3.3 Metal Purification

Ni was the first metal to be recovered from a leach solution using a DMG solution by investigating
the effect of equilibrium pH. The pregnant leach solution was precipitated at room temperature and
pressure, the molar ratio of Nickel to DMG (MRNC) of 0.5, 300 rpm stirring, 0.07M DMG
concentration and 30 minutes reaction time. The recovered Ni-DMG solid was dissolved using 4 M
HCI where DMG was recycled as a solid; Ni was then recovered from NiCl, solution as a solid Ni(OH)
using NaOH solution. The leach solution with reduced Ni concentration was subjected to a solvent
extraction process to recover Mn using D2EHPA as an extractant in kerosene diluent by investigating
the effect of equilibrium pH of (2, 3, 4 and 5) using 10% D2EHA concentration, an O/A ratio of 3, at

room temperature and pressure, 300 rpm stirring and 10 minutes extraction time.

The loaded organic was stripped using 0.5M diluted sulfuric acid with 10 minutes reaction time, and
Mn in loaded strip solution was precipitated using NaOH to recover Mn as Mn(OH), solid with 30
minutes, the constant variables during stripping and precipitation were the room temperature and
pressure, 300 rpm stirring. Li was recovered as a LiSO; solution after Mn precipitation from a stripping

solution. Cobalt was recovered from leach solution as Co(OH), solid after Ni precipitation and solvent
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extraction of Mn by investing the effect of the molar ratio of phosphate to all metal in the solution
(MRPM). The equipment used for both precipitation, solvent extraction and stripping were the glass
beakers, stirrer plate, magnetic stirrer, pH meter from Thermo Scientific (model: ECPH603PLUSK),
Whatman filters papers and a glass separatory funnel for two-phase separation. All experiments were

repeated at least thrice at the optimized condition to assess repeatability.

4 RESULTS AND DISCUSSION
4.1 Cathode material characterization

ICP-OES result showed that the cathode material consists of 7.05% Li, 23.3% Co, 14.8% Mn,
19.3% Ni, 1.43% Al and 0.116% Fe. Figure 1 shows the SEM spectrum analysis with the dominant
spike for Co. XRD analysis showed that the cathode active material consists of LiMnyg 375Nig 375C00,2502

and LiNig0sMng 05C00,90> with weight fraction of 76.7% and 20.8% respectively and 2.50% impurities.

] Co I Spectrum 7
14— —_—

12—+

cps/eV

Figure 1: SEM-Spectrum for analysis

4.2  Citric acid leaching

Figure 2 shows the leaching results as the percentage of each metal extraction against time using
different acid concentrations. 0.75M citric acid resulted in the maximum equilibrium extraction of
94.3% Li; 95.1% Co; 96.2% Mn and 95.7% Ni after 60 minutes. The extraction performance of all
metals is comparable to the results reported by Musariri (2019) where all metals were more than 90%
extracted. The amount of the cathode material leached to form metal citrate complexes is most likely to
be solubility limited, and there is no solubility limit data available in the literature for the citric acid
environment. Beyond an optimum acid concentration, the metal extraction is reduced since the system
is much loaded with citrate molecules which prevent further formation of metal complexes, this
phenomenon is solubility limit effect. When using an S/L ratio of 20 g/L and a stirring speed of 750
rpm, the optimal acid concentration and temperature were determined to be 0.75M and 95°C,

respectively, with 2 vol. % H,O, addition.
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Figure 2: Effect of citric acid concentration on leaching Li, Co, Ni and Mn at 95°C, the solid-to-liquid ratio

of 20 g/L, 750rpm stirring and 2 vol. % H:0:

4.3 NiRecovery

The leachate from citric acid leaching mainly consists of four valuable components namely Li, Co,

Mn and Ni, with concentrations of 1230.9 mg/L, 4746.0 mg/L, 2662.1 mg/L and 3448.5 mg/L,

respectively. Ni is the first metal to be selectively precipitated using dimethylglyoxime (C4HsN2O»).

The variables investigated to obtain optimum conditions for selective precipitation were the molar ratio

of Ni?* to C4HsN,O> (MRNC) and equilibrium pH, and the results are shown in Figure 3. The condition

of optimality is the trade-off between recovery and purity. Therefore, the optimum point for Ni recovery

was selected at a pH 6 and 0.07 M DMG since it has a higher recovery than a pH of 7, and pH of seven

has a higher operating cost since it requires a higher NaOH addition than a pH of 6. The recovered solid

Ni-DMG (filter cake) was dissolved with a 4M HCI solution to recycle DMG and recover nickel as

Ni(Cl), solution. The remaining white solid (DMG) after the dissolution was dried and measured to

obtain the percentage recovery of 98.0% DMG by mass, and the losses were most likely to be the results

of sticking to the equipment. NaOH was then added to the NiCl, solution to precipitate nickel at a pH
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of 11, the temperature of 55°C, stirrer speed of 300 rpm and 30 minutes reaction time; approximately
99% of Ni was recovered as Ni(OH); solid with more than 99% purity. Ni-DMG purity in the plot
legend refers to the purity of the Ni-DMG solid complex formed during precipitation with its optimum

purity and optimum recovery of Ni through precipitation.

> 100 ———— m —e—Co
i= |
& 80 I —o—1Li
'g 0 — == _.h-'\’/. Mn
8 |
& 40 | ——Ni
2 |
£ 20 | ——Ni-DMG purity
=N |
0 ——— — —&— Optimum Purity
4 5 6 7 8 9

Equilibrium pH —&—Optimum Ni

Figure 3: Ni precipitation with DMG as a function of pH at a constant concentration of 0.07M, room
temperature of about 25°C, 300 rpm stirring, 30 minutes and MRNC of 0.5

4.4 Mn Recovery

Mn was recovered from the leach liquor after Ni-DMG precipitation. The reason for considering Mn
recovery through solvent extraction is the fact that Co and Ni show a similar behaviour due to relatively
the same effective nuclear charge which is stronger than Mn, although their stable oxidation state is 2+
from the loss of an electron in the 4S orbital as they are shielded by lower orbitals from the effective
nuclear charge. Li also experiences a less significant nuclear charge than all other metals due to fewer
protons in the nucleus. Three main factors that were investigated during Mn extraction are the O/A
ratio, equilibrium pH and D2EHPA concentration by volume; the results are shown in Figure 41. The
optimum point for solvent extraction was selected based on how much Mn was extracted as well as the
Co and Ni co-extraction. Li co-extraction was not considered as a problem since it can be easily
separated from a solution after Mn is precipitated in the pH range of 8-10 (Wang & Friedrich, 2015)
Therefore, the point of a pH of 5, 10% D2EHPA concentration and O/A ratio of 3 was considered as
the optimum point referred as “OP” in the plot legend with Mn extraction of about 94% extraction and

about 5% co-extraction of Co and Ni, respectively.
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Figure 41:  Plot of Mn extraction as a function pH at 25°C, 10% D2EHPA, 10 minutes, 300rpm stirring
and O/A ratio of 3

The loaded organic from solved extraction was stripped with an aqueous solution (diluted sulphuric

acid) to recycle the organic phase for re-extraction. Two parameters were investigated that includes
the O/A ratio and concentration of the diluted sulphuric acid, and the result are shown in Figure 5.

Metal Stripping
80
2 I
& 60 I
St
o 40 |
=90 :
0
0.25 0.5 0.75 1 1.25 1.5 1.75 2
O/A ratio
—e—Co Li —e—Mn —o—Ni —&-0P

Figure 5: Mn stripping from organic phase of 10% D2EHPA for 10 minutes with 300rpm stirring at 25°C,
using 0.50M diluted H2SO: as a stripping agent

Therefore, an O/A ratio of 4/3 and 0.5 M concentration was considered as the optimum for the
maximum extraction of all metals in the organic phase. It can be concluded that the amount of hydrogen
cations must be sufficient to ensure maximum extraction, and this can be done by increasing the
concentration of sulphuric acid or decrease the O/A ratio of the system. To produce a high purity Mn
product, NaOH was used to precipitate Mn, but Co and Ni were expected to also come out as impurities.
Therefore, an optimum pH was investigated. The pH of 12, room temperature, 30 minutes reaction time
and 300 rpm stirring was considered at the optimum point with all Mn reporting in the product stream
as Mn(OH), solid with the least amount of Co and Ni co-precipitated, resulting in a product purity of

89.6% Mn(OH),. The remaining solution consists of a high purity Li metal as 97.2% purity Li>SOs,
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which can be used in the pharmaceutical industry, energy sector and chemical industries that use LiSO4

solution.

4.5 Co Recovery

The aqueous phase from Mn solvent extraction mainly consists of Co with Ni, Mn and Li as minor
components in the system. The optimum molar ratio of phosphate to metals in the solution which is Co,
Mn and Ni (MRPM) was investigated starting from zero. The reason for including zero is to find out
the performance of hydroxide in precipitating metals as metal hydroxide. From an economic point of
view, the use of phosphate increases both capital cost and operating cost. The addition of 0.5 M
phosphate solution for precipitation of Co and other metals further dilutes the system, and more
hydroxide is required to raise pH. Upon further diluting the system, the volume increases, resulting in

a larger processing unit for precipitation than using only hydroxide.

Metal Precipitation

100 g—
—C— —o—0— o
5 80 \ —o—Co
s —@ o—e
a2 60 i
Q
;:3 40 Mn
2 20 —e—Ni
0 @ O o o 2
0 1 2 3 4 5 6
MRPM

Figure 6: Co-precipitation as a function of MRPM in a citrate solution (after Mn solvent extraction) at 25°C,

non-stirring, pH of 13.5 and 5-hours reaction time

It is concluded from Figure 6 that hydroxide precipitation at a pH of 13.5 is better than phosphate
precipitation provided it is given sufficient time (5 hours) to precipitate. Thus, hydroxide precipitation
of Co together with Ni and Mn was considered over phosphate precipitation, also as an economically
viable option over phosphate precipitation which requires a larger processing unit and high operating
cost, the product contains 68.2% Co(OH),, 23.6% Ni(OH),, 3.41% Mn(OH),, 4.76% Al(OH)3, and
0.043% Li(OH).

S CONCLUSIONS

This project aimed to develop an optimised and integrated organic acid-based hydrometallurgical
process for the treatment of spent lithium-ion batteries (LIBs). The developed process involves three
main sections for recycling (LIBs), namely: pre-treatment, organic acid leaching and metal purification.

Based on leaching experimental results, the maximum extraction of 94.3 £ 0.457% Li, 95.1 = 1.12%
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Co, 96.2 +0.821%) Mn and 95.7 = 0.614% Ni was achieved after 1-hour leaching using an S/L ratio of
20 g/L, 2 vol.% H»0,, 0.75 M citric acid and 750 rpm stirring. Ni was recovered as Ni(OH), with the
recovery of 99% in the precipitation unit for Ni with hydroxide and over 99.5% purity, and 98.0 +
1.00% DMG was recovered after dissolving Ni from the Ni-DMG complex. The overall purity of
Mn(OH); (product 2) was 89.6%; the resulting strip solution was a product of high purity of about 97%
(product 3) with one metal Li existing as LiSO4. The overall recovery of Co at this stage was about

78.6% resulting in a mixed product (product 4) that is Co-based with 68.2% Co(OH), purity.
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ABSTRACT
Many organic processes are initiated, and proceed by reactive oxygen species. The technology for the
generation of these species in industrial processes over the years has been through metal-catalyzed
oxidative reactions that are exposed to non-ionizing radiation. The major drawback has been the non-
environmentally friendly nature and toxicity of some of these radiation sources as well as the complete
removal of the metal-containing sludge generated from using conventional catalysts. Deep Eutectic
Solvents (DESs) have found a wide range of industrial applications due to their tune-able
characteristics. These characteristics have made for their excellent applications in the production of
pharmaceutics, the removal of heavy metals from wastewater; as electrolytes in electro-deposition
processes, in biodiesel synthesis, and in the dehydration of natural gas to mention but a few. The
application of DESs in the synthesis of organic compounds as solvents and/or catalysts is still at its
infancy. Some works have shown the ability of certain DESs to generate oxygen atoms during oxygen
transfer reactions. This prompted the investigation into its ability to generate other reactive species.
This paper provided current information on the potential of DESs for the production of peroxyacids that
can eventually facilitate the generation of hydroxyl radicals (*OH). This will further broaden the

application of DESs in organic synthesis and degradation processes, as well as in wastewater treatment.

Keywords: Deep Eutectic Solvent; H>O,; Reactive Oxygen Specie; OH radical; Organic Pollutant

1 INTRODUCTION

Reactive oxygen species are radicals and/or molecular species with known physicochemical
properties. They are required in major organic synthesis for reactions to occur. They react with organic
species to create intermediates that facilitate organic synthesis but are short-lived. Organic synthesis,
over the years, has been carried out by the use of metal-catalyzed oxidative processes in solvents (1-3).
The increase in demand for solvents (inorganic and organic) in industrial processes has been estimated
to be USD 47.37 billion in 2018 and is predicted to attain USD 64.32 billion by 2026 (4). Due to the
projected increase in the volume of solvents needed in industries, the need for greener solvents as

renewable substitutes is still trending research because conventional organic solvents are known to be
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flammable, toxic, volatile, and require energy-consuming processes to be reused (5).

Recently, the research spotlight has been beamed towards the utilization of Ionic Liquids (ILs) that
act as both solvents and catalysts aimed at improving both the yield and selectivity of the product (6—
10). Ionic Liquids (ILs) have been deeply researched into as green solvents but their drawbacks include
broad choices of cations and anions which results in numerous types having varying negative impacts
on the environment (phytotoxicity and toxicity to aquatic ecosystems); as well as their complex, time-
consuming and expensive preparation methods (11-13). This has prompted further research into other
types of green solvents with DESs emanating as the suitably auspicious substitute (14). With the
unending need for greener solvents, the growth of the solvent market is geared towards the use of
biodegradable and ecosystem-friendly solvents. This is been strictly monitored by the Environmental
Protection Agency (EPA) regulations. Abbot et al in their work named Deep Eutectic Solvents as a new

generation of green solvents which is widely accepted as an ideal substitute to ILs and organic solvents.

Deep Eutectic Solvents (DESs) are prepared mostly by the combination of a Hydrogen Bond Donor
(HBD) with a Hydrogen Bond Acceptor (HBA). This results in a eutectic liquid with a low melting
point when compared with the melting points of the individual constituents. DESs have been embraced
prominently as an extremely good replacement for ILs because they are readily available, stable
thermally, biologically degradable, non-poisonous, and inexpensive (15—19). Therefore, DESs have
demonstrated their promising importance due to their high-ranking chemical qualities which makes
them have extensive engineering applications. These applications include: as catalysts in organic
processes and reactions; gas entrapment and segregation; storage of proteins; chemistry of polymers;
development of smart nanomaterials; drug dissolution; and biopolymer solubilization among others

(17,19,20).

2 LITERATURE REVIEW/STATE OF THE ART OF DESs

DESs production process in which quaternary ammonium salts are HBA entails the use of an easy
one-pot method that involves the blending of the HBA alongside different organic compounds and
inorganic salts as HBD. Through diverse researches, a large variety of hydrogen bond acceptors such
as Choline chloride, Betain and quaternary salts of ammonium/phosphonium, and hydrogen bond
donors which includes Amide, Carboxylic acids, Esters and Polyols, have been explored which has
facilitated the ease of tuning eutectic compositions and eutectic temperature (17,21) Therefore, DESs
have demonstrated their promising importance due to their high ranking chemical qualities which makes
them have extensive engineering applications. These applications include: as catalysts in organic
processes and reactions; gas entrapment and segregation; storage of proteins; chemistry of polymers;
development of smart nanomaterials; drug dissolution; and biopolymer solubilization among others

(17,19,21).
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They present the under-listed excellent characteristics among others (22-24):

Low-priced due to low cost and readily available precursors or starting materials.

Simple synthesis method without the need for purification and waste disposal.

Safe to be used because most of the formulations are non-toxic.

Biodegradable

Environmentally friendly that's why they are called “green solvents”.

Good biocompatibility since quaternary ammonium salts such as choline chloride was used as an
additive in chicken feed.

Very low volatile organic compound (VOC) compared to ordinary solvent.

Sustainable.

i. Non-flammable and non-reactive to water.

mo o o

TP

The classification of deep eutectic solvents is typically into four categories. In Table 1, different types
of deep eutectic solvents depicting the HBA and HBD combinations have been captured. The type C
DES has been the principal focal point in most researches. The cationic portion (Cat") in DES is
normally Quaternary Ammonium (QA) salts, Quaternary Phosphonium (QP) salts, and in some cases
Sulphonium salt (19). The anionic portion (X usually interacts with protons emanating from the
donating RZ group (where R = alkyl group and Z = CONH,, COOH, or OH) through hydrogen bonding.
The commonly used QA salt for DES manufacturing is choline chloride. This is because it is cheap,

readily available, biocompatible, and has low toxicity.

Table 1: Classes of Deep Eutectic Solvents (Adapted from (19))

Type General Formula Terms Combination

A Cat™X zMCli M= Zn, Sn, Al, Ga, In Metal salt + Organic salt

B Cat"X zMClx- YH,O M=Cr, Co, Cu, Ni, Fe Metal salt hydrate + organic salt

C Cat'X zRZ Z= CONH,, COOH, OH Organic salt + HDB

D MCI+RZ=MCl ., M= Al, Zn and Metal salt hydrate + HBD
‘RZAMCl . 7= CONH,, OH

Type A DES is made up of QA salt and metal halide, while type B is made up of QA salt and metal
halide hydrate. Type C DES contains an organic salt and hydrogen bond donor, and type D contains
metal chloride and HBD. This work is focused on type C DES because it is the most suitable and
applicable for our targeted process. The type C DES which is made up of an organic salt as the hydrogen

bond donor can also be further classified into four. These are:

i.  Low Transition Temperature Mixtures (LTTMs) — these are majorly produced by combining
natural high-melting-point precursors that are transformed into a liquid through hydrogen
bonding, and they have remarkable applications in organic synthesis (25-27) biofuel processing
(28,29), and catalysis (30,31).

il.  Natural Deep Eutectic Solvents (NADESs) - are manufactured through the process of combining
organic salts with naturally occurring organic compounds such as citric acid, fructose, glucose,
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proline, and supplementary substances to form highly viscous liquids at well-defined molar
proportions (32). Their manufacturing, categorization, qualitative and quantitative description,
and use include usage in extraction and biomass pretreatment (17,18,33-37). Their use has also
extended to pharmaceuticals, cosmetics, food, and agriculture (38). Furthermore, they are used
as solvents for organic and inorganic compounds and as an environment for enzymatic reactions
(38).

iii.  Carboxylic Acid-Based Deep Eutectic Solvents (CADESs) —here hydrogen bond donor includes
different carboxylic acids (20,39,40).

iv.  Therapeutic Deep Eutectic Solvents (THEDESs) — these represent a subgroup of NADES with
a pharmaceutically active ingredient as a major constituent (41,42)

DESs can also be classified based on their affinity for water which makes them either hydrophobic or
hydrophilic. Hydrophobic DES (HDES) are water-insoluble deep eutectic solvents. The concept of
HDES was introduced by Van Osch et a/ (2015). Their work included mixing different QA salts
alongside capric acid. The hydrophobic solvent produced was then used for the extraction of volatile
organic compounds that are insoluble in water. The outcome of this was a process with high extraction
yield and efficiency (43). Since then, active research has been on-going to explore how HDES is
manufactured and its use in different fields. Hydrophilic DESs are water-soluble DESs. The majority
of the synthesized and reviewed DESs are hydrophilic and LTTMs and NADES fall into this category.

3 DES FOR OXIDATION REACTIONS
DESs have been used in different types of oxidation reactions. It is interesting to know that DESs
have been used to activate oxidants such as H,O», N-bromosuccinimide (NBS), Oxygen (O.) atom, and

peroxy monosulphate (PMS) among others.
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DES Oxidant Reaction Result Reference
ChCl/Urea N- L 5 maes C~A Yield =100 % (53)
bromosucci @ @A Nese) " Qi Q/L 5 min @ 60 °C
nimide 40 min (@ room
(NBS) temperature
ChCl/p-TsOH H,0; ™ f o  Yield=90.7 % (54)
_ NBS (3 equiv.) C— 0
TRACR TR O min T Lemioa s
1:1
80 °C, 1 hour
ChCl and 1,1,1,3,3,3- H>0; B(OH), Hi0; (5 mL) oi  Yield =95 % phenol (58)
Hexafluoro-2- O CHCIHF (10motk), H0 0 O Room temperature
Propanol (HFIP) e 10 mol% DES
5 ml H,O», 5 minutes
ChCl/Oxalic acid H>O» L/ [ ™ e 50-60 °C (44)
Yield =95.7 %
ChCl/Urea H,0, @ B(OH); oxidant C/O" Room temperature 10 (28)
ChCliurea, solvent Z mol% DES 5 ml
H>05,92 % phenol
yield, 5 minutes
N,N-dimethyl-(4- o)) CIB(C ~ Fe(NO3)3'9H>O (co- (16)
(2,2,6,6-tetramethyl- %m_ J— catalyst), 60 °C, 90
1-oxyl-4- 3 ) 7 min, 100 % yield
piperidoxyl)butyl)dod s < 99 % selectivity
ecyl ammonium salt
([Quaternium-
TEMPO]'Br )/urea
CoCL-ChCl/2PEG Peroxymon - 20 °C, 60 min. (59)
osulphate — ‘l’ — — “woessome 100 % sulfur removal
(PMS) s A
SaSiJete
p-TsOH/PEG 0, reeooon 30 min, 70 °C, 100 %
X removal of (45)
e “ Dibenzotheophene
(DBT)

DES had been demonstrated to activate hydrogen peroxide effectively by the formation of multiple

hydrogen bonds. Wang et al (2013) designed a procedure for a sustainable oxidative hydroxylation of

Phenyl boronic acid while H>O, served as oxidant and ChCl/Urea with water as solvents. The urea

portion of the DES polarized the oxidant through H-bonding resulting in an electrophilic activation of

H,0O: as depicted in Scheme 1. The activated peroxide as seen in Scheme 2 thereafter attacks the boronic

acid. Subsequent migration coupled with the hydrolysis of phenyl gave the final product at room
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temperature operating conditions. The optimization of the reaction was achieved with 10mol%

ChCl/Urea, 5 mol % H202, and 2ml water.

- H N\f ~ | 7 -
4“ N H'N'HwCI')N. OHlo-H

‘:) HO- B-a®

8 0. H 31 SO
H o oH ‘J:j(n
LA

1

OB(OH),
.H?o - N - R
| L
B 2
Scheme 2: Synthesis of Phenol from Phenyl boronic acid by the activated H,O» (58)
Also, Berkessel and Adrio carried out a meticulous investigation of the epoxidation of olefins while

using hydrogen peroxide alongside 1,1,1,3,3,3- hexafluoro-2-propanol (HFIP). A detailed mechanism

of the reaction was reported and multiple hydrogen bonds were identified has been responsible for the

reaction (60).
~ | ~ -~ | -
F;,C N' F3C No
Y—oH + oCr H >—OH cr /'
F F
e OH 3¢ OH

HFIP ChCl ChCVHFIP

Scheme 3: Choline Chloride/ 1,1,1,3,3,3- hexafluoro-2-propanol (HFIP) DES (46)

HFIP has been reported to display large hydrogen bond donor ability, great ionizing power, ability to
solvate water, as well as low nucleophilicity. Its high hydrogen bond donor ability makes it suitable for
the formation of type C deep eutectic solvent when in combination with an organic salt such as choline
chloride (Scheme 3). It has been researched to have a great effect on organic transformations (61,62),
and interestingly it can activate hydrogen peroxide for oxidation reactions (63,64). The activation of
H,0, by HFIP proceeds in two stages, viz:

a. acting as a strong hydrogen bond donor
b. juxtaposing of positive and negative partial charges within the transition states (60).

The hydrogen bonding ability of the O-H hydrogen atom coupled with fluorine’s strong electron-

withdrawing properties leads to the generation of electrophilically activated hydrogen peroxide

intermediates as seen in Scheme 4 (65).
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Scheme 4: Electrophilic Activation of H>O, by HFIP (65)

Wang et al (2014) produced an outstanding yield of phenols at room temperature, within 5 to 10
minutes through an eco-friendly practical oxidative hydroxylation of aryl/heteroaryl boronic acids. DES
composed of ChCl and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) acted as the catalyst while the oxidant
was hydrogen peroxide. Recovery of the DES was by simple filtration coupled with evaporation, and
there was no distinctive loss of its activity after been used five times. Their newly developed protocol
was more environmentally friendly, the substrates had broad compatibility, there was no need for the

use of metal and additives, as well as gram-scale production (58).

In the work done by Wang and co-workers as captured in Scheme 5, the activated hydrogen peroxide
was shown to attack the boronic acid to produce an intermediate. The migration of the phenyl group
from boron atom to an oxygen atom of H>O, resulted in a boronate ester (B). This thereafter hydrolyses

to give phenol as the final product (58).

\ ,',’ 5 F F
e H...0./ OH{p-H
'8’ 0O5- H HO-g_Jo OB(OH), OH
‘\,/ © W H0
O A O I
1a A B 2a

Scheme 5: Synthesis of Phenol from Phenyl boronic acid by the HFIP activated H,O, (58)
In general, the schemes 1,2,3,4,5 above involve:

a. the activation of H,O, by a component of DES through multiple hydrogen bonds which leads to
the polarization of the O-O bond in H,O>
b. less negatively charged polarized oxygen atom of H,O» experience a nucleophile attack
c. the organic reaction of activated H,O, with the substrate by oxygen transfer
It is important to note that not all organic reactions can occur through oxygen transfer alone. Others
can only proceed in the presence of other Reactive Oxygen Species (ROS) such as hydroperoxyl radical
(e OOH), superoxide (*O7), and hydroxyl radical (¢ OH) amongst others. This, therefore, necessitates
the investigation of the possibility of generating other types of ROS from DES with OH radical being

of particular interest.
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4 DES FOR THE GENERATION OF HYDROXYL RADICAL («OH)
The production of OH radicals from DES can be achieved by two major steps. These are:

1. Formation of peroxy acids

2. Homolysis of the peroxy acids
4.1 DES for the formation of peroxy acids/peracids

Peroxy acids are peroxides produced by reacting carboxylic acids with hydrogen peroxide in the

company of a strong acid. They are strong oxidants and are more reactive than hydrogen peroxide. The
oxidation capability of peroxides is connected to the substituent’s electronegativity. Electrophilic
peroxides are known to be stronger oxygen-atom transfer agents because their tendency to donate

oxygen-atom corresponds with the acidity of the O-H bond.

Dai et al (2014) as part of their program for renewable catalysis and synthesis established the fact that
certain DESs could systematically activate hydrogen peroxide. The competency of the oxidation was
explained by a synergy between ChCl/p-TSA and HO,. A strong hydrogen bond was formed between
the DES and H,O,, thereby increasing the electrophilicity of one of the peroxy oxygen atoms of H,O,
(66).

According to Wang et al (2013), the proposed mechanism for activating hydrogen peroxide
productively by DES is initiated by polarizing the peroxide bond by hydrogen bonding. The activated
peroxide in turn invades targeted compounds which results in the final product. The carboxylic acids in
DESs are usually oxidized into peracids when reacted with hydrogen peroxide. Targeted reactants are
in turn oxidized by the peracids formed by the DESs and the peroxy acids undergo simultaneous
reduction. The reduced peracid can thereafter be further oxidized by hydrogen peroxide, leading to the

beginning of another catalytic cycle (28).

The contemporary standard protocol for oxidative desulphurization in which organic acids are used
as catalysts is connected to the generation of peroxy acids (peracids) (67). Desulphurization by
oxidation in the oxalate-based DESs together with H>O; involves the generation of intermediates which
are radicals of peracids. Percaids are powerful oxidizing agents that are produced by the interaction of

H,0O, with carboxylic acids.

Since the electronegativity of the substituent of peracids is higher than that of hydrogen, they tend to
be more aggressive oxidizing agents. Asides the fact that they are strong oxidizing agents; they are also
an excellent source for the generation of OH radical because the peroxy-oxygen atom bond can easily

be dissociated which makes it easy to disintegrate by homolytic fission.

4.2 Homolysis of peroxy acids for the generation of OH radical
The homolysis of peracids at the O-O bond has been proven to generate radicals (including *OH) that

are capable of interacting with the organic contaminants to degrade them (68). Heywood et al (1961)
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proposed the mechanism for the homolytic fission of peracetic acid and the mechanism proposed is as

follows:
CH;COOH + H,0, - CH;COO0H + H,0 Equation 1
homolysis
CH;CO00H 3 CH3;C00 s + « OH Equation 2

The formed hydroxyl radical can invade not only the organic pollutant but also the peracetic acid

molecule itself.

CH,COO0H + «OH — CH;CO«+0, + H,0 Equation 3

CH,CO00H + «OH — CHsC000 s + H,0 Equation 4

The very unstable primary acyloxy radical separates into a methyl radical as well as carbon dioxide

by monomolecular decarboxylation (69).

CH;C00e+ — o(CH; + CO, Equation 5

2CH;C00+ — 2eCH; + 2CO0 + 0, Equation 6
However, reactions having a resonance stabilized carbon-centered radicals are reversible and the

reversible reaction is succeeded by interacting the methyl radicals with oxygen to generate weak peroxy

radicals (70).

*CH; + 0, — ¢ CH3;00 Equation 7
This reaction in equation 7 is known to be quick in oxygen-rich environments, thereby limiting the
number of methyl radicals in the reacting media (71). The primarily formed hydroxyl radical reacts
side-by-side with CH3C(=0)Oe to produce fresh peracid molecule, thereby re-initiating the oxidation
cycle (72).

«OH + CH;C00« — CH;COO0H Equation 8

It is imperative to note that all generated radicals can react with the target organic compound, thereby

adding to its degradation and oxidation.

5 CONCLUSIONS

Despite the remarkable achievements in the use of metal-catalyzed and metal-free oxidation
processes, there is still a need to enhance the environmentally friendliness and cost-effectiveness of
these materials in the processes. The use of ionic liquids for the generation of reactive species also have
drawbacks such as the selection of non-hazardous ILs, biodegradability, and non-toxicity of used ILs,

and synthesis from non-expensive and readily available raw materials.

DESs are proposed as potential substitute because of their low toxicity and environmental

friendliness. Over the years, deep eutectic solvents have been used as both solvents and catalysts in

i SAIChE "
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many processes. Their use in these processes has exposed them to various operating conditions, and
different oxidants. Worthy of note is their ability to catalyze and activate hydrogen peroxide, a powerful
oxidizing agent for the generation of reactive oxygen species which makes them important catalysts in
oxidation reactions. Different research works have proven the ability of some deep eutectic solvents to
generate oxygen atoms during oxygen transfer reactions. In short, this overview presented in this article
has underpinned the potentials of DESs for the generation of hydroxyl radicals (¢*OH). The study also

suggested sustainable protocols for generating OH radicals from DESs.
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ABSTRACT
Acid mine drainage (AMD) and basic oxygen furnace slag (BOFS) are both waste products produced
in massive quantities throughout the world in the mining and steel industries. These products require
extensive treatment before release back into the environment or before reuse in other industries can
occur. A method to treat AMD using BOFS was thus conceptualized with the aim of treating AMD and
BOFS for further reuse. An investigation into the replacement of lime (a traditional reagent) with BOFS
in AMD treatment was conducted in this regard, to determine if BOFS was effective in raising the pH
of AMD and subsequently lowering the metal and sulfate content via precipitation reactions. A number
of titration experiments were undertaken to determine the extent of treatment and it was found that
BOFS is effective in the treatment of AMD. Literature was consulted to determine the most likely
mechanism for removal. It was found that treatment occurred via hydration and dissociation of BOFS
(resulting in leaching and partial dissolution of the BOFS) which subsequently led to the precipitation

of metal hydroxides, oxides, sulfates, sulfides and silicates in a sludge.
Keywords: acid mine drainage; basic oxygen furnace slag; alkaline materials

1 INTRODUCTION

Acid mine drainage (AMD) is a major environmental problem in many countries, resulting from
oxidation of sulfide minerals which are exposed to the atmosphere by mining and excavation activities.
AMD can be (and is commonly) treated by adding a source of alkalinity (traditionally hydrated lime or
limestone), which causes the pH to increase and subsequently precipitates a sludge (typically composed
of gypsum, iron and aluminium hydroxides and other metals that could be contained within the AMD)
(Sephton & Webb 2019). The collective cost of treatment of AMD polluted waters is very high, and

alternative, cheaper methods are continuously being explored.

Other large global industries are also producing waste on large scale and are continuously looking for
reuse avenues of these products. Approximately two billion tonnes of alkaline wastes and residues are
produced each year in many industries (steel production, aluminium refining and coal power plants),
with an estimated total production of 90 billion tons (Gomes et al. 2016) being produced since 1750
(Spear 2019). These wastes materials are commonly disposed of or stored in waste piles or landfill sites

and can become an environmental hazard if allowed to generate dust, or if rainwater infiltrates the waste,
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causing leaching of alkalinity and seepage into natural water bodies or soil. Reuse avenues for these

wastes are also continuously being researched.

In this regard, these products could potentially be utilized to treat AMD as a replacement for lime.
Both the cost of treatment of AMD and the alkaline waste residue could be lowered, and the reuse of
waste products could contribute to the establishment of a circular economy. This research focusses on
the use of one alkaline waste product, Basic Oxygen Furnace Slag (BOFS) and compares the cost and

extent of AMD treatment achieved via BOFS addition with that of traditional lime treatment.

2 LITERATURE
2.1 Alkaline materials to treat AMD

AMD is characterized by (i) low pH levels, (ii) high metal(loid)s and (iii) high sulfur concentrations
(Blodau 2006). Treatment methods are thus aimed at addressing these detrimental characteristics, and
the addition of an alkaline material combats (to varying degrees) all three of these issues. A variety of
techniques and materials have been tested and/or employed to treat and to control AMD after it is
produced and at its source. These include limestone, magnesia, sodium hydroxide (Trexler et al. 1975),
fly ash, cement kiln dust, green liquor dregs (Faz, Rivera & Acosta 2020) and bauxite refinery residues
(Kaur, Couperthwaite & Millar 2018). Recently, the use of waste metallurgical slags - in particular
BOFS - have also been reported to show potential in the treatment of AMD (Naidu, Chauhan, Xiong,
Sheridan, & van Dyk, 2020; Naidu, van Dyk, Sheridan, & Grubb, 2020; Name & Sheridan, 2014). The
addition of alkaline materials encourages the rise in pH and the precipitation of iron oxyhydroxides and
heavy metals that can then be removed through co-precipitation (Glover 1983). The mechanism of

treatment using alkaline materials is as follows:
(1) hydration of metal oxide components to form hydroxides as shown in Equation 1 below.
MO + H,0 < M(OH), Equation 1

(i) dissociation of hydroxide components in the AMD solution which increases the pH as shown in

Equation 2.
M(OH), & M?** + 20H~ Equation 2

(iii) formation of solid metal hydroxides, sulfates and sulfides (these are presented in the findings and

results).

Although the addition of alkaline materials (be it pure lime or a waste product containing other
components or contaminants) results in very similar chemical reactions and treatment scheme, the
availability of certain alkaline constituents in the waste, and thus the rate of treatment as well as the
presence of other elements in the waste, results in a slightly different treatment mechanism. The extent

and mechanism of BOFS treatment is therefore assessed in this study with specific focus on the
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precipitation reactions that occur, the extent of pH rise and the extent of metal removal via precipitation.
The Acid neutralizing capacity (ANC) of BOFS is also determined. Where possible, comparisons

between lime and BOFS are evaluated.

3 EXPERIMENTAL PROCEDURE
3.1 Acid neutralizing capacity (ANC) of BOFS

BOFS particles (varying masses and particle sizes) were put into contact with AMD (varying
volumes) sourced from a coal mine tailings storage facility (TSF) in Emalahleni, South Africa, in a plug
flow reactor and a continuously agitated reactor. The pH change was assessed (pH was measured using
a DF Robot combined pH and ORP meter). The alkalinity of the system was also measured using

titration methods. The total alkalinity calculated was calculated using Equation 3.

BxXNxX50x1000
ml sample

Total alkalinity (as % of CaCO03) = Equation 3

Where B is the total volume (ml) of standard acid used in titration to pH 4.5, N is the normality of the
acid (m.eq/mL), 50 is the mg equivalent of CaCO3 (mg/m.eq)and 1000 is used to convert from ml to L.

Oxide content on the surface of the slag was evaluated using XRD as well as Scanning electron
microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDA). Lime, quicklime and hydrated lime
(obtained in powdered form from a local chemical distributor in Johannesburg, South Africa) where
used in a similar way in this experiment to determine the difference in mass required to treat the AMD
to the same pH level. This was used to perform a cost analysis of the raw materials and allow for

comparison of the different alkaline materials.

3.2 Identification of metal species removal/precipitation mechanism

e Liquid samples were taken periodically from the reactors to assess for aluminium, calcium, iron,
magnesium, manganese and sulfate concentration using an Agilent 2000 series atomic
spectrometer (AAS) for the metal species. Turbidimetric spectrophotometric tests (using a Merck
Spectroquant Pharo 300) (American Public Health Association, 1975; Center for Bioprocess
Engineering Research, 2016)) for the sulfate species. Samples were filtered to remove solids using
0,45 um filters, diluted on a 1:3 ratio with deionized water and acidified with 0.6 ml of nitric acid
prior to analysis. This was done to measure the difference in concentration in dissolved and
precipitated metals in the samples. Dilution was necessary to ensure the concentrations within the
samples were within range of the AAS instrument. Standard concentration solutions were used for
each test to calibrate the AAS instrument. Metal species and sulfate concentrations were measured
to assess what type of precipitation reactions were occurring.

e The “spent” BOFS was assessed before and after the neutralizing reaction using X-Ray Diffraction

(XRD) and Rietveld quantification analyses. XRD sample preparation included grinding 3 g of
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sample and spiking it with fluorite on a 90:10 weight basis. A Siemens D500 computer automated
diffractometer was used to perform XRD. XRD was performed to investigate how the chemical
makeup of the BOFS had changed and what had become available in the AMD solution to act as
counterions to facilitate precipitation.

o Sludge formed in the reactor was collected, acidified and assessed using the same AAS procedure.
This was done to determine what types of precipitates had formed and to determine if the elemental

species balanced across all evaluations.

4 RESULTS AND DISCUSSION

Two types of AMD were used, each with varying concentrations of sulfates and the metals of interest.
The initial pH of both AMD sources was the same. The composition of both AMD sources is presented
in Table 1.

Table 1: Concentrations of components of interest in two different types of AMD sourced from two different
AMD dams in Emalahleni, South Africa

AMD Aluminiu | Calcium Iron Magnesiu | Manganes Sulfate
Type pH m (mg/L) (mg/L) (mg/L) m (mg/L) | e (mg/L) (mg/L)
Type A 2.44 434.89 110.83 3039.60 105.67 88.29 12955.62
Type B 2.47 497.25 175.38 3506.88 94.04 197.68 5199.92

An XRF and XRD analysis was performed on the BOFS and the major oxides found are shown in
Table 2. In addition to this, small amounts of other elements were also found in the BOFS which were

not present in oxide form.

Table 2: Major oxides in BOFS used for AMD treatment

Oxide wt.%
CaO 41.6
Fe O3 20.5
Si0; 14.4
MgO 7.2
ALOs; 2.8
SO; 0.4
Loss on ignition (LOI) 5
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4.1 ANC of BOFS

An important thing to note in the comparison between lime (quicklime or hydrated lime) and BOFS
is the availability of free lime in the sample (components that are available to hydrate and raise the pH
of the media). Lime and free lime generally refer to the CaO component of the sample, however BOFS
contains multiple other units in oxide and silicate form that dissolve in liquid media and contribute to
the neutralization or pH rise of the media. Table 3 shows the availability of oxides (that can readily
hydrate in liquid media) in lime and BOFS. It should be noted that although the free lime content in
BOFS is 13 %, this only refers to the components found on the surface of the solid particle. As
dissolution occurs (largely following Lagergren kinetics (Tamlyn S. Naidu et al. 2020)), more oxide
components become available. The size of the BOFS particle used will also affect the amount of free
oxide content — smaller particles have a larger availability of neutralizing/alkaline components than

larger particles.

Table 3: Free oxide content in quicklime, hydrated lime (Tolonen et al. 2014) and BOF'S with particle
aperture between 2000-3350 microns (determined via SEM and EDA) where Wollastonite found on the

surface of the particle was not considered a free oxide (due to its insolubility in water).

Alkaline material

Oxide content (Total %)

Free oxide content (%)

Quicklime 94 91
Hydrated lime 73 71
BOFS 87 13

Although the free oxide content of BOFS is significantly less than that of normal quicklime or
hydrated lime, the BOFS still exhibited success in neutralizing AMD. 80g of slag was able to raise the
pH of a sample of Type A AMD with an initial pH of 2.44 to (i) a pH of 7 in 540 minutes and (ii) a pH

of 10 in 1365 minutes. This is shown in Figure 1.

12
8
et

T
S 6 g{f

4

o
2 ;
0
0 500 1000 1500 2000 2500 3000
Time (min)




161

Figure 1: pH change over time in 800 ml of Type A AMD in a constantly agitated reactor when 80 g of slag

with particle aperture between 2000-3350 microns has been added.

The pH rise was directly related to (i) the volume of AMD, (ii) the composition of AMD, (iii) the
amount of BOFS, (iv) the particle size of the BOFS and the (v) allowed reaction time. For example, 15
g of slag fines (aperture of 1000 microns or less) was able to increase the pH of 1500 ml of Type B
AMD (significantly lower initial sulfate and iron concentration) to a pH of 7 in 55 minutes, and similarly
67 g of fine BOFS was able to raise 200 ml of this Type B AMD to a pH of 7 in 5 minutes. The alkalinity
addition corresponding to the last data point collected in the experiment shown in Figure 1, was 2897

units of alkalinity as CaCOj; in mg/L.

4.2 Identification of metal species removal/precipitation mechanism
4.2.1 Aluminium

The initial concentration of aluminium in the AMD (Type A) was 434 mg/L. Aluminium in acidic
media most commonly forms an aqueous cation, with an oxidation number of +3 (Harding, Johnson &
Janes 2002). Addition of an alkaline material (which will hydrate and dissociate to form hydroxide

units) to the solution, will first precipitate an insoluble aluminium hydroxide (by Equation 4):
Al**(aq) + 30H" (aq) = AI(OH)3(s) Equation 4

This was considered the main mechanism of aluminium removal in the system. It is important to note
that both aluminium oxide and hydroxide species are amphoteric in nature. In acidic solutions, they will

dissolve and assist with neutralizing the acid (by Equation 5):
Al(OH);(s) + 3H'(aq) = Al**(aq) + 3H,0(1) Equation 5

Excess hydroxide units in the solution could also cause the aluminium hydroxide to form a

tetrahydroxyaluminium ion via Equation 6:
Al(OH);(s) + OH (aq) = [AI(OH)4] (aq) Equation 6

Aluminium sulfate or sulfide could also potentially form as there is an excess of sulfate ions in the
AMD. However, aluminium sulfate has a very high K, (69.2) which means it will not precipitate.
Similarly, aluminium sulfide, also with a very high K, is rapidly hydrolysed in an aqueous solution to
form aluminium hydroxide and hydrogen sulfide gas — thus it is unlikely that removal of aluminium
occurred in this manner. Aluminium was removed from the solution almost completely (to a

concentration of 10.7 mg/L) at a pH of 3.8 and redissolution did not occur even at a pH level of 9.

4.2.2 Calcium and Magnesium

Calcium and magnesium were present in the AMD at a concentration of 110 mg/L and 115 mg/L
respectively. Calcium (as well as magnesium) was also added to the solution through the dissolution

(hydration and dissociation) of the BOFS. Calcium and magnesium in aqueous solutions are found in
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the form of a positive cation with an oxidation number of 2+. Both calcium oxide and calcium hydroxide
have an intermediate solubility in water and calcium will not precipitate out of solution as either of
these species. Calcium sulfate has a higher K, than calcium hydroxide (experimentally exhibiting a
solubility of 0.274% w/w compared to calcium hydroxide which exhibited a solubility of 0.12% w/w
in water at 20 ° C (Royal Society of Chemistry 2020)), however due to the saturation of the solution
with sulfates (initial Type A AMD concentration of 12955 mg/L) and the reaction of the hydroxyl group
with multiple other elements — the bulk of the calcium removal is achieved via gypsum precipitation.
Despite the precipitation of calcium sulfate, the calcium concentration increased in the system with
increasing pH. When the BOFS comes into contact with liquid, hydration will take place and calcium
hydroxide will form. If this hydrated BOFS is then exposed to air, carbon dioxide will react with this to

form calcium carbonate (by Equation 7) which has a low solubility in water:
Ca(OH): (aq) + COs (g) = CaCOs (s) + H.O (D) Equation 7

The pH raising capacity of BOFS in neutral solutions will thus be lowered if this occurs, however
further reaction with an acidic media can result in the formation of carbon dioxide and water (Equation
8):

CaCO; (s) + 2H" (aq) = Ca?" (aq) + COa (g) + H20 (1) Equation 8

It is thus recommended to keep the BOFS dry before use as a reagent, and once it is in use keep the
particles submerged. Magnesium is most likely removed from the solution in the form of magnesium
sulfate (which has a solubility of 33.7% w/w in water) and magnesium hydroxide (which is soluble in
acidic solutions but less so in basic solutions (Royal Society of Chemistry 2020)). Magnesium

decreased in solution at a pH of 9 (to a concentration of 61.7 mg/L).

423 Iron
Under acidic conditions, the most stable oxidation state of iron is 2+. If the AMD is aerated then the
redox potential of the water is such that it allows for oxidation of the ferrous iron (2+) contained in the

solution to ferric iron (3+) which can then precipitate as iron hydroxide, Fe(OH); via reactions described

by equations 9 and 10 (Silver 2012).
4Fe*" (aq) + 302 (g) + 2H'(aq) = 2Fe*" (aq) + H2O (1) Equation 9
Fe*" (aq) + 30H" (aq) = 2Fe(OH); (s) Equation 10
Fe* has a low solubility at certain pH levels and generally precipitates out of solution. In the case that
the system is anaerobic and if excess CO5* is available in the solution (as may be the case if BOFS is
hydrated and then exposed to air) the Fe(HCO:3), salt is formed. Upon exposure to air this leads to the

formation of FeCO3 and then to iron (III) oxide. During experiments, iron was almost completely

removed at a pH of 7 (from an initial concentration of 3039 mg/L to 0.289 mg/L).
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424 Manganese

Under acidic conditions, the most stable oxidation state of manganese is 2+. In this reduced (Mn?")
state, manganese is moderately soluble in the form of MnSO4 and thus very little Mn removal is
attributed to MnSO, formation and precipitation. At pH levels of 8 and above, manganese can
precipitate as MnCOs3 and Mn(OH),. In aerated systems (under oxidizing conditions), Mn in the 3+ and
4+ can also form MnO,, Mn,;O3; and MnsO4 even at lower pH levels — compounds which are all insoluble
in water. It should be noted that is iron (II) is present in solution manganese will not precipitate at
neutral conditions. Manganese in the system decreased from 88 mg/L to 52 mg/L at a pH level between
6 and 9. It should be noted that initially manganese increased in the system — this could be attributed to
dissolution of manganese containing compounds in the BOFS (XRF analysis shows Mn makes up 3%

by weight of BOFS).

42.5 Sulfate

Sulfate in the system is likely to form any of the compounds found in Table 4. The most likely way
that sulfate is removed is via the precipitation of calcium sulfate. Calcium becomes abundantly available
in the solution through the dissolution of the BOFS and can then bind with the sulfate ion to form a
nearly insoluble product. The solubility of each possible sulfate compound is shown below — it is likely
that a small percentage of sulfate is also removed via formation of small amounts of other compounds.

Sulfate decreased to 269 mg/L at a pH of 11.4.

Table 4: Solubility of sulfate compounds % weight/weight in water at 25° C

Magnesium Sulfate 33.7
Manganese (II) Sulfate 62.9

Iron (II) Sulfate 26.3

Calcium Sulfate 0.274

Iron (III) Sulfate Slightly soluble
Aluminium Sulfate 36.4

4.2.6 Sediment/precipitate formed

An SEM and EDA analysis was performed on the precipitate which had formed on the surface of the
BOFS particle. This precipitate is shown in Figure 2.
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Figure 2: SEM of precipitate formed after reaction of BOFS and AMD for a period of 32 hours.

The results from the SEM and AAS run on the acidified precipitate, showed that aluminium, calcium,
iron, magnesium, manganese and silicate had all precipitated. The SEM and EDA were able to identify
oxides and silicates but not sulfates or hydroxides, however it is likely (given the chemistry of the AMD
solution and the difference in initial concentration and pH and final concentration and pH) that most

precipitates formed were sulfates and hydroxides.

4.2.7 Cost Analysis
Slag management companies sell BOF slag at a cost of R100/ton inclusive of value added tax (VAT)

(Vermuelen 2019). This cost is applicable to any particle size as the management company mills the
slag to the desired size. Protea Chemicals provides hydrated powdered lime at an estimated cost of
R3500/ton (Naidoo 2021) and dolomitic lime is sold at prices between R302.45 and R408.25 (Swartz
2021). The pH of the system (for typical neutralization applications) should be at 7, however if different
levels of precipitation for different metal species is desired to be achieved, then higher pH values could
be established. The amount of lime in comparison to the amount of BOF slag required to increase the
pH of 1L of Type B AMD to a pH of 7 at a reaction time of between 30 and 55 minutes, in terms of the
associated cost, is shown below in Table 5 (Department of Mineral Resources 2010; Maree et al. 2013;
United States Geological Survey Mineral Resources Program 2014; Othman, Sulaiman & Sulaiman
2017; U.S. Geological Survey 2020).

Table 5: Cost of raw material when treating 1 L of AMD to a pH of 7 in 30 - 55 minutes.

pH | Dolomitic Lime (R/L) | Quicklime (R/L) | Hydrated lime (R/L) BOF slag (R/L)
7 0.008 0.0073 0.025 0.001

According to this data, BOF slag is the cheapest lime source for AMD treatment of those considered.
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CONCLUSIONS

BOFS proved to be effective in the treatment of AMD with respect to pH, metal and sulfate

concentrations — successfully raising the pH (to a range of pH levels depending on mass to volume

ratios) and precipitating metal and sulfate compounds. Further investigation into the use of the sludge

in a recycle stream (high density sludge processes) would need to be conducted to determine whether

BOFS will also be effective in these systems. Investigation into the reuse of the sludge and the spent

BOFS will also have to be done extensively in order to determine if these byproducts are similar to that

of lime AMD treatment plants.
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ABSTRACT
The pulp and paper industry produces a significant amount of wastewater that contains a variety of
organic and inorganic contaminants, making it nearly impossible to discharge directly into a water
source. As a result of the condition of the untreated mill effluent and strict environmental regulations,
significant pressure has been placed to develop suitable technologies capable of treating and reusing
this wastewater. This study evaluates the potential of the membrane distillation bioreactor (MDBR) for
the treatment and reuse of pulp and paper mill effluent. The MDBR is a wastewater treatment
technology combining the conventional membrane bioreactor (MBR) with membrane distillation (MD).
This technology is best suited to applications which require a high quality water product and a long
residence time for the effective removal of problematic organics. The system alone is potentially able
to accomplish wastewater treatment and reuse in one step that is without the need for any post-treatment
processes. Such key features make the MDBR an attractive treatment option. The study is still on-going.
The MDBR developed in this study has the potential to improve water quality, reduce sludge production

and greatly minimize the discharge of wastewater into rivers and streams.

Keywords: membrane distillation bioreactor; pulp and paper mill effluent; wastewater reclamation

1 INTRODUCTION

South Africa has been facing a growing scarcity of water due to increasing domestic and industrial
demands in conjunction with increased pollution of freshwater resources (Meng, Hsu, Ye, & Chen,
2015). The reuse of treated industrial and domestic wastewater is a potential way forward to address

the water problems faced.

Separation technology such as the membrane bioreactor (MBR) are used at wastewater treatment
plants to treat wastewater such that it can meet reuse standards. However, the MBR is not always able
to retain slowly biodegradable organic substances resulting in an elevated amount of organics in the
treated MBR effluent. It is therefore not possible to use this water directly for reuse applications and

hence post-treatment processes are still required (Sert et al., 2017).

Currently, research is being conducted on the integration of the MBR system with the high retention

2
g A G
25

i SAIChE "



168

process known as membrane distillation (MD). The resulting combined process, the membrane
distillation bioreactor (MDBR), is a membrane separation process that is driven by the temperature
difference induced across a hydrophobic membrane, allowing only volatile components such as water
vapour to pass through. This advanced system has the potential to produce high quality water whilst
effectively retaining non-volatile organics and salts which are biodegraded by thermophilic organisms
(Khaing, Li, Li, Wai, & Wong, 2010). The MDBR is therefore potentially able to provide significant
advantages over conventional membrane separation processes and can be used for the purpose of

improving water quality in South Africa.

Although a limited number of studies on this system exist, the study described in this paper will
experimentally determine the potential of the MDBR system to treat and reuse pulp and paper mill
effluent. The laboratory scale MDBR will be evaluated in terms of water quality and its potential to
meet reuse requirements, flux performance, the rejection of non-volatiles, and the membrane fouling

phenomenon.

2 LITERATURE
2.1 The membrane bioreactor (MBR) for wastewater treatment and reuse

The MBR has been identified as a promising technology that can help municipalities and industries
to manage their water resources effectively. The MBR system has been successfully implemented at
several full-scale municipal and industrial wastewater treatment plants in South Africa (Kadam &
Chuan, 2016). This technology, which is a combination of a biological treatment process (based on the
activated sludge process) and membrane filtration, also has the potential to treat wastewater so that it
can meet reuse standards (Kadam & Chuan, 2016). Ultrafiltration (UF) and microfiltration (MF)
membranes are commonly employed in MBR systems to separate the solid content in the mixed liquor
from the treated water. These pressure-driven filtration membranes are used to retain larger molecules;
the MF membrane is used for the separation of suspended solids with a particle size range of 0.08—
10um while the UF membrane separates macromolecular solids with a particle size range of 0.01—

0.1pum (Kadam & Chuan, 2016; Sert et al., 2017).

The effective solid-liquid separation that is accomplished by the MBR provides a series of advantages
which include a smaller footprint when compared with conventional wastewater treatment systems,
reduced sludge production and a more stable and better quality effluent (Fraga, Garcia, Hooijmans,
Miguez, & Brdjanovic, 2017; Huang, Xiao, & Shen, 2010). However, the treated MBR effluent may
still contain dissolved salts and slowly biodegradable organic substances. It is therefore not necessarily
possible to use this water directly for reuse applications such as irrigation and process water (Sert et al.,
2017). Hence post-treatment processes, such as nanofiltration (NF) and reverse osmosis (RO), are still

required for the removal of molecular solids, dissolved salts and organics (Kadam & Chuan, 2016).
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Apart from this, the MBR is also associated with high capital and operational costs and has a high

tendency for membrane fouling (Fraga et al., 2017).

2.2 Membrane distillation (MD) as a wastewater treatment option

MD is a membrane separation process that uses the vapour pressure difference, that is created by the
trans-membrane temperature difference, across the membrane as the driving force for solid-liquid
separation (Wu et al., 2017). The MD process is operated at low temperatures (within the range of 25°C
to 80°C) and at atmospheric pressure (Carnevale, Gnisci, Hilal, & Criscuoli, 2016; Phattaranawik, Fane,
Pasquier, & Bing, 2008). The operational principle of this process is based on separation by means of

phase equilibria. This occurs as follows:

(1) During the MD process, the microporous hydrophobic membrane comes into contact with the heated

feed on one side.

(2) The hydrophobic nature of the membrane creates a vapour-liquid interface at the membrane pore
entrance and thus, only volatile components (such as water vapour) are transported across the

membrane.

(3) The vapour is then condensed on the opposite side of the membrane by the permeate or the cooling

stream (Curcio & Drioli, 2005; Shuwen Goh, Zhang, Liu, & Fane, 2013).

In this manner, the system can retain recalcitrant compounds, non-volatile solutes and low-molecular
weight organics and is therefore able to produce treated water of high quality (Shuwen Goh, Zhang,
Liu, et al., 2013).

The use of MD as a separation process has many benefits, some of which include 100% (theoretical)
rejection of non-volatile compounds and dissolved salts, and moderate operating conditions that is lower
operating temperatures and pressures than those used in the conventional pressure-driven membrane
separation processes. These conditions also place less requirements on the mechanical properties of the
membrane being used. In addition, the process is able to utilize alternative energy sources such as solar
power or waste heat, and is easy to combine with other treatment processes such as UF and RO
(Alkhudhiri, Darwish, & Hilal, 2012). Based on these distinct advantages, the MD process has been

applied for seawater desalination, wastewater treatment and solute recovery (Wu et al., 2017).

The first MD patent was granted in 1963 (Wang & Chung, 2015). However, slow progress related to
the development of the MD process was observed. This was mainly due to the unavailability of
appropriate membranes for the application, insufficient knowledge regarding module design, the
membrane wetting phenomenon, low flux performance and the high energy consumption of the process
(Drioli, Ali, & Macedonio, 2015; Wang & Chung, 2015). Since then, MD has become more attractive

due to the growing research activities in this field. It has been applied at a laboratory scale for the
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treatment of industrial wastewaters which include petrochemical wastewater, olive mill wastewater (Li,
Wu, Sun, Cheng, & Liu, 2016), radioactive wastewater (Liu & Wang, 2013), as well as textile dying
wastewater (Carnevale et al., 2016). In these studies, MD has achieved good permeate water quality
and has also demonstrated less fouling on the membrane (Li et al., 2016). The MD process has also
been used in the food industry for milk and juice concentration and in pharmaceutical and biomedical
industries processing (Kim, Lee, & Cho, 2016). MD is yet to be commercialized because of its high

energy consumption, although a few pilot plants are in operation (Tijing et al., 2015).

Since MD is able to operate at higher concentrations, has a high retentive ability and is merely used
to concentrate waste and not treat it, it should be integrated with other separation technologies in order

to maximize its overall performance (Shuwen Goh, Zhang, Liu, et al., 2013; Wang & Chung, 2015)

2.3 The membrane distillation bioreactor (MDBR) for wastewater reclamation

The MDBR is a hybrid system that combines the MD process with the MBR’s thermophilic
bioprocess. This separation technology is based on the same operational principle of MD however, there
are two distinct differences related to its operation: (1) The MD membrane module is submerged in the
bioreactor and (2) Air is supplied to the system in order to provide oxygen to the thermophilic bacteria
and to decrease the effects of membrane fouling (Phattaranawik et al., 2008). The MDBR process is
operated at atmospheric pressure and within a temperature range of 45°C-80°C. The temperature of the
system will however, be determined by the activity of the thermophiles (S. Goh, Zhang, Liu, & Fane,
2015). Operation of the MDBR at these thermophilic conditions enhances the biodegradation of

organics and results in a low sludge yield (Wijekoon et al., 2014).

The MDBR is able to provide additional benefits when compared to its individual separation
counterparts namely the MBR and the MD process. The inclusion of biomass in this process aids with
the biological removal of dissolved salts, non-volatile solutes and low-molecular weight organics,
which the MBR and the MD process are not able to perform in their own capacity (Shuwen Goh, Zhang,
Zhang, et al., 2013). Table 1 summarizes the key differences between the MDBR and the MF/UF-MBR.
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Table 1: Key differences between the MDBR and the MF/UF-MBR (Phattaranawik et al., 2008)

Characteristic MF/UF-MBR MDBR

Driving force Pressure (suction preferred) Thermal (temperature difference), at
atmospheric pressure

Membrane UF or MF, hydrophilic preferred | Porous, hydrophobic MF such as
polytetrafluoroethylene (PTFE) and
polyvinylidene fluoride (PVDF)

(preferred)
Phase in membrane Liquid Vapour, gas
pores
Retention of target Incomplete: for MF less than 100% for salts, non-volatile organic
compounds and 50% for small organic compounds, and microorganisms
microorganisms by compounds, spores and small
membranes virus
Permeate quality Dependent on biological Independent of biological activity,
activity; total organic carbon comparable to distillation product;
(TOC) of 3-10 ppm TOC < 0.8 ppm
Inorganics Salts not retained Salts retained and discharged with
waste sludge
Start-up time Slow Potentially faster
Organic retention time | ORT ~ HRT ORT~oo*, independent of HRT,
(ORT) and hydraulic

: . *until organics become carbon dioxide
retention time (HRT) g

(COy) or volatile
Flux 10-30 L/m?h (typically) 2-15 L/m?h (~RO fluxes) at 55°C
Membrane integrity Particle counting techniques, Conductivity monitoring on a
monitoring laser-turbidity monitoring, continuous basis

intermittent pressure decay tests

The MDBR is also potentially able to achieve wastewater reclamation in one stage as compared to a
conventional system consisting of a MBR with RO as a post-treatment step (Phattaranawik et al., 2008).
Table 2 shows a qualitative comparison of costs associated with the MDBR and the dual MBR with RO
process. The comparison indicates that the MDBR is a more cost-effective process. This is because the
MDBR is a single process and the treated water is of a high quality, therefore not requiring any further

treatment downstream.




172

Table 2: Qualitative comparison of costs associated with the MDBR systems and the dual MBR and RO

systems (Phattaranawik et al., 2008)

Items

Hybrid UF-MBR + RO

Novel MDBR

1. Capital Costs

Footprint

Larger than MDBR — expected
because there are two processes:
MBR and RO

Lower, but larger than conventional
MBR (lower flux)

Membranes and
modules

Higher cost because there are two
processes: MBR and RO. Pressure
vessels for RO

Single process at atmospheric pressure,
but more than MBR due to materials
and lower flux

Piping systems and
valves and pumps

Higher cost, due to high pressure
piping and pumps for RO

Low; operated at atmospheric pressure

Membrane integrity
monitoring system

Higher cost; sophisticated
instruments required

Lower cost; continuous monitoring by
flow and conductivity

process operations

Heat exchangers Not required Requires good heat exchange and
cooling systems

1I. Energy and

operating costs

Energy sources for Electricity only Low grade waste heat, solar energy

Electrical power is low

Labour cost

Potentially higher due to two
processes

Potentially lower

Sludge disposal

Potentially higher

Potentially lower

1II. Maintenance
costs

Various

Potentially higher, due to higher
pressures, more equipment, etc.

Potentially lower

The MDBR has only been applied at a laboratory scale for the treatment of synthetic wastewater and

petrochemical wastewater (Shuwen Goh, Zhang, Zhang, et al., 2013). Phattaranawik et al., (2008)

conducted one of the first MDBR studies using synthetic wastewater and achieved a high quality

permeate with a low total organic carbon (TOC) content. Khaing et al., (2010) demonstrated the

feasibility of using the MDBR for petrochemical wastewater reclamation as the salt rejection rate was

found to be 99.75%. Goh et al., (2013) achieved a TOC and total nitrogen (TN) removal efficiency of

88% and 68% respectively when using synthetic wastewater as the feed source. These results show the

potential of the MDBR for water reuse applications.
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3 EXPERIMENTAL PROCEDURE
3.1 Experimental set-up

A laboratory scale MDBR (with a reactor volume of 3.6 L) constructed from heat-resistant glass is
used in this study. Figure 1 depicts a schematic process flow diagram. The MDBR is maintained at a
set temperature of 45°C using a hot plate. A double-faced flat sheet membrane module is submerged in
the MDBR, allowing for effective vapour-liquid transfer. Specifications of the membrane obtained from
National Separations is provided in Table 3. The permeate stream is circulated from the membrane
module to a permeate tank and then to a condenser using a peristaltic pump. Product water is collected

from the overflow tank.

3.2 Acclimatization of microorganisms

Mesophilic microorganisms and phenol-rich wastewater were obtained from a pulp and paper mill.
The batch study was conducted for two cases namely Batch A and Batch B in 1 L glass cylinders.
Acclimatization occurred at a target temperature of 45°C using hot plates. Nutrients such as Potassium
Nitrate (KNOs3) and Potassium Dihydrogen Phosphate (KH>PO,4) were added in order to maintain the
chemical oxygen demand: nitrogen: phosphate (COD:N:P) ratio as 100:5:1 (Sundararaman, 2016) and

to sustain the growth of the microorganisms. An aquarium air pump was used for aeration.

O
B i
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Pump 1 Gas Vent
Feed

Tank —Qf @ % Valve 2

Heater @

®
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Stirrer
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Overflow ———Effluent

Tank
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Figure 1: Schematic process flow diagram of the MDBR system
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Item

Specification

Membrane type

Flat sheet

Membrane material

Polytetrafluoroethylene (PTFE)

Membrane pore size 0.2um
Membrane diameter 100mm
Membrane thickness 65um

4 RESULTS AND DISCUSSION
4.1 Total suspended solids (TSS) test

A TSS test was conducted in order to determine if microorganism acclimatization had occurred. As
shown in Figure 2, it is found that the microorganisms in the system required approximately 24 days to
acclimatize to the phenol-rich wastewater and the target temperature of 45°C. It is evident from the
graph that Batch A contains a more stable species because from day 1, the biomass increased gradually
and stabilised until day 29. Batch B is observed to have experienced fluctuations throughout the
acclimatization process and this could be attributed to non-ideal conditions and the variation of

microorganisms in the wastewater.
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900 Batch B
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300
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/./*
m \///
0
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Time (days)

Figure 2: TSS as an indicator of microorganism growth

4.2
The advent of COVID-19 together with load-shedding has had a significant negative effect on the

System operation

experimental programme. The MDBR has been shown to be operational, however, the intermittent
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ongoing interruptions to the experimental programme (every time a Covid case was recorded in the
building, the laboratory was shut down) have prevented the acquisition of meaningful data with which
modelling and design optimisation be conducted. Notwithstanding this, it is believed that the
demonstration of the MDBR as a functional wastewater treatment unit is useful and as experimental

data becomes available, it will be reported upon.

5 CONCLUSIONS

At present there is no evidence highlighting any work done on the MDBR in South Africa.
Considering the current water situation in South Africa, it would be beneficial to assess the treatment
and water reuse potential of this water treatment system and determine whether such a process would
be viable for industry. This study therefore builds on existing water research within the South African

context.
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ABSTRACT
The investigation presents the result of study on adsorption of zinc and copper from aqueous solutions
by dried water hyacinth as a low-cost sorbent. The influence of pH, contact time, adsorbent dosage and
initial concentration was studied using batch adsorption experiments. Experimental results indicate that
the best contact times for the removal of Zn (II) and Cu (II) using dried water hyacinth were 10 and 60
minutes, respectively. Furthermore, the best pH and dosage of adsorbent were respectively found to be
4 and 3 g for Zn (II), while 6.5 and 1 g were respectively attained for Cu (II). The maximum removal
of Zn (II) was 71 % at low initial metal ion concentration of 10 ppm which is equivalent to 0.32 mg/g
adsorption capacity and 86% for Cu (II) at 20 ppm which is equivalent to 0.855 mg/g. Langmuir and
Freundlich isotherm models were employed in carrying out the equilibrium studies. The experimental
data were found to proceed with the Freundlich model for both zinc and copper as evidenced from the
higher coefficients of determination (R2) values. The experimental data was also subjected to pseudo-

first-order and the pseudo-second-order kinetic models.
Keywords: Biosorption, Water hyacinth (E. crassipes), Heavy metal ions, Isotherms, Kinetics.

1 INTRODUCTION

Solving the heavy metals contamination of water has been a major preoccupation of researchers for
many years due to the adverse effects their toxicities have on the aquatic life, human beings and
environment. This is because they do not biodegrade unlike organic pollutants, making their presence
in industrial effluents and drinking water a public health concern (Anzeze et al., 2014). Heavy metals
are usually present in most industrial wastewater streams that emanate from industrial processes such
as metal plating, battery manufacturing paints, pigments, ceramic and glass industries. Whenever toxic
heavy metals are exposed to the natural eco-system, their accumulation in human bodies usually occurs
through either the direct intake or food chains (Prabha and Udayashankara, 2014). Copper and zinc are
examples of these heavy metals, several industries like mining, painting, dyeing, battery manufacture
and other industries discharge effluent containing Cu (II) to water ways. Short periods of exposure can
cause gastrointestinal disturbance, including nausea and vomiting. Use of water containing copper that

exceeds the permissible level over many years could cause liver or kidney damage. (Ye et al., 2012).
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Zinc (Zn) is an essential requirement for a healthy body, excess zinc can be harmful, and cause zinc
toxicity. Zinc (II) is a well-known toxic metal ion and can threaten human life by bio-accumulating in
the food chain. Zn can cause nonfatal fume fever, pneumonitis, and is a potential hazard as an

environmental pollutant (Zhang et al., 2017; Zwain et al., 2014).

Adsorption technique is a highly effective method because it is a simple and cost effective method

for recovering and eliminating heavy metal ions from dilute solutions (Dehghani et al., 2016).

Water hyacinth (Eichhornia crassipes) is a promising bio-sorbent. This vascular fast growing floating
plant is commonly found in tropical and subtropical regions of the world with a well-developed fibrous
root system and large biomass. It is the global most terrible marine weed. It causes similar problems to
those posed by water lettuce, such as clogging canals, rivers and lakes; displacing native plants and
animals; and interfering with the irrigation of many crops, navigation, fishing and the activity of electric
power stations. Water hyacinth was recognized by the International Union for Conservation of Nature
(IUCN) as one of the 100 maximum harsh destructive species and documented as one of the top 10

worst weeds in the world (Holm et al., 1977).

Consequently, we select water hyacinth as a low-cost adsorbent to study the removal efficiency of
copper and zinc. The aim of this study is to observe the removal efficiency of water hyacinth stem and
shoot without any treatment and with particle size 2-3 mm. The adsorption capacity was conducted in
relation to various parameters such as pH, contact time, amount of adsorbent and initial metal ion

concentration.

2 LITERATURE

In the recent past, some researchers have emphasized using aqua vascular weed for removal of heavy
metals like water hyacinth. In (2021) Hemalatha, Narayanan and Sanchitha investigated the potential of
powdered parts of (leaves, petiole, root) water hyacinth through influential parameters such as
biosorbent dosage, initial concentration of heavy metals, initial pH and contact time. Batch adsorption
studies were conducted followed by column studies. Results showed that the dried biomass
of Eichhornia crassipes proved to be a good adsorbent with less cost, maintenance and operating
conditions. Biomass prepared from petiole showed high chromium removal, whereas the root sample
showed better zinc removal. In (2019) Chivhanga et al. used magnetic biochar (Fe,O3-EC) derived from
water hyacinth in the removal of Cu*? and Zn"? from aqueous solution using batch adsorption process.
Batch adsorption studies on the effects of temperature, biosorbent dosage, contact time, and initial metal
ion concentration were carried out. Fe,O3-EC exhibited optimum contact time, biosorbent dosage, and
pH values of 65 min, 1.2 g, and 6, respectively. The results have demonstrated that the use of Fe,Os-
EC in metal ion removal could provide an alternative way to manage and utilize this highly problematic

invasive species. Neris et al. (2019) used modified water hyacinth as adsorbent to remove Pb**, Ni** and
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Zn*" ions from aqueous single and tri-element systems. They found that the maximum single-element
adsorption capacities of water hyacinth for Ni?*, Zn** and Pb?* ions were 28.6 £3.9, 18.9+ 1.6 and 76.8
+ 4.7 mg g at 25.0°C, respectively. The selectivity order of water hyacinth fiber in single and tri-
element systems is Pb*" >> Zn*" > Ni*"* Sarkar, Rahman and Bhoumik (2017) used water hyacinth
shoot powder to remove chromium and copper from tannery effluent using filtration process. Their
finding indicates that Cr and Cu removing capacity of water hyacinth were satisfactory and water
hyacinth is a potential adsorbent which can be used as alternative in the sustainable Cr and Cu removal
technology for wastewater purification system. and Hassoon and Najem (2017) have as well utilized
water hyacinth powdered leaves to remove cadmium, copper, lead and chromium from aqueous solution

with higher removal efficiencies observed.

3 EXPERIMENTAL PROCEDURE
3.1 Biomass preparation

Water hyacinth (Eichhornia crassipes) plants were collected from small canal in El Sharkaya, Egypt.
The collected plant was washed many times with tap water to remove adhering dirt, and later washed
using distilled water until it was certain that there was no foreign material on the sample plants and the
washed-off water appeared clean. The washed plants were then cut into roots, shoots and stems. It must
be noted that only the stems and shoots are used in this research. These stems and shoots were then sun
dried on marble sheet at an average temperature of 30°C for 10 days. The dried brown plant biomass
was grinded to 2-3 mm. The dried water hyacinth particles were stored in pre-cleaned glass jar. This

prepared water hyacinth was used for the experiments.

3.2 Preparation of Stock Solution
Zinc sulfate (ZnSO4 .7H,0) of Mwt 287.54 and copper sulfate (CuSO4.5H>0) of Mwt 249.5 were
used to prepare the stock solution of metal ions in aqueous form. The stock solution was prepared by

dissolving the exact quantity of metal salt in 1000 ml distilled water to obtain the required concentration
in ppm (mg/1).

3.3 Batch Bio-Sorption Experiments

Batch biosorption experiments were carried out at room temperature (33+£2 °C), given mass of
adsorbent with 50 ml of metal ions solution of desired concentration in 100 ml glass containers. After
the adsorbate had had the desired contact time of interaction with the dried hyacinth, the samples were
filtered using Whatman filter paper no. 42. All the residual concentrations of Cu and Zn after the
adsorption process were analyzed using the DR 2010 Spectrophotometer. The amount of biosorption

(q) was calculated by using the Equation (1) below.

v
q= [Co—Ce] - Equation 1

7
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The biosorption efficiency of the metal ion was calculated from Equation (2):

[Co-Ce] .
% removal = o x 100 Equation 2
Where Co= is the initial concentration (mg/1), C.-1is the final concentration (mg/1), v = is the volume

of the solution (L), m = is the amount of bio-sorbent used in (g).

3.4 Adsorption Isotherm
Adsorption isotherm is an empirical relationship used to predict how much solute can be adsorbed by
adsorbent. In this study the linearized forms of Freundlich and Langmuir were compared. Freundlich

sorption isotherm can be represented by Equation 3:

1
Inq, = InK; + (E) InC, Equation 3
Where Kr= Freundlich characteristic constant (mg/g), obtained from the intercept of In (qc) versus In
C. linear plot, 1/n = heterogeneity factor of sorption, obtained from slope of In ge versus In C. linear

plot, gc = amount of metal adsorbed onto the adsorbent mg/g and is calculated from the following

equation:

e = (Ce— Co)— Equation 4
Freundlich isotherm was used for the concentration range from 20 ppm to 400 ppm, volume of

solution used (V) is 50 ml and mass of adsorbent (m) is 1 g for both metal ions.

The Langmuir equation can be linearized as shown in Equation (5):

11 N 1
de m qKic,

Where C. = Concentration of anions [mg/L], q. = Adsorption equilibrium, [mg/g], qm= The theoretical
maximum adsorption capacity [mg/g]

Equation 5

K= Langmuir equilibrium constant related to the theoretical maximum adsorption capacity.

3.5 Kinetic Study
Two types of kinetics are generally used and compared, namely the pseudo-first order and pseudo-

second order rate laws.
Pseudo-first order rate law, K;

The equation for pseudo-first order kinetics was introduced initially by Lagergren. In the literature, it

is generally used in the form proposed by Ho and McKay.
In(qe—q:) = Ing, - Kqt Equation 6

Where q; is the amount of adsorbed solute at different times, qcis value at equilibrium, K; is the

"
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pseudo-first order rate constant, t is time.
Pseudo-second order rate law, K>

The formula for pseudo-second order kinetics is generally employed in the form proposed by Ho and

McKay as follows:

t t 1 )
—= —+ Equation 7

qt de K3 Qe

Where K, = The pseudo-second order kinetic rate constant

4 RESULTS AND DISCUSSION
4.1 Effect of contact time

Contact time has a great effect on the removal of both zinc and copper ions. Effect of contact time on
adsorption of Zn (II) and Cu (II) ions was investigated keeping the biomass in contact with the metal
ion solution for different time periods between 0 to 90 minutes for Zn (II) and 0 to 75 minutes for Cu
(II). Initially ion uptake was rapid for both zinc and copper because there are sufficient and readily
available sites for biosorption to occur. Subsequently, biosorption increased in the second phase but
with a much slower rate until an equilibrium was reached. For Cu (II), increasing the contact time also
increased the adsorption percentage until there was no change observed after 60 minutes. This indicates
that the equilibrium concentration was obtained in one hour as there was no significant change in
equilibrium after that time. The maximum removal was noted at 60 minutes, and the percentage of
removal of copper by water hyacinth observed was 85.5%. This indicates that the adsorption capacity
of the dried water hyacinth was very efficient. In the case of Zn (II), increasing the contact time from 0
to 10 minutes led to a rapid uptake of the heavy metal until the percentage removal reached 33.9%.
Beyond this point, it was observed that the adsorbed solute tends to desorb back into solution as depicted

in Figures 1 and 2. These results agree with previous studies (Obi, 2015; Rani et al., 2017).
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Figure 1: Effect of contact time on Zn(Il) sample of Figure 2 Effect of contact time on Cu(Il) sample of
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4.2 Effect of Adsorbent Dosage

The availability and accessibility of the adsorption sites is controlled by adsorbent dosage. The effect
of adsorbent at various doses (0.2, 0.5, 1, 1.5, 2.5 and 3 gm)/50 ml of zinc ions solution and (0.25, 0.5,
0.75,1 and 1.5 gm)/50 ml of copper ions solution, reveals that the percentage of removal of both zinc
and copper increased with increasing weight of adsorbent. The rate of adsorption depends on the driving
forces per unit area and in this case, since the initial concentration is constant, increasing the adsorbent
dosage led to an increase in the surface area available and thus increased uptake of the heavy metal.
This explanation agrees with previous studies on many other adsorbents (Ahmed et al., 2016; Al Saadi
et al., 2016; Jami et al., 2016). The effect of varying doses of water hyacinth is graphically presented in

Figures 3 and 4.
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Figure 3: Removal efficiency of Cu(Il)ions versus Figure 4: Removal efficiency of Zn(Il) ions versus
amount of adsorbent (initial conc. 20 ppm, pH 6.5, amount of adsorbent (initial conc. 20 ppm, pH 6.5,

contact time 60 min. and temp 25%2) contact time 10 min. and temp. 25+2)

4.3 Effect of pH

Different sets of experiments were conducted by adjusting the pH from 2-10 to study the effect of pH
on adsorption of zinc and copper at a concentration of 20 ppm and 1 g adsorbent for 60 min. Based on
the obtained results, the removal efficiency increased and then slightly decreased. According to the
conducted studies, the lower the pH, the more H' ions competing with the metal ions for adsorption
sites, thus reducing their adsorption. On the other hand, the higher the pH, the less the H+ ions
competing with metal ions for adsorption sites , thus increasing their adsorption which explains the

results presented in Figures 5 and 6.
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This result is in agreement with previous studies on many other adsorbents (Al-Hashimi and Al-Safar,
2013; Amosa, 2016; Jeyaseelan and Gupta, 2016) for the removal of copper and some other ions. The
percentage of removal is maximum at pH 6.5 with a removal efficiency of 86.1%, thus pH 6.5 was
selected. At a pH higher than 6.5 the amount adsorbed was found to be constant as all the adsorbent

pores become saturated. For zinc, the percentage of removal is maximum at pH 4 with removal

efficiency 56.25%.

4.4 Effect of Initial Metal Ion Concentration
Varying concentrations of 10—400 mg/l of Zn (II) and Cu (II) were experimented with the adsorbent

dosage fixed at, the effect is as given in Figures 7 and 8.
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Figure 7: Removal efficiency of Cu(Il) ions versus  Figure 8: Removal efficiency of Zn(Il) ions versus
initial Concentration (pH=6.5, contact time 60 min. initial concentration (pH=6.5, contact time 10 min.

amount of adsorbent 1 g) amount of adsorbent 1 g)

It was observed that the percentage of removal is high at low concentrations and as the concentration

increases the percentage of removal decreases. At lower concentrations all the metal ions interact with
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the binding sites, thereby giving the maximum adsorption. On the other hand, at higher concentrations,
metal ions will look for free binding sites, but due to lack of binding sites, the adsorption decreases at
high concentrations (Aly et al., 2014).The difference in the uptake of copper and zinc may be due to the
fact that interaction of the copper ions and zinc ions with the surface of the adsorbent is different. Also

is may be due to the size of the ions, this could be verified using FTIR.

4.5 Adsorption Isotherm and Models
The isotherm constants and corresponding coefficients of determination for the adsorption of Zn (II)
and Cu (II) are presented in Table 1. The Freundlich isotherm model fitted best with experimental data

of the adsorption studies as it poses higher R? values for both zinc and copper.

Table 1: Isotherm constants for the adsorption of Zn (II) and Cu (II) ions on dried water hyacinth:

Freundlich Constants Langmuir Constants
Metal Ions
K¢ (mg/g) n R? Ki(L/lg)  qm(mg/g) R?
Zn (I1) 21.366 1.370 0.9879 0.0124 11.876 0.8205
Cu (II) 2.423 1.499 0.9981 0.0118 17.699 0.8484

4.6 Kinetic Study
The plots and intercepts of curves were used to determine the first order constant K, capacity q. and

the corresponding coefficients of determination (R?;) values.

The pseudo-second-order kinetic model suggests that the values of K,,s and corresponding coefficients
of determination (R%) values were determined from the slope. The coefficient of determination for the
second-order kinetics model (R? are greater, almost unity and the results are presented in Table 2. A
similar phenomenon was observed in heavy metal ions onto different adsorbents (Farooq et al., 2010;

Jeyaseelan and Gupta, 2016), hence, pseudo second-order model can be considered.

Table 2: Adsorption kinetic parameters of Zn (II) and Cu (Il) ions on dried water hyacinth:

Pseudo Second Order Kinetic Model

Metal Ions

Kp(g/mg)  qe(g/mg.min) R%,
Zn (1) 1.763 0.222 0.9982
Cu (II) 9.34 0.854 1
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5 CONCLUSIONS

This study demonstrates that E. crassipes is a promising adsorbent for the removal of Zn (II) and Cu
(II) ions from aqueous solutions. Water hyacinth biomass revealed that the biosorption process was
dependent on the pH of the aqueous solution, contact time and concentration of Zn (II) and Cu (II) ions
in the solution. The equilibrium data fitted well with Freundlich isotherm model with coefficient of
determination (R?) values of 0.9981 and 0.9879 for copper and zinc, respectively. The kinetic study
revealed that the adsorption data obeyed the pseudo second-order model better than the pseudo first-
order model given the higher R%. It can therefore be concluded that E. crasippes is an effective
alternative biomass suitable for use as adsorbent for the removal of Zn (II) and Cu (II) ions from
industrial wastewater due to the high adsorption capacity characterized by this study. Besides, it is
naturally and abundantly available at a low cost, and it can be used in the removal of heavy metal

pollutants in water and wastewater hence conserving the environment.
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ABSTRACT

Zeolite Socony Mobil-5 (ZSM-5) was produced by metakaolinizing a South African kaolin deposit in
Grahamstown and mixing it with sodium hydroxide (NaOH), tetrapropylammoniumbromide (TPABTr),
sodium silicate pentahydrate (Na,Si03.5H,0) solution, and deionized water to produce mole fractions
of 20Si0,:0.05A1,03:1.5Na>O:2TPABr:200H,0. Scanning electron microscopy (SEM), x-ray
diffraction (XRD), and Brunauer—-Emmett—Teller (BET) surface area were used to analyze the produced
zeolite. The findings revealed that the generated sample was ZSM-5. The synthesized zeolite consists
of 179,9 m2/g, 49,262A, and 0,05 cm3/g of specific surface area, pore size, and pore volume
respectively. The influence of the produced ZSM-5 on plastic waste was studied at the temperature
range from 300 °C to 500 °C. Polythene bags were employed as feedstock for the experiment. The
liquid fuel produced from the catalytic pyrolysis was evaluated using a gas chromatograph-mass
spectrometer (GC-MS). A significant range of hydrocarbons were obtained as a result of the effective
conversion of plastic waste to liquid fuels demonstrated by the results obtained in this study. Kaolin
zeolite of South African origin, synthesized into zeolite, has shown excellent promise as a natural zeolite
catalytic material for plastic waste pyrolysis.

Keywords: South African Kaolin, ZSM-5, municipal plastic waste, catalytic pyrolysis process,
hydrocarbons

1 INTRODUCTION

Plastic has played an important role in everyday life, despite the fact that its continued use has resulted
in a massive accumulation of plastic waste cluttering the environment for more than two decades.
Plastics are in high demand due to their versatility in industrial and clinical applications (Ajibola et al.,
2018). The flexible characteristics of Polyethylene (PE), Polythene Terephthalate (PET), and
Polystyrene (PS) plastics makes them a vital resource for technological improvements (Olagunju and

Kiambi 2021).

Plastic wastes (PE, PET, and PS) make up the majority of municipal solid wastes (MSW) in
developing countries (Shah 2010). Because of the constant generation of MSW and the ineffective
treatment methods used in these countries, managing MSW has become an uphill challenge. This has

resulted in not just environmental issues, but also human beings and marine life have been
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endangered (UNEP, 2009). Furthermore, many African countries have not implemented modern
established technologies for MSW treatment, preferring instead to use the traditional method of

landfilling, which has proven to be ineffective (Ajibola et al. 2018).

There are four major methods of reprocessing plastic waste streams: These are primary recovery,
which entails converting waste materials into products with similar properties to the initial plastic waste;
secondary recovery, which entails converting waste materials into a new product that is distinct from
the initial waste material; and third recovery, which entails converting plastic waste material into a new
product that is distinct from the original material. The third recovery approach involves using these
wastes as raw materials to make valuable chemical and hydrocarbon products, and the fourth recovery
method involves combustion of long chain polymetric material to generate energy. Pyrolysis is one of
the processes for converting long-chain organic compounds (plastic waste) into environmental

friendly fuels (Olagunju and Kiambi 2021).

Pyrolysis is a method of converting long-chain hydrocarbons compounds into monomers by
thermal disintegration at temperatures ranging above 400 degrees Celsius (Rehan et al., 2017).
Investigators have previously used varieties of catalytic materials to improve the efficiency of plastic
waste pyrolysis, including ZSM-5, FCC, and MCM-41, among others. Catalyst accelerates the pace of
reaction, reduces reaction time, and minimizes contaminants in the produced oil (Ratnasari et al., 2017,

Serrano et al., 2012).

The utilization of a catalyst in the pyrolysis of plastic waste to hydrocarbons has been described by
several researchers. From catalytic pyrolysis of PE employing HZSM-5, Uemichi (1998) observed a
significant liquid oil production. Using enhanced MCM-41 and HZSM-5 catalysts, Gaca et al. (2008)
achieved significant liquid conversion, mostly aromatic hydrocarbons, during the pyrolysis of plastic
wastes. Lin et al. (2004) employed blended mesoporous SiO2-Al,03 with HZSM-5 as a catalyst which
resulted in significant oil product. The use of available commercial catalysts in the pyrolysis of PW has
the benefit of improving the oil quality. The exorbitant cost, unfortunately, raises the process's

cumulative cost of production, making this methodology less appealing.

Zeolites are ion-exchanging crystals with micro-pore diameters that are thermally stable across a wide
temperature range. Its use in the breakdown of long-chain hydrocarbons is well-known, particularly in
the petrochemical industry. Zeolite Y, for example, is a strong faujasite absorbent with a high silica-

alumina ratio ranging from 1.5 to 3.8. (Sakaki et al., 2013; Auerbach et al., 2003).

There are two types of catalysts: natural and synthetic. The application of clay as a feedstock for
catalyst production has brought a lot of positive results (Liu et al., 2003; Chandrasekhar and Pramada
1998). Over the years, ZSM-5 catalysts have been synthesized and characterized using expensive

chemicals over. Finding a less expensive alternative will save costs and ensure the catalyst's long-term
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viability. Researchers such as: Panpa and Jinawath, (2009) utilized rice husk ash, Chareonpanich et al.,
(2004) used fly ash, Feng et al., (2009a) used kaolinite, Jiang et al., (2014) used palygorskite, and Salou
et al., (2001) used kanemite as alternative cheap source in separate investigations. However, because
there are some chemicals in their mineralogical composition that may impact the derived catalyst, they

are ineffective as raw materials for zeolite synthesis.

Jiang et al. (2014) used rich silica-containing palygorskite as raw material, and Panpa and Jinawath
(2009) used rice husk as starting materials to make ZSM-5, but adding aluminum to balance the Si/Al
ratio was unfavorable, preventing the production of ZSM-5. Fly ash was discovered to be a viable source
of ZSM-5 (Chareonpanich et al., 2004). Unfortunately, high temperatures of above 200 °C are required
for the synthesis of pure ZSM-5, and yields are often low. The low product yield and high energy
requirements caused by the high temperatures necessitate process modification. Kaolin has been
successfully transformed to a variety of zeolites using it as a starting material (Belviso et al., 2013;

Chandrasekhar and Pramada, 2008; Kovo and Holmes, 2010).

Kaolin-based zeolite is regarded as a low-cost and inexhaustible catalytic material (Lijalem Ayele
Regassa, 2016). The majority of research conducted has been on commercialized kaolins, which are
primarily employed in zeolite A production. The current project will aim to create ZSM-5 zeolite using
kaolin mined from Grahamstown, South Africa. The synthesis of ZSM-5 from kaolin in this geological
location, as well as its use as a catalyst in the pyrolysis of PW, do not appear to have been documented.
Polyethylene was chosen as the feedstock because it is one of the most frequent plastics found in high

concentrations in the plastic waste stream of municipal solid waste material.

The primary objective of this investigation was to transform waste plastics into oil products that might
be used as liquid fuels or chemical feedstock. The effects of operating factors such as time and
temperature on the constituents of the oil produced from the catalytic pyrolysis of the PW process will

also be addressed.

2  EXPERIMENTAL
2.1 Materials and Methods

Polyethylene was used as the raw material in this investigation. This material was sourced from the
Durban University of Technology's cafeteria garbage bins in Durban, South Africa. The material was
sorted, rinsed, and then shredded into tiny pieces prior to the commencement of this experiment. Kaolin
from G&W mineral resources in the Eastern Cape region of South Africa, which hasa Silica -
Alumina ratio of 2.91 served as Si/Al source. It was calcined at 600 °C for 2 hours (66.58 percent SiO»
and 22.81 percent Al,Os respectively). Sodium silicate composition solution with 26.5 percent SiO; and
10.6 percent Al,O; and TPABr were all purchased from Sigma Aldrich. However, Nitric acid 55

percent, was procured from Ace enterprises chemical association. These chemicals were used exactly
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as they were, with no further treatment.

2.2 Synthesis of Kaolin-based ZSM-5 Zeolite

The needed amount of G&W metakaolin and sodium hydroxide were dissolved in deionized (DI)
water, and TPABr was combined independently with the required quantity of DI water in the synthesis
of kaolin-based ZSM-5. The sodium silicate solution and the NaOH/Kaolin solution were added to the
TPABr solution at the same time while stirring. The pH was controlled using nitric acid until the
solution combination was homogeneous. The formed gel was transferred to a stainless steel Teflon-
lined autoclave cup and hydrothermally treated for two days at 180 degrees Celsius. The final product
was washed in DI until it had a pH of less than 8. The sample was dried overnight at 80 degrees Celsius
and then calcined for 5 hours at 550 degrees Celsius. The produced dried powder was

therefore characterized and analyzed.

2.3 Characterization

Bruker AXS, D8 Advance fitted with Tube (Cu-Ka radiation (IKal=1.5406 A) and Detectors Lynx
Eye (Position sensitive detector) at V,0 variable slit, 40 kilovolts, and 40mA recorded X-ray diffraction
(XRD) patterns and average crystallite size. A 0.5° to 130° 2incremental width was used, with a constant
increment of 0.034° and a scan rate of 0.5 sec per step. OriginPro 2018 software was used to analyze
the diffraction data and estimate the amount of each phase in the sample. Scanning electron microscopy
FEI Nova NanoSEM 230 with an energy dispersive laser fitted with a strong absorption lenses
were used to analyze the structure. The Oxford X-Max EDS detector was used using INCA software.

The BET machine was used to measure and analyze surface area, pore size, and pore volume.

2.4 Experimental procedures

The prepared material was loaded into the reactor, and the reaction's operational parameters were set.
The stainless steel reactor setup, which has a cylindrical shape and was appropriately lagged, is shown
in Figure 1. To purge the system, N gas was applied, and the unit was heated using an electric furnace
with a temperature controller to adjust the temperature. The reactor is linked to a condenser and a

container for collecting the pyrolytic hydrocarbon produced.

With this research study, the appropriate waste-to-catalyst ratio (100g/10g) were loaded into the
reactor. The system was purged of air for 10 minutes using N, gas delivered at a flowrate of 20 ml /
minute. At the start of each run, the furnace was turned on so that the process working temperature can
be established. The PE feedstock gradually decomposes as the temperature rises in the reactor during
the catalyzed pyrolysis process. The vapor flows through the catalyst bed for further reaction before
exiting the chamber and being condensed in the condenser before being received as liquids in the
container. The generated liquid oil was analyzed using gas chromatography—mass spectrometry (GC—

MS). The formula used in determining the produced liquid oil, gas, and char (Patil et al., 2017) is as
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follows.

Char (weight percent) = (Amount of Char produced / Amount of feedstock) * 100% Equation 1

Liquid oil (weight percent) = (liquid yield / Amount of feedstock) * 100% Equation 2
Gas (weight percent) = 100 - (Char (weight percent) + Liquid oil (weight percent)) Equation 3
N2
Thermocouple
i — Condenser
__/"' "‘\_\
_"5 Vapor |
Municipal waste |
plastic " | r |
Modified | 1" " Gas products Gas sample
zeolite haz
catalyst I a5 o
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mrolysis oil -!

Temperature controller
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Figure 1: Diagram of the pyrolysis experiment setup.

3  RESULTS AND DISCUSSION
3.1 X-ray diffraction (XRD) studies

Figure 2 shows the XRD pattern of ZSM-5 utilizing metakaolin that was calcined at 650°C for 2
hours. The distinctive peaks of ZSM-5 are in the range of 7.9 to 23.1° 20, indicating nucleation with a
significant amount of quartz as an impurity at 20.9 and 26.6° 20, confirming the creation of the
crystalline ZSM-5 phase (Mohiuddin et al., 2016; Salou et al., 2001). Using OriginPro 2018 edition, the
percentage (%) crystallinity and average crystal (grain) size were determined to be 87 percent
crystallinity and 28 nm, respectively. The pyrolysis process relies on these two variables. The BET
surface area analyser was used to calculate the specific surface area, pore size, and pore volume of 179.9
m?*/g, 49.262A, and 0.05 cm?/g, respectively. The specific surface area of the catalyst is increased by
increasing the crystal size, and the zeolite's outer surface area is increased by increasing the intense
surface porosity (Wibowo et al., 2017). The combined effect of the two parameters has an effect on the
effective surface area. This demonstrates that the kaolin-based ZSM-5, which has a large surface area,

has the potential to provide significant reaction rates and efficiency.
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Figure 2: Kaolin-based ZSM-5 zeolite XRD patterns

3.2  Scanning electron microscopy (SEM) studies

SEM is a method for interpreting the form and size distribution of zeolite crystals. ZSM-5 crystals'
configuration, formation, and structure are often tightly controlled and dependent on synthesis
parameters including crystallization temperature, duration, and age. Mohiuddin (2016) investigated the
synthesis of ZSM-5 utilizing impure kaolin under a variety of conditions, resulting in a variety of
morphologies. Therefore, in this current work, the morphology of kaolin-based ZSM-5 nanocrystals
produced at 180 °C, 48hr, and 48hr crystallization temperature, time, and aging, respectively, is shown
in Fig. 3. The kaolin-based ZSM-5 has an orthogonal shape and is well crystalline, with an average
crystal size of 28 nm, indicating the presence of an intergrown crystal with some amorphous material.
The aggregation of their high surface Gibbs free energy results in orthogonal nanocrystals (Wu et al.,
2013).
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3.3 Effect of temperature on the feedstock

The reaction was operated between temperature 300 and 500 degrees Celsius. At each temperature,
the degradation response was carried out for 90 minutes. During the process, the influence of
temperature on the products yield from catalytic degradation of PE waste was considered. the
decomposition begins at 300 °C and rises considerably from 350 °C to 400 °C. The degradation reaction
was done in batches and it took 90 minutes to complete each run. The gas yield rises with increasing
temperature from 350 Celsius to 400 Celsius and then nearly stays constant till 450 degrees Celsius. Oil
production begins at 350 degrees Celsius and rises to 450 degrees Celsius. At 400 Celsius, total
conversion was 89 percent. The quantity of products dispersion for oil, gas, and char is shown in Figures

4,

Aguado et al. (2017) discovered a similar result utilizing TGA during the breakdown of waste HDPE
in the presence of an acid catalyst (ZSM-5). At 400 °C, the product of interest (oil) yielded 89 percent,
which is close to the 89.10 percent oil yield recorded at 450 °C. As a result, increase in temperature
above 400 °C have no significant influence on product yield and therefore, it can be concluded that the

maximum oil yield is at 400 °C.
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Figure 4: Influence of operating parameter; the temperature on produced liquid, char, and gas.

3.4 Effect of time on the produced oil

At the optimal temperature of 400 °C, the influence of process parameter time was studied. The
reaction time was measured with an increase of 30 minute, commencing at 30 minutes and ending at
150 minutes. Figures 5 depicts the findings of the observations. The oil yield was 49.60 % after 30
minutes of reaction time, and it rapidly climbed to 58.20 % after 90 minutes of reaction time. There is
no significant difference beyond the 90-minute reaction time. At an optimum temperature of 400 °C, a

response time of 90 minutes is regarded optimum for the catalytic degradation of PE.
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Figure 5: Influence of operating parameter; the reaction time on produced liquid, char, and gas.

3.5 Characterization of the produced liquid oil

The physical properties of the liquid fuel produced under the optimal reaction parameters
were investigated. The findings of the hydrocarbon fraction studies were compared to the ASTM
standards of fossil fuel products. For the catalytic fuel and its fractions, physical characteristics such as
Refractive Index, Density, Specific Gravity, API Gravity, Viscosity, Kinematic Viscosity, Flash Point,

Pour Point, ASTM BP range, and Calorific value were evaluated.

Table 1: Physical properties of the catalytic fuel produced

Physical Oil fraction ASTM standards
properties produced Diesel Gasoline Kerosene
Refractive index 1.430 1.484 1.434 1.440
Density (g/ml) 0.73 0.83-0.85 0.72-0.74 0.78-0.82
Specific gravity 0.733 0.83-0.85 0.72-0.74 0.78-0.82
A\I;.I gravity 61.46 34.97 65.03-62.34 49.91-41.06
1scosity
_ Kinematic 1.14 24-53 1.076-1.140 1.54-2.20
viscosity (mm?/s)
Flash point 35.8 55-60 37.8-38 50-55
Pour point - - - -
Cal. value
(MJ/kg) 45.8 437 46.9 45.5
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Almost all of the determined fraction values were virtually equal to the petroleum products according

to the results. Table 1 shows a comparison of the physical properties of the catalytic fuel produced.

4 CONCLUSIONS

Kaolin-base ZSM-5 was produced and used as a catalyst with specific surface area, pore size, and
pore volume of 179.9 m*/g, 49.262A, and 0.05 cm?/g, respectively, using localized kaolin from SA. The
source material used for this pyrolysis experiment was polyethylene (PE) plastic wastes. The results of
this research reveal that this source material may be used to produce a variety of valuable chemicals
products and hydrocarbons. A range of hydrocarbons (C4-Ci2) of 58.60% was produced with a total

conversion rate of 89.10% at the optimal temperature of 400 °C and reaction time of 90 mins

respectively.
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ABSTRACT
Global production and consumption of plastics has increased significantly in recent years. The
environmental impacts associated with this trend have received growing attention internationally with
single-use plastic packaging responsible for most plastic pollution. Locally, the South African Plastic
Pact aims to transform the current linear sector model into a circular system by setting targets for
increased recycling rates and recycled content. The aim of this research is to document and quantify the
impacts of implementing such circular interventions across the plastic life cycle. Industrial ecology
tools, Material Flow Analysis (MFA) and Life Cycle Assessment (LCA), are used to generate mass-
based indicators as well as indicators of potential damage such as the global warming potential. An
initial carbon footprint analysis revealed that the South African plastic industry generated 17.9 Mt
CO2eq. emissions in 2018, with 52% of these due to the local coal-based polymer production process.
The end-of-life stage lacks proper waste collection for a third of the population, but contributed only
2% to the total greenhouse gas emissions, with recycling having a minimal environmental impact.
Further analysis will reveal the impact of increasing mechanical recycling rates on the material flows
of local polymer production and imports as well as the extent to which other environmental impacts can

be reduced.
Keywords: Plastics, Material Flow Analysis, Life Cycle Assessment, Recycling, South Africa

1 INTRODUCTION

Plastics play a crucial role in modern day existence due to their unique properties of chemical
resistance, durability and low cost. As a result, plastic production globally has increased rapidly by 4%
between 2010 and 2015 (Geyer, Jambeck and Law, 2017). However, historical and current levels of
consumption and disposal have led to several environmental concerns. Approximately 4-8 % of the
world’s oil and gas production is used as fossil fuel feedstock for plastics production contributing to
global greenhouse gas emissions (World Economic Forum, 2016). Additionally, poor waste
management of short-lived plastics, which are typically discarded or disposed of in landfills within a

year of manufacture, has contributed to plastic pollution in the natural environment.
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There have been various solutions proposed to tackle the issues associated with the plastics life cycle.
The circular economy (CE) concept is described as “an industrial economy that is restorative or
regenerative by intention and design” which aims to replace the ‘end-of-life’ concept with restoration
for the elimination of waste” (Ellen MacArthur Foundation, 2013). Aligned to the principles of CE is
the ‘New Plastics Economy’ which aims to deliver improved environmental and economic systems by
dissociating from fossil-based input materials, reducing plastic leakage into the ecosphere, and creating
an effective after-use plastics economy (Ellen MacArthur Foundation, 2017). In line with this vision,
The South African Plastic Pact has undertaken to transform the country’s packaging sector by 2025,
setting targets centred around the concepts of materials reuse, recycle, and recovery (The SA Plastic

Pact, 2021).

2 LITERATURE
2.1 The plastics industry in South Africa

The South African plastics industry is responsible for the conversion of over 1.8 million tons of both
locally produced and imported polymer as well as recyclate (Department of Trade and Industry, 2020).
In terms of end-of-life management, there is a large disparity in the provision of formal waste
management services with just under 32% of South African households lacking access to basic refuse
removal services (Rodseth, Notten and von Blottnitz, 2020). Although recent plastic recycling surveys
report high recycling rates of over 40%, only a small fraction of recyclate is a suitable substitute for
virgin polymer (Plastics SA, 2019). Furthermore, a fragmented waste management system leads to the
disposal of a large proportion of post-consumer material in illegal dumps and unlicensed landfill sites

which increases the potential of plastic leakage into the environment.

As the 32™ highest producer of plastics globally, the South African plastics industry forms one of the
key segments of the local chemicals manufacturing sector. The production of monomers, namely
ethylene and propylene, are by-products of the coal-to-liquids (CTL) process employed by Sasol (Sasol,
2019).. This process is recognised as a major emitter of carbon dioxide and plans are being developed
to address this concern, as this industrial inheritance is increasingly understood to be incompatible with

global goals to reduce greenhouse gas emissions to net-zero by mid-century.

2.2 Industrial ecology tools

As waste management strategies evolve from disposal to recovery and reuse, indicators/tools are
required to measure and monitor progress. Material Flow Analysis (MFA), a tool used in resource and
waste management, is defined as a systematic assessment of the flows and stocks of material within a
system defined in space and time (Brunner and Rechberger, 2004). As a material accounting tool, it is
used to compare inputs, accumulation and outputs of a process on various levels. On the other hand,

Life Cycle Assessment (LCA) is an analytical assessment tool used to determine the potential
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environmental impact of a product or process through its life cycle (International Organisation for
Standardisation, 2006). The guidelines dictate that the assessment consists of four phases namely goal
and scope definition, inventory analysis, impact assessment and interpretation. Both methods of
assessment can be combined as MFA can be considered a technique to obtain data required for the life

cycle inventory, particularly in systems analysis.

There have been numerous MFAs conducted for plastics on a local and national scale for countries in
Asia and Europe. In Austria, consumption increased by 15% within a ten-year period while the growth
in India was projected at increasing by a factor of six between 2000 and 2030 (Mutha, Patel and
Premnath, 2006; Bogucka, Kosinska and Brunner, 2008). Recently, Babayemi et al. (2019) presented
the first continental analysis of mass importation and consumption of polymers and plastics products in
Africa, with the assessment highlighting a strong link between GDP and plastic consumption. In the
case of South Africa, plastic MFAs have been commissioned by the Department of Environmental
Affairs to determine issues plaguing the plastics sector as well as provide guidance regarding policies
to support sound end-of-life management (Department of Environmental Affairs, 2017). Another joint
research project has also been published where a local inventory of plastic flows was used to identify
plastic pollution and leakage hotspots (IUCN-EA-QUANTIS, 2020). In both cases, the scope of the
investigation differs which results in a variation in the estimated quantities of waste generated and

disposed.

To minimise environmental impacts caused by plastic waste, Life Cycle Assessments have been
conducted for national waste management systems. Results for Spanish and Austrian case studies
indicated that mechanical recycling was the most favourable waste management option (Sevigné-Itoiz
et al., 2015; Van Eygen, Laner and Fellner, 2018). On a global scale, Zheng and Suh (2019) evaluated
projected life-cycle GHG emissions for conventional and bio-based plastics. It was found that a
combination of strategies (introducing renewable energy, increasing recycling, and curbing demand)
could reduce future emissions. In Africa, LCA-based research is limited with few studies focusing on
the quantification of plastic related impacts. In their ranking of waste management processes for
municipalities in Africa, Friedrich and Trois (2011) found the greatest GHG savings achieved through
recycling while the highest emissions were recorded for waste disposed of in landfills. Studies have
also been conducted for carrier bags by Sevitz, Brent and Fourie (2003) with updated research
conducted by the Council for Scientific and Industrial Research (CSIR) incorporating additional
impacts such as persistence, employment and affordability (Russo, Stafford and Nahman, 2020).
Significant findings show that reusable fossil fuel-based plastic bags have low environmental impacts

in all categories other than persistence of plastics in the environment.

The aim of this study is to firstly establish a baseline model to describe the status quo of the South
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African plastics sector in terms of material flows and their subsequent environmental impacts, and
thereafter to explore the impacts of implementing a mitigation strategy, namely an increased mechanical

recycling rate to satisfy the aims of the SA Plastic Pact.

3 METHODS
3.1 Material flow analysis (MFA)
A mass balance was compiled incorporating major process activities such as conversion, use, disposal,

recycling and trading for 2018.

Figure 1 portrays the model showing relevant input and output flows.

Conversion
Litter

Landfilled waste

Informal disposal
Recyclate

Total imports Total exports

v

v

v

Local polymers

v

v

Recyclate

v
v

v

Figure 1: Inputs and output flows of the MFA

Imported polymers, products and packaging as well as exported goods were included with data
sourced from the South African Revenue Services (SARS) under tariff code 39. Imported recyclate was
also considered under total imports. In terms of recovery, figures for recyclate were obtained from the
annual South African plastics recycling survey with 2.2% of plastics recovered from the waste stream
exported to be recycled internationally (Plastics SA, 2019). Informal disposal of waste represents the
portion of plastic waste that remains uncollected and untreated via formal management processes and
is typically discarded in open dumps. Unlike other regions, South Africa does not implement waste
incineration on a commercial scale. Landfill disposal is the standard employed, but not always to
regulated standards. As a result, an estimated half of the formally disposed waste ends up in what is

termed ‘deficient landfills’.

3.2 Life cycle assessment (LCA)
Disaggregation of the total plastic flows obtained in the MFA was necessary to obtain individual
polymer flows. The polymers considered include the six major polymers consumed in South Africa viz.

Low-density Polyethylene, High-density Polyethylene, Polypropylene, Polyethylene Terephthalate,

R SACEC
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Polyvinyl Chloride, and Polystyrene (LD-PE, HD-PE, PP, PET, PVC, and PS) as well as an additional
category to represent other plastics. SimaPro was utilised as the modelling software with most datasets
sourced from the ecoinvent database. To accurately portray local polymer production, the South African
dataset representing the Fischer-Tropsch synthesis process was incorporated into the model. Similarly,
the end-of-life management scenario depicted in the MFA was modelled by constructing a disposal
scenario to reflect accurate proportions of waste flows. Where local data was unavailable, international
datasets were modified with the inclusion of the local electricity mix. The impact analysis was
undertaken based on the single indicator of global warming potential with the impact assessment

method selected as IPCC 2013.

3.3 Model of future flows

Flows depicted in the baseline model were projected to estimate future material flows. Based on an
annual growth rate of 2% and 4% respectively, plastic flows were calculated for the year 2025.
Thereafter, a mitigation strategy was modelled, and the changes analysed. In particular, the rate of
mechanical recycling was increased to satisfy two of the objectives set by the SA Plastic Pact. This
revolved around achieving a higher recycled content at 30% and an increased recycling rate of 70%. To
construct the future model, it was assumed that the production of local polymer would be constrained
and would reach a maximum threshold. This would entail that the balance of feedstock supply would
be satisfied by importing polymers. Although the increased recycling rate will ensure higher collection
of material for recycling, there would still be a significant quantity of waste that needs to be disposed.
Due to the ongoing initiatives by Producer Responsibility Organisations (PROs), it is anticipated that
waste generated from non-serviced households would decrease. A small fraction of waste would be still

transported to sanitary landfill sites with the remainder discarded under deficient landfill conditions.

4 RESULTS AND DISCUSSION
4.1 Baseline Model
4.1.1 MFA for 2018

The results for the MFA on an annual basis are displayed in Figure 2. The Sankey diagram depicts
major inputs, outputs and activities for 2018 with quantities expressed in kilotons. Circularity is shown
in the diagram in the form of the recycling loop with accumulation built into the model to account for

build-up of stock within the system.
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Figure 2: Sankey diagram depicting results of MFA of plastics in South Africa for 2018

The quantity of polymer produced locally, which was calculated via a mass balance, was 20% less
than the quantity of imported polymers. After the conversion process, domestic consumption was sub-
divided into short-lived products and durables, with 40% of plastics locally produced embedded in long-
lived applications (Plastics SA, 2019). Post-use, the amount collected for recycling excluded the non-
plastic ‘obsolete’ material that typically forms part of the collected material. Results indicate that most
of the waste is discarded via self-help disposal, a practice common amongst rural households and urban
informal settlements, as well as compliant and deficient landfills. Contrary to popular belief, the amount
of direct litter generated is a relatively small amount. To evaluate the performance of the recovery and
recycling loops, several mass-based indicators were calculated with the results presented in Table 1.
The input recycling rate, which is a commonly cited indicator, is 9.2% higher compared to the recycling
rate of 31.1% in Europe (Plastics SA, 2018). The recycled content, which is an alternative circularity

indicator and is calculated as the fraction of used recyclate used in the production process, is 17.7%.

Table 1: Mass-based Indicators based on MFA for 2018

Indicator Value (%) | Definitions

Collection rate 28.9 Collections/ Total waste

Input recycling rate 40.3 Collections/ Short-lived waste

Output recycling rate 30.9 Recyclate (local & exported)/ Short-lived waste
Recycled content 17.7 Used recyclate/ Total production
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4.1.2 LCA for 2018

The provisional results for a life cycle-based carbon footprint are presented in Figure 3. The inner
ring represents the total GHG emissions to produce plastic products consumed in South Africa, exported
products, and imported products as well as end-of-life management of local plastic goods post-
consumer use. The outer ring expands on the production process by showing the distribution of impacts
between polymer production, conversion and end-of-life impacts. The latter are partitioned to illustrate

individual impacts for littering, recycling and disposal.

The assessment revealed that the South African plastics industry was responsible for emitting 17.9
Mt CO; over its life cycle. This is equivalent to 3.8% of the total emissions for South Africa in 2018
and is greater than the annual emission load for several entire country emissions, e.g. Kenya or Slovenia
(Global carbon project, 2021). From the graph, it is evident that the production process (comprising
both polymer production and conversion) is responsible for most of the burdens compared to the end-
of-life management process. This is mainly due to the local production of monomers (propylene and
ethylene) from coal with impacts also arising due to the local energy mix which is dominated by coal-
fired power. The local conversion process is also significant, contributing to 17% of the total impacts
with emissions attributed to electricity produced by the country’s energy grid. In terms of treatment
post-use, the disposal process accounts for a significant quantity of impacts which is ascribed to the

burning of plastic waste that generally occurs at some homes or in dump sites.

Conversion RoW Disposal = Recycling
0.50 Mt 0.25Mt | 0.05 Mt Littering

. e 0.002 Mt
Imported polymer
1.40 Mt
End-of Life
0.294 Mt (2%)

Imported products
1.88 Mt (11%)

Local conversion

3.10 Mt Local polymer

Exported products 9.30 Mt

1.42 Mt (8%)

SA Life cycle GHG
emissions of plastics
17,9 Mt CO,eq

Local products

14.30 Mt (80%)

Imported polymer
3.40 Mt

Figure 3: Provisional results for life cycle-based carbon footprint of plastics in South Africa for 2018
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4.2  Model of future flows

Table Table 2 details the results of the baseline model, projected flows for 2025 (Business as usual
models with 2% and 4% annual growth rate) as well as the potential impacts of an increased mechanical
recycling rate as a mitigation strategy. The results show that increasing the recycling rate as in scenario
3 will increase the quantity of recyclate available by 241 kton which will subsequently decrease the
need for virgin polymer. As anticipated, the quantity of plastics produced would increase from 1876
kton to 2155 and 2469 kton respectively under the two Business as usual (BAU) future models for 2025
with no intervention. This increase in production will lead to a projected increase in plastic consumption
over the seven-year period to a maximum of 43 kg/capita.annum as per scenario 2. Consequently, the
total waste generated would exceed 2000 kton if production increased at an annual growth rate of 4%
per annum. In addition to an increased availability of recyclate, an increased recycling rate (scenario 3)

will also decrease waste directed to landfill due to an improved collection rate for recycling purposes.

Table 2: Preliminary results for future model based on projected flows for 2025

Indicators Units Baseline | Scenario 1 | Scenario 2 | Scenario 3
model BAU (2%) | BAU (4%) | Increased
2018 2025 2025 recycling (2%)

2025

Production

Local polymer kton 688 1078 994 1078

Imported polymer kton 856 671 1010 431

Recyclate kton 332 406 465 647

Total plastics kton 1876 2155 2469 2155

produced

Use

Plastic consumption | kton 2108 2379 2726 2379

Plastic consumption | kg/capita.annum | 36 38 43 38

Waste

Waste generation kton 1635 1846 2115 1846

Waste sent to landfill | kton 799 907 1039 658

S CONCLUSIONS

To establish material flows and subsequent impacts arising from the plastic industry in South Africa,
a combination of an MFA and an LCA was utilised. Results indicate that although recycling rates are
higher than for other countries, a large quantity of waste is still disposed of via regulated and deficient
landfills as well as self-help methods. The LCA reveals the total carbon footprint as 17.9 Mt COxeq with

local monomer production and energy identified as the major contributing factors. A model of future
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flows indicates that mitigation strategies such as increasing mechanical recycling rate has the capacity
to reduce virgin polymer particularly imported polymer as well as waste directed to landfill. This is

anticipated to have a positive impact on the total emissions generated by the local plastics value chain.
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ABSTRACT

In large-scale production of liquids from natural gas, oxygen based autothermal reforming is typically
used. This work focuses on substituting the traditional cryogenic air separation for oxygen production,
with high temperature ion transport membrane (ITM) separation. ITM oxygen is one of the leading
technologies promising to compete with the cryogenic process. The cryogenic air separation process
requires significant amounts of power, which is provided by integration of heat engines to convert
process heat to power. The main process heat source in the autothermal reformer is the high temperature
synthesis gas, typically at temperatures above 900 °C. Steam is used as the working fluid in a Rankine
cycle, however this approach suffers from large temperature differences between the process heat
source and the working fluid, leading to inefficient conversion of process heat to power. The ITM
process on the other hand requires significant amounts of heat. The ITM process integrates well with
heat engines using a Brayton cycle wherein air is the working fluid. A new flow sheet for methanol
production using autothermal reforming integrated with the ITM oxygen technology is developed and
analysed, using energy analysis and comparing process and heat engine efficiencies. It was found that
overall plant LHV efficiency was improved from 63.2 to 68.1%.

Keywords: lon transport membrane; air separation; Rankine cycle; Brayton cycle; heat engine;
autothermal reforming; methanol

1 INTRODUCTION

The vast demand and growing market of methanol has resulted in an increase in the installation
capacity of a single methanol plant, with the largest capacity currently producing 5 225 ton/day in
Turkmenistan, Asia, using autothermal reforming (ATR) licensed by Haldor-Topsoe (Brelsford, 2020).
It is also generally known that ATR is the technology of choice in large scale gas-to-liquids (GTL)
processes (Wilhelm, 2001).

In ATR oxygen is used for partial combustion of methane, which provides the heat required for the
endothermic steam reforming reactions, all combined into one reactor vessel. The air separation unit
(ASU) required for oxygen production is energy intensive and consumes large amounts of power, which
is produced on site using recovered process heat and additional natural gas. Specific power consumption

for this ASU typically varies between 0.464-0.639 kWh/nm?® with a lower specific power consumption
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for a large-scale ASU plant in China of 0.38 kWh/nm® (Tesch, 2020). Linde reported an even lower
energy consumptions of 0.237 kWh/nm? for its advanced cryogenic ASU processes for oxygen purity
of >95% and 0.33 kWh/m’n for > 99.5% purity (Beysel, 2021). It is important that power production
to drive the ASU is done efficiently as this impacts the total plant efficiency, and on such a large scale

even a small variation in this efficiency has a significant impact on plant economics.

Figure 1 shows a typical GTL plant block flow diagram. The amount of natural gas required for the
utility systems depend on the following factors:
« amount of waste gases from process units available to use for heating or power generation
» how the process design has been integrated for heat recovery (typically using pinch analysis)
* type of power production cycle chosen for the design and its associated efficiencies, and

* how the process heat sources and sinks are integrated with the power and heat systems.

Steam and fuel gas from process

l Power ) ) Air Methanol /
r--+ Powerand heat Air separation  fe—— )
Fischer-Tropsch

% |

Y

To process Syngas Product
conversion | upgrading

\4

Reforming

v

Natural

Figure 1: Schematic diagram of a typical GTL plant based on either Methanol or FT synthesis.

The high reaction temperature of the ATR leads to product streams at very high temperatures,
typically above 900 °C, which needs to be cooled for condensate separation, before being sent to the
liquid synthesis process. In conventional ATR the hot syngas is cooled in a waste heat boiler, generating
steam, which is used to produce power. The challenge with using a steam cycle to convert the syngas
heat to work is the limitation on the temperature due to the critical conditions of water at 374 °C and
210 bar, which means that the high temperature in the cycle is limited. This impacts the power cycle

efficiency.

It is also reported by landoli at al. (2007), that this conventional method of syngas cooling by
generating steam contributes 20% to the overall plant exergy losses, for a GTL plant based on low
temperature Fischer-Tropsch synthesis and including the cryogenic ASU in the analysis. The combined

ATR and ASU units were found to contribute a significant 69% to the total plant exergy loss.

The ion transport membrane (ITM) air separation is a fairly new technology which uses a ceramic

membrane through which oxygen ions can permeate, to separate oxygen from air at high temperatures
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of at least 900°C (Miller et al. 2014, Anderson, 2015). The high temperature nature of this technology
requires effective energy recovery to ensure its competitiveness with the cryogenic ASU. This is
achieved by integration into power cycles to efficiently convert the heat into work to drive a compressor
and/or an electrical power generator (Anderson et al. 2011). In these schemes air is compressed, and
fuel is used to heat the air to 800-900 °C, the hot air is sent to the ITM where it is separated into a reject
and permeate stream, with the reject stream possibly subjected to further heating to much higher
temperatures before being expanded. Note the turbine inlet temperature should be as high as possible,

as this impacts cycle efficiency, and temperatures up to 1400 °C are used for combustion gas turbines.

Since the ITM air separation technology operates at high temperatures, around 900 °C, the integration
of these technologies presents opportunities for alternative ways to cool the syngas in an ATR process

and convert this heat to power, and possibly then improving overall plant efficiency.

In this work a flow sheet to produce methanol from natural gas, based on ATR reforming and the ITM
ASU technology is developed, analysed and compared to a conventional case with cryogenic ASU.
Compared to GTL processes based on Fischer-Tropsch (FT) liquids production, the methanol process
additionally requires significant power for syngas compression up to the pressure requirement for the
methanol synthesis, which is typically 40-110 bar combined with a temperature range of 250-300°C.
The conversion of methanol has a direct dependence on pressure and inverse dependence on
temperature (Balopi, 2019). The low conversion of methanol, typically 25% per pass (Lucking, 2017),
also necessitates recycling of the unconverted feed gas. The methanol synthesis reactions are
exothermic and require temperature control. This is similar to the FT synthesis. Two types of reactors
are used for methanol production, namely isothermal and adiabatic. In this work the isothermal reactor
is used as it is known to be more efficient due to energy recovery via generating medium pressure steam.
Simulations for the cases were created in Aspen Plus™ V10. Process efficiency, overall efficiency and
the efficiencies of the integrated heat engines are determined and compared. The new flow sheet was

not further optimized.

2  FLOW SHEET DEVELOPMENT AND MODELLING

The basis of the model is a production capacity of 5 225 ton/day of methanol, as per the largest single
capacity installed in Turkmenistan. The Soave-Redlich-Kwong (SRK) property method was used in
Aspen Plus. The ATR unit and methanol synthesis unit were simulated as well as the associated power
and heat systems. This comprises the HP and MP steam generation from ATR effluent and methanol
reactor heat, and the fired heaters for superheating the steam and preheating feed streams to the ATR
unit. This enabled calculation of the amount of natural gas used in the power and heat systems, in
addition to the amount of natural gas fed to the ATR for syngas production. With this information it

was possible to determine the process efficiency as well as the total plant efficiency. The cryogenic
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ASU was not modelled in detail as the power requirement is known for the unit size required.

Table 1: Main process parameters and assumptions.

Natural gas composition (mol %) (Venter, 2002)

CH4 C2Hs C3Hs CsHio CsHiz CeHi4 N, COs 02

94.8 2.6 0.2 0.03 0.01 0.01 1.60 0.81 0.02
Process parameters

P (bar) T (°C) P (bar) T (°C)

ATR gas inlet 24 602 | Compressed air to [ITM 6 254
ATR outlet 24 1 033 | ITM exit streams 6 919
Methanol reactor 90 280 | Reject (N») turbine exit 1 549
HP sat steam 40 250
HP sup steam 40 411 | LHV natural gas 47.1 kJ/kg
MP sat steam 10 180 | LHV methanol 20.1 kl/kg
MP sup steam 10 223

Assumptions Rankine cycle

Qu

(o TR, .

- ATR is well insulated, adiabatic

- No long-chain heavy hydrocarbons in the natural 4i-

gas requiring a pre-reformer

# Wazr

- No sulphur in natural gas Pump

Negligible heat losses from equipment .
- Distillation and further processing of crude 1
methanol have a negligible effect on the objectives Cooling water ¥

L

and outcomes of this study and are not considered

- Isentropic efficiency of machines is 85%

Table 1 presents the main process parameters and further assumptions. In the conventional flow sheet,
Case A, shown in Figure 3, the heat engines used to provide power are the HP and MP steam cycles
which are Rankine cycles. These are shown as blocks on Figure 3, however, the detail of the cycle
configuration is shown in Figure 2, for the simple Rankine cycle. This is a vapour-liquid cycle with

liquid being compressed, evaporated and vapour expanded in a turbine.
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Closed Brayton cycle Qs Open Brayton cycle .
—m  Heat i
2 exchanger 3 ; —® Combustion
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Figure 2: Rankine and Brayton cycles.

In Figure 3 the demarcated line is the system boundary for the HP steam system and cryogenic ASU.
In Figure 4 this system is now replaced with the ITM and associated compressors, expander and heat
exchangers, which is configured to represent a Brayton cycle. In order to comprehend this integration,
the conventional open and closed Brayton cycles, as shown in Figure 2, should first be examined. In a
combustion gas turbine, fuel is added to compressed air in the combustion chamber and the combustion
products expanded, in a so-called open cycle configuration. However, a closed cycle is also possible,
where combustion does not occur, but heat is transferred from an external source, e.g. a nuclear source
or solar collector. The working fluid composition then does not change in such a cycle. The helium

cycles used in pebble bed modular nuclear reactors is an example of such closed cycles.

HP superheated steam ge===e . __. ASU and HP steam system
- ~
; —m=== HP Steam —
J TN: HP Rankine -
Fm———s . ; Power Cycle
’ c . saturated P
'\ Air r}:sgsnlc steam 7 =
— 7 ey steam
T~---2 P / i Rankine
- ! Meth Power Cycle
I Feed reactor
I — Purge
P preheater
o -
QF{] Knockout Knockout
Cooler Rl Crude Methanol
L—»

Air  Fuel gas

Figure 3: Conventional process flow diagram, Case A.
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Figure 4: ITM O: integrated flow diagram, Case B.

The integrated ITM ASU system is shown in its heat engine configuration in Figure 5. The
compression and expansion steps are grouped together here, with heat addition shown between
compression and expansion. What is evident is that this system is a combination of an open and closed
Brayton cycle. The reject stream, which is mostly nitrogen, is expanded and leaves the system. The
permeate stream, which is mostly oxygen is expanded, cooled, and compressed again, and leaves the
system at a much higher pressure, namely 24 bar, as this is required to enable feed to ATR, which

operates at 24 bar.

Although there is no composition change of the working fluid due to a chemical reaction, the working
fluid changes from the air which is compressed, to permeate and reject which are expanded in separate
turbines. HP steam generation is still possible by using the remaining syngas heat, after cooling against
the air to ITM, and the heat available from the ITM reject turbine outlet, which is still at very high
temperatures of 626 °C and 540 °C, respectively. Note the HP steam cycle block which is still present
for Case B in Figure 4, and the waste heat boiler WHB2 and superheater, which utilizes reject stream
heat, are now used to generate HP steam. This cycle is however much reduced in size compared to Case
A. This HP steam cycle is shown in Figure 6. A portion of the cycle is in reality part of a combined

cycle, as it receives heat from another cycle, namely the ITM integrated Brayton cycle.
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Figure 6: Cycle with heat from syngas and ITM reject stream.

3  RESULTS AND DISCUSSION

Results of the energy analysis are shown in Table 2. Note that the conventional Case A has a power
excess of 17 MW. This can be used to supply other units on the plant, for example, the product
upgrading, which was not modelled and considered in the analysis. Note that in Case B the excess
power increased by 41%. This is an indication of overall efficiency improvement. Now looking at the
LHYV efficiency it is clear that there was a significant efficiency improvement in the utility systems, as

the process efficiency remained the same, but the overall plant efficiency improved from 63.2 to 68.1%.

Steam cycle efficiencies are very low, as expected at these steam pressures of 40 bar and 10 bar.
However, the integration of the ITM ASU gave the option to produce less power using these low
efficiency cycles, and more power through the combination of the ITM air cycle and a combined smaller
HP steam cycle, which receives heat from a combination of sources, directly from syngas at reduced
temperature, and from the ITM air cycle reject turbine exhaust. The power production using the HP

steam Rankine cycle reduced from 51 MW in Case A to only 14 MW in Case B. The ITM air cycle has
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a low efficiency of only 10.1%, if one considers the system boundary as shown in Figure 5. However,
the cycle was not specified to export power, but only needs to satisfy the demand of air and oxygen
compressors included. There is a lot of scope for improvement by optimizing for pressure ratio and

considering increasing the turbine inlet temperature by further combustion of fuel.

Table 2: Energy analysis results.

Heat and Work (MW)

Case A B

Quees 204 204 Case A B
Qups 235 61 Cycle efficiency (%)

Qrrm 119 MP steam cycle 13.7 13.7
Compressors HP steam cycle 21.7 22.8
Wasu 32 - ITM air cycle - 10.1
Wac 0 38 LHYV efficiency (%)

Woc - 18 Process 73.4 73.4
Wsac 30 30 Plant 63.2 68.1
Expanders

Wor - -15

Wi - -53

WhpsT -51 -14

Wuwpst -28 -28

WroraL -17 -24

The pressure ratio over the air compressor and expanders is 6, but over the oxygen compressor it is
24. The heat is supplied via heat exchange against hot synthesis gas. The heat engine efficiency is low
due to the high pressure ratio required for the oxygen compression. In a conventional gas power cycle,
the back work ratio (compressor work over turbine work) is typically 80%. However, in this ITM air

cycle the back work ratio is only 53%.

4 CONCLUSIONS AND RECOMMENDATIONS

A flow sheet of a methanol production plant based on autothermal reforming and ITM oxygen
technology was developed, analysed and compared to a conventional case, wherein cryogenic air
separation is used. In the conventional case only Rankine steam cycles are used to convert process heat

to power, mostly used to drive the air separation unit and syngas compressor.

The I'TM with its associated compressors, heat exchangers and expanders was configured to operate
as a heat engine, using the air, permeate and reject as working fluids. It was found that it is possible to

use the high temperature heat from the syngas leaving the reformer to heat enough air to supply the
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ITM oxygen system. Further, enough power can then be generated by expansion of the reject and
permeate streams to drive the ITM air compressor and the oxygen compressor. The heat engines in the
conventional and newly integrated flow sheet were identified and analysed. The efficiencies of the HP
steam, MP steam and I'TM air cycles were 13.8%, 22.1% and 10.1%, respectively. These low thermal
efficiencies are expected for such simple steam cycles at the fairly low steam pressures, and for the [TM
air cycle the parasitic oxygen compressor with its pressure ratio of 24, as opposed to the cycle pressure
ratio of only 6, was contributing to low efficiency. But note this system was only expected to provide
its own power requirement, and not optimized for excess power production. The total plant LHV

efficiency improved from 63.2 to 68.1% while process LHV efficiency remained at 73.4 %.

Further improvement to the new flow sheets is certainly possible, e.g. by implementing Rankine and
Brayton cycle modifications such as reheat, intercooling and regeneration, and integrating the MP steam
with ITM air cycle exhaust for superheat, optimizing the cycles for pressure ratio and turbine and

compressor inlet temperatures.
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ABSTRACT
The role of catalysts and catalysis in the development of clean chemical and petrochemical processes,
and the drive towards sustainable energy production has been established as an indispensable factor.
Gas-to-liquid (GTL) and biomass-to-liquid (BTL) technologies through the Fischer-Tropsch (FT)
synthesis process can play an important role in the reduction of global carbon footprint. The efficiency
of Fischer-Tropsch synthesis (FTS) can be enhanced by designing new catalysts, which can lead to
improved catalytic properties. The arrival of novel meso-structured materials with porous
interconnected networks can be taken advantage of, their unique properties favours wide-ranging
applications. Mesoporous transition metal oxides have started receiving consideration in a number of
reactions, because of their multiple oxidation states, and the effect of the ensuing metal-oxide interfaces
on catalytic activity and selectivity. In this light, iron and cobalt mesoporous materials is anticipated to
give better activity and hydrocarbon selectivity when compared to other catalytic systems previously
used for FTS. This work describes the synthesis, characterization and catalytic evaluation of

mesoporous cobalt oxide (Co30s) for the Fischer-Tropsch synthesis reaction.
Keywords: Fischer Tropsch synthesis; catalytic activity; meso-Co304; Ru-Co304; reaction conditions

1 INTRODUCTION

This work describes the synthesis and catalytic evaluation of a mesoporous cobalt oxide (Co30s),
diluted with SiO; (<212 pm) in the ratio 25:75, represented as 25% (Ru [0.06%]-Co0304)/Si0; for the
Fischer-Tropsch synthesis reaction. The catalyst was characterized using XRD, BET, TPR, and TEM.
The catalytic performance can be linked mainly to diffusion and mass transfer resistance effects, which

reduced the conversion at low temperatures.

2 LITERATURE

Fischer—Tropsch synthesis (FTS) yields hydrocarbons (HCs) of varying chain lengths and
functionalities, compared to normal refinery products. They are of high quality, and can, therefore, turn
out to be a key alternative energy carrier, and contribute to the global final energy mix.!"> Historically,
its acceptance was politically driven until recently where interest is motivated by economic practicality,

energy security concerns and the aspiration of resource holders to monetize stranded gas reserves.®”
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The FTS reaction is heterogeneously catalysed by an active metal phase, dispersed on a support which
might also contribute to the activity of the catalyst.””!! The conceptual use of pores was introduced to
avoid the agglomeration of nanoparticles during a reaction, leading to the availability of a greater
surface area, and higher selectivity in reactions. The porous structure plays a substantial role in both the
physical and chemical properties of catalysts, and strongly influences the catalytic performance of many

catalysts in several reactions.'*!3

With the promise of better reactions and separations (of mesoporous materials), mesoporous transition
metal oxides have started receiving consideration in some reactions, due to their multiple oxidation
states, and the effect of the ensuing metal-oxide interfaces on catalytic activity and selectivity.'* The
view is that mesoporous iron and cobalt will give better catalytic performance for FTS reaction, when

compared to other conventional supports such as TiO», SiO, and Al,O3."

Ru content promotion (between 0.05-3 wt. %) of cobalt catalysts has been explored by several
researchers over the years. This is to improve on Co reducibility, and boost hydrocarbon selectivity by
enriching more Co-active sites. The Ru-Co synergy is often used to explain the increased catalytic

performance of promoted catalyst.!2

The objective of this study is to determine the catalytic performance of Ru nanoparticle application
on mesoporous cobalt oxide, for FTS. The idea is that since the cobalt oxide already has a porous
structure, which determines the ease with which reactants access the interior catalyst surface, the

catalyst will tend to favour higher Cs. yields and lower methane selectivity.

3 EXPERIMENTAL PROCEDURE
3.1 Catalyst preparation/synthesis and characterization

The mesoporous metal oxide was synthesized from an adapted literature method, reported by Poyraz
et al.,>!22 for the synthesis of mesoporous metal oxides, utilizing non-ionic triblock copolymer P123 in
the soft templating approach, and the varied calcination steps.?!">* The Co(NO;),-6H>O (10 g, 0.035
mol) was dissolved in a solution of P123 (5.0 g, 8.62 x 10-4 mol), HNO; (4.8 g, 0.076 mol) and 1-
butanol (34 g, 0.66 mol). The resulting red solution was set in an oven at 50 °C, for 12 hrs to evaporate
the 1-butanol solvent. The resulting gel was then heated in the oven for 6 hrs at 120 °C. The powder
formed was allowed to cool and washed with ethanol, to remove the P123 surfactant template, and dried
under vacuum. It was further calcined in air with heating cycles of 150 °C for 12 hrs and 250 °C for 4

hrs at a heating rate of 1 °C/min.

The Ru nanoparticles were synthesised by chemical reduction of RuCls;-3H,0 precursor with NaBHa,
in the presence of an octylamine ligand to stabilize and protect the nanoparticles. This method was
preferred due to the controllability of the size and shape of the nanoparticles.”>” The colloidal

ruthenium solution was prepared by dissolving RuCl;-3H,0 (40.5 mg, 0.2 mmol) in ethanol (15 cm?),
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octylamine (323.5 uL, 1.5 mmol) was added and left to stir continuously under an inert condition in a
Schlenk tube for 24 hrs. A solution of NaBH, was prepared by dissolving 282 mg (7.5 mmol) in a
mixture of methanol (5 cm®) and ethanol (20 cm?). The gradual addition of 5 cm? of the NaBH4 solution
10 mins apart, to the mixture (five additions in total) produced Ru nanoparticle. The mixture was left
under continuous stirring for 7 hrs after the last addition for effective reduction of the salt to the metal
colloid. Pentane was added to provide an organic phase, then the solution was washed with water, before
collecting the organic phase, and used for the catalyst synthesis. A measured amount (3.3313 g) of the
synthesized mesoporous cobalt oxide (Co304) was added to the Ru nanoparticles solution and agitated
to facilitate incorporation of the nanoparticle into the pores of the mesoporous Co3;Os. The Ru promoted
mesoporous cobalt oxide catalyst thus obtained is washed, allowed to settle, vacuum filtered, dried and
characterized. The Ru composition of the catalyst was determined by elemental analysis using [CP—

OES and ICP-MS methods to be 0.0564 (=0.06) wt. %.

The X-ray diffraction (XRD) patterns for the synthesised 0.06% [Ru] promoted mesoporous Co304
catalyst were recorded using a Rigaku Miniflex 600 with a Cu Kal (A = 0.1542 nm) as the radiation
source, 40 kV/15 mA power, and a scanning rate of 0.2 °/min and 1.0 °/min for low and wide angles
respectively. The surface area of the synthesized sample was determined by BET. The sample was
degassed overnight at 90°C and measured at -195.8°C using a Micromeritics surface area and porosity
(ASAP 2460, V2.01) analyser. Using the Barrett-Joyner-Halenda (BJH) model,?® the pore size
distribution was determined from the desorption stem of the isotherms. The TEM characterization of
the catalyst was accomplished utilizing a JEOL-JEM 2100 electron microscope operating at 200 kV
and a beam current of 101.6 pA. A drop of the sonicated suspension of the sample dispersed in ethanol
was placed on a copper grid and allowed to dry before the analysis. The size distribution histograms for

the catalyst were obtained by manually measuring the particles from the TEM images.

3.2 Fischer-Tropsch Synthesis Evaluation of the Catalyst

The synthesised catalyst, 0.06% [Ru] mesoporous Co3O4 was evaluated for Fischer-Tropsch activity
on a conventional lab-scale fixed-bed reactor (16 mm i.d, with the thermocouple in direct contact with
the catalyst). The catalyst was first diluted with SiO; (< 212 pum) in a ratio 25:75 (subsequently
communicated as 25% (0.06%[Ru]-C0304)/Si0»), to minimize hot spots and thermal runaway in the
system. The synthesis was carried out at 20 bar and 160 — 260 °C for temperature study and the pressure
was varied between atmospheric and 20 bars, to evaluate the effect of reaction pressure at 230 °C. A
syngas (H»/CO) feed ratio of 2 and flow rate of 7.665 NmL/min were used. The gas flow rates for
reactant gases were controlled by Aalborg mass flow controllers (model GFC 17, with the flow range
of 0 — 500 mL/min). Catalytic measurements for activity and selectivity of the Fischer-Tropsch
synthesis reaction were carried out at least after 12 hrs to ensure stabilized steady-state condition, before

a different mass balance period. Based on the TPR profile, 1 g of the catalyst sample was activated in
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5% (v/v) Ho/Ar gas mixture with a flow rate of 30 mL/min at atmospheric pressure by increasing
temperature from ambient to 350 °C, for 17 hrs, before the FTS reactions. After the reduction, the
synthesis gas was fed to the reactor 20 bars and a space velocity of 0.46 nl-h™'-g 'cat at STP, before

increasing the temperature to the desired reaction temperature

A Dani Master GC equipped with a thermal conductivity detector (TCD) and a flame ionization
detector (FID), was used to analyse the reactant gases and products, while the chromatographs were
processed using Clarity Software. The gases were analysed utilizing a Supel-Q Plot fused silica
capillary column (30 m x 0.32 mm) and a 60/80 Carboxen 1000 column (15 ft x 1.8 in x 2.1 mm)

connected to the detectors.

4 RESULTS AND DISCUSSION
4.1 Catalyst characterization
4.1.1 XRD
The wide-angle XRD peaks at 20 between 10 and 90 (Figure 1a) show 6 peaks with Fd3m space
group, cubic crystal structured phases 111, 220, 311, 400, 511, 440.

This is characteristic of Co304, usually observed around 19°, 32°, 37°, 45°, 60°, and 65° respectively
(JCPDS card # 073-1701, 76-1802 and 43-1003), indicating that the cobalt species present is
predominantly Co304. The peak at 43°, corresponds to the stable CoO specie (JCPDS card # 43-
1004).22, 29, 30 On introducing the Ru (Figure 1b), the peak intensities are detected at roughly 38°,
41°, 45°, 60°, and 66°. This closely corresponds to the phases of rutile RuO2 and Ru, indicating well
dispersed Ru species in the Ru-Co304 catalyst.31-33 The broad peak (19 — 20°) identified in Figure
lc) is associated with the non-crystalline nature of the SiO2 used as a diluent.34 Unreacted CoSiO2 due
to strong metallic bond to SiO2 phase is also identified at 23° and 43° (JCPDS card # 72-1508).30 The
mean diameter of cobalt oxide crystallites was 13.8 nm, estimated by applying the Debye-Scherrer

equation to the most intense peak at 20 = 37°.3
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Figure 1: Wide angle XRD patterns: a) mesoporous Co304, b) fresh 0.06% Ru-Co30y catalyst and c) spent
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4.1.2 XRD

Table 1 shows the BET surface areas, pore volumes as well as pore diameter.

Table 1: Table showing sorption properties of meso-Co304, 0.06% Ru/mesoCo30q and spent 25% (Ru[0.06]-
Co0304)/5i0: catalysts

Sample Surface Area Pore Volume Average Pore
(m?/g) (cm®/g) width (nm)
Meso-Co0304 30 0.12 13.8
Fresh 0.06% Ru/Co304 6.5 0.05 24.5
Spent 25% (Ru [0.06%]-C0304)/Si0, 67.7 0.68 40.2

The table shows that the introduction of ruthenium caused a decrease in the surface area and pore
volume relative to the initial support materials after the impregnation of the catalyst due to partial
blockage of the macrospores by the ruthenium species.”®*® The average pore with of the material
increased, which could be as a result of the varied Ru/Co interactions with the oxide specie during

impregnation.

The BET isotherms, and pore size distribution based on the BJH models, for the mesoporous support,

and catalysts are presented in Figure 2.
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Figure 2: a) BET Isotherm plot, b) pore size distribution for meso-Co30s, fresh 0.06% Ru-Co30; catalyst and
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spent 25% (Ru [0.06%]-C0304)/Si0:

The BET isotherms of the samples exhibited a type IV isotherm, with an H3 hysteresis loop. This
indicates a random distribution of pores and an interconnecting pore system but does not indicate
missing monolayer formation.?* The diameter in the mesopore range is related to the P/P° positions of
the inflexion points, with a sharp inflexion between P/P° range of 0.80 and 1, which demonstrates

consistency in the mesopore size distribution.>¢%’

413 TPR
The reducibility of the synthesised 0.06% Ru-mesoporous Co30s catalyst was evaluated by

temperature programmed reduction of hydrogen (H»-TPR), displayed in Figure 3. The reduction pattern
shows one main reduction peak at a temperature range of 150 — 600 °C, suggesting a nearly uniform
distribution of the cobalt oxide support. This is further deconvoluted to two overlapping peaks at
temperature ranges of ca. 190 — 440 °C (broad peak with centre at roughly 300 °C), and 270 — 440 °C

(with peak centre at roughly 356 °C), corresponding to a two-step reduction of the catalyst.
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Figure 3: TPR pattern of 0.06% Ru-Co30y catalyst

The first peak corresponds to the initial reduction of the Co3;04 phase to CoO, which could be
attributed to Ru promotional interaction with Co surface species and the subsequent reduction of CoO
to Co’. The percentage of the reduced Co is in correlation with the obtained reducibility for Co;O4
through standard reduction procedures.!"!3%1838 Ag guch, a temperature of 350 °C was selected as the
reduction temperature for the catalyst before the Fischer-Tropsch reaction based on this data. The
promotional effect of Ru on cobalt oxide is also identified on the TPR results, the small amounts of Ru

improved, facilitated the reducibility of the catalyst, hence the peak centre at roughly ca. 300 °C.

414 TEM
The images and particle size histogram from the TEM analysis that was carried out to determine the

morphology of the 0.06% Ru promoted Co3Os catalyst, are shown in Figure 4.
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Figure 4: (a, b, and ¢c) TEM micrographs, d) Co3;04 particle count histogram, and e) Ru particle count

histogram

The TEM images (Figures 4a and b) showed mostly spherical units and nearly spherical of various
sizes, as well as some smaller hexagonal units which are not clearly shown in the images presented,
which are all closely packed to form the mesoporous morphology. The estimated mean particle size of
the mesoporous Ru-Co304 catalyst is 13.37 £ 5.70 nm (from 600 particles counted), and the mean
particle size of the Ru nanoparticle is 1.52 £ 0.8 nm (from 397 particles counted). This value is in

agreement with the 13.8 nm average cobalt oxide crystallites size from the XRD Scherrer equation.

4.2  Catalytic evaluation
The performance of the catalyst for the syngas conversion and product selectivity as evaluated on the
prepared promoted mesoporous cobalt oxide catalyst, 25% (Ru[0.06%]-Co0304)/SiO; for the effect of

reaction temperature variation is shown in Figure 5a and pressure variation in 5b.
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Figure 5: CO conversion, CHy, CO: and Cs+ product selectivity for 25% (Ru [0.06%]-C0304)/Si0:: a)
temperature variation (T = 160 — 260 °C, P = 20 bars); b) pressure variation (T =230 °C, P = 1 — 20 bars)

As expected, increasing the reaction temperature leads to an increase in FTS catalytic activity and
methane selectivity, but resulted in a decrease in selectivity towards Cs: hydrocarbon products.?”-**4?
From Figure 5a, upon increasing the temperature from 160 to 260 °C, the CO conversion increased
from 11.57 — 53.83 %. Concurrently, selectivity towards the undesired methane and CO; increased from
0—18.76% and 0 — 11.32% respectively, while the production of CO; only started at 230 — 260 °C. The
selectivity towards Cs+ decreased from 99.80 — 28.26%. It is evident that while temperature increase
increased CO conversion, it leads to a decrease in Cs- selectivity, an indication that an increase in syngas

conversion, does not directly translate to an increase in the desired Cs+ product.

At high synthesis gas pressures, the different components of the liquid phase in catalyst pores, will,
therefore, affect the rate of fundamental steps in the process thereby inhibiting CO conversion.** An
increase in pressure generally leads to condensation of hydrocarbons, those which at atmospheric
pressure are usually in the gaseous state, thereby compelling catalyst pores saturation by liquid reaction
products at high CO conversions.*'*** Figure 5b shows the pressure effect on the catalytic performance
of the 25% (Ru[0.06%]-Co0304)/Si0; catalyst in terms of CO conversion and products selectivity at
230°C. At atmospheric pressure, the CO conversion was about 12.85%, yielding mainly Cs: products
(86.92%). Increasing the pressure to 20 bar, led to a CO conversion increase to 17.83%, while the

selectivity to the Cs: product(s) reduced to 75.24%.

A deactivation study (shown in Figure 7), to evaluate the stability of the catalyst, with time on stream,
was conducted for roughly 300 hrs at two different temperatures (190 and 230 °C). At 190 °C, the
catalytic conversion was relatively stable compared to conversion at 230 °C, which reduced with time
on stream, indicating some deactivation of the catalyst taking place at 230 °C and no deactivation at
190 °C. Extrapolating the data (assuming the sequence continues), will eventually lead to a situation

where the % CO conversion at 190 °C, will be higher than the % conversion for 230 °C.
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Figure 7: Catalyst deactivation with time on stream for 25% (Ru [0.06%]-C0304/Si0z; P =20 bars, T =190
and 230 °C

5 CONCLUSIONS

The synthesis of mesoporous cobalt oxide and the subsequent incorporation with Ru nanoparticle was
successfully achieved. The CO conversion increased with temperature and pressure respectively,
however, the selectivity towards C5+ decreased exponentially from 250 °C, but the selectivity to CH4
was gradual in respect to temperature and pressure increase. This can be linked to the re-oxidation of
the catalyst at high temperatures, which also impacted the C5+ selectivity. The catalytic performance
is ascribed mainly to diffusion and mass transfer resistance effects (causing the catalyst pore to be
saturated), leading to an increased a-alkene re-adsorption on the growing chain, at low temperatures.
The limited diffusion of the higher molecular weight hydrocarbons resulted in poor conversion due to
blocking of the Co0 active site at low temperatures. This changed however, when the temperature was

raised and there was enhanced diffusion of products from the catalyst pores.

It is important to note that the metal-support interaction and the associated O-vacancy defect laden
surfaces, 43-45 in this case, played a great role in the activity of the catalyst. This is due to the unique
charge transfer induced cooperative effects from the surface vacancy of the small nanoparticles and the
support, which improved the number of cobalt active sites. Thus, the combination of electronic and
geometrical effects resulted in a synergistic effect on the activity and selectivity pattern of the catalytic

heterostructure.
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ABSTRACT
Approximately half of the wood processed in the Forestry, Timber, Pulp and Paper (FTPP) sector is
accumulated as waste. The transition towards an almost paperless world driven by the rise of digital
media has resulted in a decline in traditional paper markets, prompting the FTTP sector to reposition
itself, and expand their product offerings by unlocking the potential of new value adding opportunities
from remaining wood waste components to generate revenue. In this study, a novel approach to produce
a dissolving wood pulp (DWP) grade from sawdust was developed. DWP is a high purity cellulose
product used in several applications such as pharmaceutical, textile, food, paint and coatings industries.
The proposed approach demonstrates the potential to eliminate several complex processing stages
which are associated with traditional commercial processes to produce high purity cellulose products
such as DWP, thereby making the process less chemical, energy and water intensive. Chemical
characterisation of the cellulose product thus far has shown properties similar to commercially available
products, making the proposed process a promising and viable option for the production of DWP from

sawdust, a waste material from wood processing industries.
Keywords: Biomass, dissolving wood pulp, cellulose, chemical treatment

1 INTRODUCTION

The concept of a “green economy” encourages industries to employ revolutionary transformative
technologies to eliminate waste generation by exploring the development of new value chains.
According to Sithole (2017), the low timber utilization rate of around 47% is a broad challenge faced
by the Forestry, Timber, Pulp and Paper (FTPP) sector since approximately 53% of the wood in the

form of bark, chips and sawdust goes to waste.

The FTPP sector contributes to about 1% of South Africa’s GDP (Tradingeconomics, 2020) and
approximately 4.5% to its manufacturing GDP, making it a vital sector in the economy (Sea, 2020).
The diminishing annual demand for forest products can assumingly be attributed to the decline in the

demand for wood products such as paper which is no longer required as much today.

Although there are no recent figures available, in 2010 it was estimated that forestry and wood
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processing in South Africa generates about 4-6 million tons of wood waste per annum, mainly as
residues in the plantations and as sawdust and offcuts at the saw mills and pulp mills (Timberwatch,
2010). From all the sawmills in SA, 440 006 tons per annum of sawdust waste was generated from 218
saw mills (Stafford and Lange, 2018). More stringent government legislation will drive industry to

consider processes that curtails waste accumulation and favors a more sustainable environment.

The abovementioned scenarios coupled together encourages the urgency for the industry to employ
revolutionary change that that will prove to be environmentally superior to existing processes, enabling

the industry to continue its legacy in the future.

Dissolving wood pulp (DWP) is a high purity cellulose product that is produced from wood chips
(Potgieter, 2018). Such products are valuable for commercial applications for the production of end-
user products such as pharmaceuticals, textiles like viscose, and microcrystalline cellulose (Sappi,
2019). Extensive research has been conducted over the years to produce DWP in alignment with pulping
mills efforts for technological innovations to fractionate or convert lignocellulosic materials into a wide
range of products and by-products for more effective utilisation of renewable feedstocks as opposed to
accumulating waste (Lehto and Alen, 2014). Existing processes used to produce DWP from wood chips

are time consuming, complex, and energy, water, and chemical intensive (Liu et al., 2016).

The study focused on developing a novel process to produce DWP from sawdust (a waste material)
and with more favorable processing conditions which will address the drawbacks of the existing
processes. It is anticipated that this will increase revenue by lowering the capital intensity (processing
costs and time) whilst still rendering the support of global best practices to reduce waste to landfill and

to rather turn waste into wealth, giving the South African producers of DWP a competitive edge.

2 LITERATURE
2.1 Dissolving wood pulp production

The DWP demand has shown a buoyant increase and is the basis of new forest products. The
dissolving pulp industry exhibited prospective growth in developing countries in recent years. In 2018,
the global revenue generated from DWP amounted to $9.3 Billion, this being a 6.5% increase from the

previous year.

Dissolving pulps across the world are produced mainly by two conventional processes; acid sulphite
(AS) process and the prehydrolysis kraft (PHK) process (Astuy, 2016, Strunk, 2012, Yang et al., 2018).
Each of these chemical pulping processes follow different reaction mechanisms. However, they are
analogous to selectively eliminate the lignin without extensive degradation of carbohydrates, and also
remove extractives and other chromophoric structures in residual lignin.Both processes yield different
qualities of dissolving wood pulp which then determines its applicability in other industries

(Christoffersson, 2005, Jahan et al., 2008).
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The chemical composition of the raw material is a predetermining factor and should be considered
for production of dissolving pulp when selecting an appropriate pulping process (Chen et al., 2016,
Shahzad, 2012, Jahan et al., 2008, Jardim et al., 2018, Li, 2016).According to Li (2016), wood still
remains one of the widely used raw materials for dissolving pulp production . The principle of chemical
pulp processing targets two main areas, namely removal of hemicelluloses and lignin. The former
usually is carried out by some sort of pre-treatment process to target the lignin-hemicellulose matrix
and improve the accessibility of cellulose, whilst the latter usually occurs during pulping/cooking
(Othman, 2015). The primary aim of the pre-treatment stage is to disrupt the rigid crystalline structure
of cellulose, and increase its structural accessibility and chemical reactivity (Ocwelwang, 2017). Lignin
removal is important because it imparts a yellowish brown colour to the pulp which is undesirable
property of the dissolving pulp since a high level of brightness and cellulose purity is important in the
production of cellulose based products such as viscose and acetate fibres (Bodhlyera et al., 2015). The
extracted waste liquor with higher concentration of impurities such as lignin and hemicelluloses and
higher temperature is sent to the chemical recovery station for recovering the organic or inorganic matter

in the waste liquid (acid and alkali recovery process).

Chemical treatments are applied to pulps to make it a suitable candidate for high purity cellulose
derived end-user products. The resultant pulp emanating from either of the pulping processes requires
further delignification to render it viable to produce a high purity dissolving wood pulp. Bodhlyera et
al. (2015) mentions that the most common process employed by industry responsible for producing a
dissolving wood pulp of such a standard, irrespective of the pulping process used, is the bleaching
process (Bodhlyera et al., 2015). The bleaching process plays a vital role and assists in obtaining a
quality pulp with certain whiteness, cleanliness, purity and excellent physical and chemical

characteristics thus increasing its application potential.

The PHK process leads as the desired process, accounting for approximately 56% of the world DWP
produced whilst the AS process accounts for 42% (Chen et al., 2016, Strunk, 2012, Bi et al., 2021,
Rodrigues et al., 2018). The PHK process follows a combined process of pre-treatment (pre-hydrolysis)
and alkali kraft cooking (Chen et al., 2016). The hemicelluloses are removed during the initial
prehydrolysis stage which is followed by kraft cooking and a multi-stage bleaching process to achieve
a high purity dissolving pulp. During prehydrolysis, a significant amount of the hemicelluloses and a

small amount of the cellulose are hydrolysed into short chains.

2.2 Dissolving wood pulp (DWP) characterization and its end usage
Dissolving pulp is characterized by high cellulose content, high brightness and low macromolecular
polydispersity (PDI) (Chen et al., 2019). DWP contains a high alpha cellulose content (> 90%), a low

hemicellulose content (3-6%) and trace amounts of lignin and other impurities (<0.05%) (Dladla, 2018,




239

Chen et al., 2016). The viscosity of the pulp subsequent to the cooking process is often about or below
1100 ml/g, and between 400-600 ml/g post final bleaching (Wennerstrom and Bylund, 2017).
According to Jesus et al. (2013), cellulosic pulps should satisfy the requisites of high a-cellulose content
(= 91%), Kappa number less than 1, intrinsic viscosity (450-550 ml/g), a low amount of hemicelluloses

and extractive compounds, and finally a high reactivity (> 60%), to be considered as dissolving pulps.

During dissolving pulp manufacturing, the controlled variable is the degree of polymerization (DP)
of the cellulose because it gives an indication of the average length of the polymer chains (Shahzad,
2012). Dissolving pulp is the main feedstock for manufacturing regenerated cellulose such as viscose,
lyocell and cellulose derivatives. DWP undergoes a variety of manufacturing processes that are used
for the production of various cellulose based end-products (Ocwelwang, 2017, Schwaiger, 2019, Alam
and Christopher, 2017). These manufacturing processes are classified according to the different alpha
grades used to produce these cellulose derivatives. The versatility of dissolving pulp in a variety of
economic and technical areas is due to its functionality, recyclability, and, most importantly, its
biodegradability (Matachowska et al., 2020, Schwaiger, 2019) . The end user products of dissolving
pulp are widely used in industrial products such as textiles, tyres, coatings, paints, tobacco products and
food, as well as pharmaceutical products (Liu et al., 2016). Other applications include rheological
modifiers in products such as lipstick, fillers in fat-free yoghurt, tablets and washing powders and micro
crystalline cellulose (MCC) which is used as a binder in pharmaceuticals and as a thickener in food

(Sappi, 2019).

Removing lignin and hemicellulose yields high purity DWP (91-98% cellulose) (Sappi, 2019). Lower
grade dissolving pulps are believed to exhibit a cellulose content of approximately 90% whilst the
medium grades possess a cellulose content of about 94%. The highest grade is said to have a cellulose
content of approximately 96% or more (Liu et al., 2016). Chunilall (2009) suggests that 90%, 92 -94%
and 96% a-cellulose are respectively utilised for the production of microcrystalline cellulose (MCC),

viscose, and cellulose acetate.

3 EXPERIMENTAL PROCEDURE
3.1 Sawdust characterization

Two different species of wood was selected for evaluation; Pin chips (from the wood chip screening
process) was obtained from a local pulp mill. The wood processed by the mill is a mixture of 53.02%
Eucalyptus dunnii, 37.80% Eucalyptus grandis and 10.15% clone timber). The pin chips were milled
into a finer sawdust particle using a hammer mill followed by a wiley mill. The second sample was a
softwood (Pinus Patula) sawdust sample collected from a local saw mill. A shaker with several screens
ranging in sizes from 0 to 1180 um (0, 53, 150, 250, 425, 530, 710, 1180 um) was used to determine

the particle size distribution of the sawdust samples. 100 g aliquots of sawdust samples were screened
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for 30 minutes in duplicate. The preparation process is shown in Figure 1. The sawdust remaining on
each screen was weighed. The saw mill sawdust samples were screened to a particle size of below 1180
um. The starting wood materials and pulps were chemically analysed using the Technical Association

of the Pulp and Paper Industry (TAPPI) standard methods.

""""""""""""""" Milling. oo Sawdust from Sawmill
Wood pin !
chips | Sawdust . ;
—_— Hammer mill _— Wiley mill _29WE> Shaker:Screening
: (0to 1180 um ) Sawdust to
delignification
process
Sawdust (<1180 pm)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (>1180 um)

Figure 2: Process flow diagram of raw material preparation process

3.2 Dissolving pulp experiments

The screened sawdust samples were subjected to a two-stage non-disclosed process (Figure 2). The
first stage involved delignifying the sawdust according to the conditions listed in Table 1. The sawdust
samples were weighed according to the liquid to wood ratio (L: W) and the respective dosage of
chemical was added in the form of a slurry to the sawdust. The mixture was then stirred for the desired
time and temperature. Experiments were conducted in triplicate for each condition specified. The pulps
from each step were washed under vacuum filtration following the experiment and left to air dry. Pulp
yield was determined using the standard oven moisture technique (TAPPI test method T550-D) and the
pulp was characterised in terms of intrinsic viscosity (SCAN method SCAN-CM 15), degree of
polymerisation (SCAN method SCAN-CM 15), ISO brightness (ISO 2470) and hemicellulose content
via high performance liquid chromatography (HPLC) (TAPPI test method no. T249 cm-85).

*Delignified pulp * Dissolving wood pulp

Stage 1: Delignification Stage 2: Post delignification
Lignin removal Improves brightness and purity

* Characterization of pulps stage 1 & 2: Viscosity, DOP, brightness, alpha-cellulose, R18 &R10,
hemicelluloses (HPLC), ash, lignin (AIL, ASL), pentosans, DCM extractives, calcium and iron (ppm)

Figure 3: Two-stage process pathway for dissolving wood pulp production from sawdust.

Table 1: Summary of processing conditions optimised.

Process step Parameter Conditions
Delignification Temperature 60-90°C; A10°C
Process Time 3-6h

Chemical concentration 1,2 and 3M

Liquid to wood ratio (L: W)  5:1,7.5:1, 10:1
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4 RESULTS AND DISCUSSION
4.1 Sawdust characterization

The particle size distribution of the two sawdust samples are shown in Figure 4.

Average particle size distibution for sawdust samples (100 g sample size)

H Softwood
I ® Hardwood
‘ J |

>1180  710-1180 425-710 250-425  150-250 53-150 0-53

Size ranges (um)

== NN W WS B0
Ul ©O U1 ©O N © U1 © U1 ©

Particle size distribution (%)

o

Figure 4: Particle size distribution (PSD) of sawdust species

The softwood sawdust sample showed a high composition of particles greater than 1180 um. The
fraction above 1180 um was removed as it was not compatible with the delignification process due to

its low surface area, which resulted in unreacted sawdust particles.

Each of the sawdust species was chemically characterized (Table 2) to identify the composition prior
to treatment. The hardwood sample differed slightly from the softwood species for most of the
components. The cellulose and lignin content from all species corresponds to the ranges specified in

literature (Cellulose of 40-50% and lignin 15-35%) (Swst, 2017).

In terms of the monosaccharide compositions, higher compositions of xylose were present in the
hardwood sample as compared to the softwood sample and higher compositions of mannose and
galactose was observed in the softwood as compared to the hardwood sample which corresponds to
literature (Gladyshko, 2011). The ash composition for the hardwood sawdust also was relatively higher
compared to the softwood. According to literature hardwoods contain a high proportion of xylose units
and by contrast, softwoods have a high proportion of mannose units and more galactose units
(Gladyshko, 2011). This is evident in the results comparing the chemical compositions of the species.
Furthermore, the hardwood sample shows a slightly higher cellulose composition in comparison to the

softwood species.
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Table 2: Chemical composition of different sawdust species used (Dry wood basis)

Analysis Hardwood sawdust Softwood sawdust
Solvent extractives (%) 0.40 0.29
Hot water extractives (%) 3.27 1.96
AIL (%) 31.74 30.83
ASL (%) 4.49 2.67
Siefert Cellulose (%) 44.08 41.59
Ash content (%) 0.70 0.17
Monosaccharides
Arabinose (%) 0.66 0.95
Galactose (%) 0.86 1.94
Xylose (%) 13.07 6.05
Glucose (%) 39.88 42.94
Mannose (%) 0.95 3.09

4.2  Dissolving pulp experiments

The two-stage delignification and pulp purification processes showed that a temperature beyond 60
°C with chemical concentrations of 3 M caused effervescence of the product and thus delignification
was not achieved. At lower treatment concentrations (1 and 2 M) for temperatures above 60 °C, the

conditions were still not effective enough to effect sufficient delignification, leaving a large proportion

of unpulped sawdust even up to periods of 6 hours. Optimum conditions were found to be 3 M and
60 °C and L: W (10:1) for the softwood sample and 3 M, 70 °C and L:W (10:1) for the hardwood sample

in about 6 hours, where a fully pulped product was achieved with minimal to no rejects.

Figure 5: Transition of sawdust to pulp during delignification process.

A second set of tests was then done to optimize the reaction time for delignification of each species
using the two abovementioned sets of conditions. For the hardwood sample at 70 °C, delignification
was achieved in 3 hours. Optimum conditions were established for each species in terms of
concentration, temperature and time. A yield from 44-60% and 53% was achieved for sawdust species

respectively. The yield obtained was similar to unbleached AS DWP (44.9-45.9%) and slightly higher

Q> SACEC



243

than unbleached PHK DWP (35-40%) (Dyunyasheva, 2017). PHK DWP is expected to show lower
yields due to the prehydrolysis step. Figure 5 shows the transition of sawdust mixture to a pulp as time

elapsed during the delignification process with the final stage showing a washed air-dried pulp.

The pulps were characterized and the results are summarized in Table 3.

Table 3: Results of chemical characterisation of pulps from each sawdust species using optimum conditions

Measurement Hardwood sample Softwood sample
Yield (%) 44-60 53
Intrinsic viscosity (ml/g) 110-180 304
Degree of polymerization (DOP)  283-505.35 934
ASL (%) 1.17-1.53 1.29
AIL (%) 4.27-4.89 5.13
ISO brightness (%) 65-66.69 66
Monosaccharides

Glucose 74.59-80.37 90.14
Mannose 0.00 6.74
Arabinose 0.00 0.00
Xylose 2.63-5.15 1.04
Galactose 0.00 0.00

Both sawdust pulp samples derived from stage 1 showed a low intrinsic viscosity and corresponding
degree of polymerization (DOP), between 110-304 mL/g and 283-934 respectively. The low viscosity
and DOP were attributed to the possibility of cellulose degradation due to reduced polymer chains as
mentioned in literature (Shahzad, 2012). The results suggest that the dissolving pulps achieved to date,
without further chemical treatment, would be suitable to target an application that requires a low
viscosity pulp such as MCC which requires a DOP <400 corresponding to a viscosity of 148.03 mL/g.
Brightness measurements ranged between 65-66.69% overall. Majority of literature reports on final
bleached DWP brightness >85%. However, one source makes mention of unbleached PHK DWP 33.6-
42,9%, highlighting that the proposed study pulps have advantage in this aspect and will require
minimal improvement in brightness during the subsequent post delignification stage (Sixta, 2006).

Lignin concentrations (AIL and ASL) showed significant decreases compared to the original sawdust
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samples (70-80% reduction), indicating that the delignification process was efficiently removing lignin.
Hemicellulose content overall following stage 1 was minimal which suggests that the hemicellulose
was also degraded in the stage 1 delignification process. A low hemicellulose content is a key
requirement for DWP grades. However, considering the initial raw material hemicellulose composition,
separate studies will be undertaken to evaluate the pre-extraction of the hemicelluloses prior to stage 1
delignification for possible beneficiation of the hemicelluloses. Previous studies have shown that
removal of hemicellulose prior to the process may aid in delignification, thus requiring milder

delignification conditions (Miao et al., 2014, Christopher, 2017, Liu et al., 2013, Koradiyaa et al., 2016).

5 CONCLUSIONS

The proposed process has shown significant evidence in consistently producing a low viscosity and
high brightness dissolving pulp grade cellulose product by the delignification of sawdust. Optimum
conditions were established for pulps with little to no rejects for hardwood and softwood species.
Concerns remain around cellulose degradation. However, the current product shows potential as
feedstocks for end-user applications such as MCC which can service the pharmaceutical and possibly
the food industry at large. Other end-user products such as viscose production is also been researched

and considered in the pipeline.

In addition, efforts to extract more value from the sawdust material by applying pre-treatment methods
such as prehydrolysis prior to delignification is underway. This will expand the value chain of the
biomaterial. The process shows novelty and promising energy and water savings, and in turn, reduced
processing costs by achieving a dissolving pulp grade cellulose product using moderate temperatures
and reduced times in comparison to conventional processes. The next stages in the project entail
developing a proof of concept of end-user products followed by a pilot scale up of the process as well

as a techno-economic study.
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ABSTRACT

The affordability of preparing cellulose films with 1-ethyl-3-methylimidazolium acetate
([EMIm][OAc]) was improved by using a mixture of 50 wt-% choline chloride and 50 wt-%
[EMIm][OACc] as solvent. Overall, cellulose dissolved to a greater extend in neat [EMIm][OAc], leading
to transparent films with a smooth surface morphology. For films prepared with the mixed solvent, a
fused fibre morphology was observed at higher temperatures compared to discrete fibre morphology at
lower dissolution temperatures. These films were less transparent, but experienced less shrinkage and
warpage. X-ray diffraction analysis together with Fourier-transform infrared spectroscopy (FTIR)
showed that films of the fused fibre morphology can be classified as all-cellulose composites (ACCs).
FTIR spectra further confirmed that the novel mixed solvent may be classed as a non-derivatising
cellulose solvent. ACCs with tensile strengths of up to 23.5 MPa were prepared, which is comparable
with those of commercially used polyolefin films. At some dissolution conditions, films prepared with
the neat and mixed solvent had similar thermal and tensile properties. The results subsequently confirm
the potential of the more cost-effective mixed solvent system to prepare competitive cellulose films.

Keywords: cellulose solvents; ionic liquid; 1-ethyl-3-methylimadazolium acetate; choline chloride;
all-cellulose composite

1 INTRODUCTION

Despite its potential as commercial bio-polymer, cellulose remains underutilized as an alternative raw
material. A class of novel cellulose solvents, the ionic liquids (ILs), hold promise to increase utilization
of this resource (Rabideau et al., 2014; Meenatchi et al., 2017). ILs offer a number of distinct
advantages over traditional solvents, including low volatility and outstanding cellulose solvation-ability
(Rabideau et al., 2014; Meenatchi et al., 2017). However, most common cellulose-dissolving ionic
liquids are still prohibitively expensive. According to a techno-economic analysis performed by Klein-
Marcuschamer et al. (2011), advances are needed to reduce IL cost and/or IL load needed for processing
and to recover IL by recycling. Therefore, the aim of this work was to investigate the use of a more

cost-effective solvent system for cellulose dissolution. Specifically, a 1:1 mixture by weight of the ionic
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liquid [EMIm][OAc] and choline chloride was considered. Choline chloride is a substituted quaternary
ammonium salt (Abbott et al., 2004) commonly used as an animal feed supplement. Unlike ILs, choline
chloride is relatively inexpensive. In the past, choline chloride has been used in combination with
several substances, like carboxylic acids (Florindo ef al., 2014), to produce deep eutectic solvents
(DES). Choline chloride-based DES do dissolve small amounts of cellulose (Ren ef al., 2016; Lynam
et al., 2017). The hypothesis of this study is that mixtures of choline chloride with other ILs like
[EMIm][OAc] may provide more cost-effective solvent systems - without sacrificing efficacy and
recycle-ability. For this purpose, films were prepared after dissolving a-cellulose in either neat
[EMIm][OAc] or the 1:1 [EMIm][OAc]/choline chloride mixed solvent. Visual inspection, tensile
strength testing, XRD and FTIR spectroscopy, SEM imaging as well as TGA analysis were used to

compare characteristics of the resultant films.

2 EXPERIMENTAL PROCEDURE
2.1 Materials

a-Cellulose pulp, supplied by Sappi, was used as raw material. [EMIm][OAc] (>98%) was purchased
from Proionic. Choline chloride (98 %) was supplied by Shaanxi Yuan Tai Biological Technology Co.,
Ltd.

2.2 Methods

2.2.1  Film preparation

Discs of a-cellulose hand-sheets were prepared for cellulose dissolution. Each 90 mm diameter sheet
contained about 2 g dry a-cellulose. The dissolution temperature, solvent to cellulose ratio, and
dissolution time for film preparation were varied according to the conditions summarised in Table 4.
Experimental conditions were selected based on results from a preliminary investigating (Thirion, 2015)
where 1-butyl-3-methylimidazolium chloride were used as cellulose solvent. In total 15 different
combinations of these parameters were used to prepare films using both the neat and mixed solvent. For

each set of conditions, between 3 and 5 films were prepared.

Table 4: Different values of tested independent variables during a cellulose dissolution.

Solvent to cellulose ratio (g/g) | Dissolution temperature (°C) Dissolution time (min)

9 80 30
14 90 75
19 105 120

Dried a-cellulose sheets were placed on top of the required amount of solvent — spread over the bottom
of a petri dish and left in a temperature-controlled oven for the required dissolution time. After

dissolution, the cellulose films were allowed to regenerate for 120 min in a closed chamber fitted with
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an air humidifier. The regenerated films were rinsed with room temperature deionised water to remove
the solvent from the films. After rinsing, the films were clamped over short pieces of a PVC pipe and

left to dry for at least 24 h under ambient conditions.

2.3 Analysis of cellulose films
2.3.1 Tensile testing

All films that retained their structural integrity after drying were tested. For comparison purposes, the
tensile strength of the undissolved a-cellulose sheets was also recorded. Rectangular pieces of film
(40 mm x 7 mm) were conditioned at 27 %3 °C and a relative humidity of 52 £ 1 % for 24 h prior to
testing. Humidity control was achieved by using a saturated magnesium nitrate solution in a tightly
sealed container. The stress-strain curves of the specimens were determined at 25 °C using a tensile
tester (EZ-L from Shimadzu). A 200 N load cell, and an extension rate of 5 mm/min with a clamp

distance of 20 mm.

2.3.2  X-ray diffraction (XRD)

XRD spectra of ball-milled a-cellulose, undissolved a-cellulose sheet as well as all the prepared
cellulose films were recorded on a Bruker D2 PHASER XRD Instrument with Cu Ko radiation
(A=1.54060). The system was equipped with a LYNXEYE XE-T detector with up to 4.99° PSD

opening. Film fragments were scanned from 5° to 50° 20 at a rate of 0.02° 20 steps per second.

2.3.3  Fourier transform-infrared spectroscopy (FTIR)

FTIR spectra of undissolved a-cellulose sheets, as well as all the cellulose films prepared from the
respective solvent systems were recorded using a PerkinElmer Spectrum 100 spectrophotometer. All
the spectra were recorded in the ATR mode in the 4000 — 550 cm ™! region with 32 scans at a resolution

of 4 cm™,

2.3.4  Scanning electron microscope imaging

All samples were sputter coated with chromium for 1 min and viewed using a Zeiss Supra 55VP.
Most samples were viewed at an acceleration voltage of 2 kV, with the secondary detector. Very smooth
samples were viewed at 0.5 kV with the in-lens detector in order to prevent degradation at high

magnifications.

2.3.5 Thermogravimetric analysis

Thermogravimetric analyses (TGA) were performed using either a Hitachi STA7300 TGA-DTA or a
TA Instruments SDT Q600. Approximately 18 mg of each sample was placed in an alumina pan and
analysed in a N, atmosphere (flow rate of 100 ml-min™"). Samples were heated from room temperature
to 950 °C at a heating rate of 10 K-min~'. The thermal degradation onset temperatures of the respective

films were determined using the tangent line technique on the TG curve according to the standard ISO
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11358-1 (International Organization for Standardization 2014).

3 RESULTS AND DISCUSSION
All films were ductile and could easily be bent without breaking. In general, films prepared with the
neat IL solvent were more transparent as illustrated in Figure 1, where images of both film types

prepared from similar dissolution conditions are shown.

(b)

Figure 6: Samples (a) FP,105,14,75 and (b) FM,105,14,75 showing the higher transparency of films

prepared with the neat [EMIm][OAc]. Samples are named according to convention: FS,T,R,t were S is the

solvent used, T the dissolution temperature, R the solvent to cellulose ratio and t the dissolution time.

SEM images of films prepared using the mixed solvent, indicated that a fused fibre and discrete fibre
surface morphology were prevalent for these film types. At a dissolution temperature of 80 °C a discrete
fibre surface morphology — characterised by individual fibres — was observed. An increase in the
dissolution temperature to 90 °C and 105 °C led to the fused fibre morphology, where fibres are held
together by a matrix, as illustrated in Figure 7. The presence of undissolved fibres in a matrix of
dissolved and regenerate cellulose suggests that these films can be classified as all-cellulose composites

(ACCs).

Figure 7: SEM images in order of increasing magnification from left to right of regenerated cellulose film
FM,105,14,75 prepared using the mixed solvent system.

A smooth surface morphology — as shown in Figure 8 — was generally observed for films prepared
from the neat IL solvent. The absence of fibrous structures suggests complete cellulose dissolution. The

small globular structures visible at very high magnification in Figure 8 (c) resemble the morphology of
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amorphous cellulose particles as observed by loelovich (2013).
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Figure 8: SEM images in order of increasing magnification from left to right of regenerated cellulose film
FP,105,14,75 prepared from neat [EMIm][OAc] solvent.

It was noticeable that films prepared from the mixed solvent experienced less warpage after drying
when compared to those prepared using neat [EMIm][OAc]. These films also experienced less
shrinkage during the regeneration and rinsing processes. The average diameter of film sheets prepared
from the neat [EMIm][OAc] solvent was 7.2 cm compared to an average diameter of 8.8 cm calculated

for the films prepared from the mixed solvent.

Results from XRD and FTIR spectra were used to confirm the conclusions drawn from the visual
observations and SEM images. Figure 9 (a), (c) and (e) shows the XRD spectra of films prepared with
neat [EMIm][OAc]. These films are highly amorphous. For most films, only a single broad reflection

at 21.1° —21.7° can be seen.

For films Fp,10s,19,30; Fp,90,14,75; Fp.90,14,30; Fp009.75; Fp80.14,75; Fpgo9,120; and Fpgoo 30 this reflection was
appeared broader and less intense — possibly due to convolution of the two primary cellulose 11
reflections and the amorphous reflection, which exist at almost the same position. The presence of
cellulose II in these samples, is confirmed by its characteristic secondary reflection at 12.5° — 13.0°.
With neat [EMIm][OAc], dissolved cellulose was therefore present as cellulose II and/or amorphous
cellulose. For films Fp.g0.14,75; Fr.80.9,120 and Fp 80930 remnants of the cellulose I doublet were visible. As
the primary reflection would be part of the broad reflection, this was taken as evidence that a small

amount of cellulose I was still present in these films.

The crystallinity of the films prepared with the mixed solvent — spectra given in Figure 9 (b), (d) and
(f) — was higher than those prepared with neat [EMIm][OAc]. In fact, their spectra still resemble that of
cellulose 1. The doublet at approximately 14.8° and 16.8° was still observable for these samples,
however the two reflections were less distinct from each other and broader than in the case of
undissolved a-cellulose sheets. The primary reflection of cellulose I, present at 22.6° in neat cellulose
I and the a-cellulose sheets, shifted for the cellulose regenerated from the [EMIm][OAc]/choline
chloride mixture to between 22.3° — 23.6°. At 105 °C the shift to the left is more pronounced, while the

reflection at 20 = 34.5° disappeared. This disappearance suggests longitudinal disorder (Duchemin et
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al., 2007). The broad shape of the reflection, together with the shift and the disappearance of reflection
(0 0 4) at 34.5° in films prepared at 105 °C could be explained by the presence of the paracrystalline
form of cellulose as described by Duchemin et a/. (2007). Films prepared at 80 °C and 90 °C are mainly

composed of cellulose I with some amorphous cellulose also being present.
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Figure 9: XRD spectra of regenerate cellulose films prepared at 105 °C with (a) neat [EMIm][OAc] and (b) a
mixture of [EMIm[[OAc] and choline chloride; films prepared at 90 °C with (c) neat [EMIm[[OAc] and (d)

the mixed solvent; and films prepared at 80 °C with (e) neat [EMIm][OAc] and (f) a mixture of
[EMIm][OAc] and choline chloride.
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Considering the high degree of residual, undissolved cellulose fibres in these films (resulting in the
fused or discrete fibre morphology), this is an expected result. The presence of native cellulose in these

films confirms that these samples can be classified as ACCs.

The FTIR spectra of the raw materials — undissolved a-cellulose, [EMIm][OAc] and choline chloride
— and all the regenerated cellulose films prepared at a solvent ratio of 14 g/g are shown in Figure 10.

Similar spectra were obtained for films prepared with solvent ratios of 9 g/g and 19 g/g

Fpso,1475 Fus0,1475
Frpoo0,14,120 Fum90,14,120
Fpoo.1475 o . - Fu90,1475
~ |Fpoo.14.30 ~|F
P N SRS S RMANMAD. o i .
?S:FP.minjs - % [Fuuses e i
[ ——— T T, M,105,14, "
s \/f\T g e N N
E |[EMIm][OAc] E [EMIm][OAc]
g VTV 5§ , WWW”’“V
& |choline chloride & [choline chloride
E—— WAV - ﬁ/vwf‘—“‘\(dy*w :
a-cellulose - v W a-cellulose P 7
3550 3050 2550 2050 1550 1050 550 3550 3050 2550 2050 1550 1050 550
Wavenumber (cm™) Wavenumber (cm™)
(a) (b)

Figure 10: FTIR transmittance spectra for samples prepared with 14 g solvent/g a-cellulose with (a) neat
[EMIm][OAc] and (b) a mixture of [EMIm[[OAc] and choline chloride.

All the major functional groups of cellulose can be observed in the spectra. The common bands at
3330 cm™! (OH stretching vibration), 2880 c¢cm™' (CH, stretching vibration), as well as bands at
1420 cm ™, 1369 cm ™!, 1317 cm'and 895 cm™! were present (Pang et al., 2014; Liu et al., 2015; Reddy
etal.,2017). The 895 cm™! band is associated with B-glucoside linkages between the sugar units and is
more pronounced in amorphous cellulose and cellulose II (Pang et al., 2014; Reddy et al., 2017). In the
case of the undissolved a-cellulose sheets, this band can therefore be attributed to a small fraction of
amorphous material already present. The peak at ~1640 cm™!, associated with absorbed water present
in the amorphous phase (Pang et al., 2014; Liu et al., 2015), was also observed in all the samples. This
peak increased in sharpness in the regenerated samples, especially those prepared with the mixed
solvent. Another general observation was the broadening of the band located between 3000 cm™! and
3600 cm™! after dissolution and regeneration. This indicates the breaking of hydrogen bonds between

hydroxyl groups upon dissolution (Raut et al., 2015).

When considering the spectra of films prepared with neat [EMIm][OAc] as shown in Figure 10 (a),
the sharpness of the 895 cm™! band increased, while the band at 1430 cm™! was weakened. As the band
at 1430 cm™! is usually more pronounced in cellulose I (Liu et al., 2015; Reddy et al., 2017), the reduced
band intensity confirms cellulose dissolution. A new band appeared at 994 cm™! and is assigned to C—O

stretching vibrations in the amorphous region. It suggests crystal transformation of cellulose I to
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cellulose II and amorphous cellulose had occurred. For films prepared with the mixed solvent (Figure
10 (b)) the band at 994 cm ™! was less intense when compared to films prepared with neat [EMIm][OAc],
while the intensity of the band at 895 cm™! was similar to that of the undissolved cellulose sheet.
Furthermore, the band at 1430 cm™! was still present. This suggests that these films were comprised of
cellulose I with some amorphous cellulose, consistent with the conclusions drawn from the XRD data.
Additional bands at 1562 cm™! and 1350 cm™' are associated with the presence of residual
[EMIm][OAc] and choline chloride respectively, suggesting the need for an additional rinsing step. The
general similarity between the spectra of the regenerated films and the a-cellulose sheets confirms that

[EMIm][OAc] and choline chloride act as inert, non-derivatizing solvents for cellulose.
The presence of a small amount of residual solvent is supported by the recovery data of the solvents.

Regardless of cellulose dissolution conditions, an average of 90.6 wt-% + 4.8 wt-% and 87.9 wt-% +

3.5 wt-% of the [EMIm][OAc] and mixed solvent respectively could be recovered for potential re-use.

The mean thermal degradation onset temperature for the a-cellulose sheets was 335 °C. Lower onset
temperatures were recorded for all the regenerated films. The average onset temperature for thermal
degradation was 243 °C + 5.6 °C and 210 °C + 3.3 °C for the films prepared from the neat and mixed
solvent respectively. Trends, due to variations in the dissolution temperature, solvent ratio or dissolution
time, were not discernible. The lower onset temperature of thermal degradation of regenerated films
was consistent with literature values (Liu et al., D, 2012; Liu et al., 2015; Lethesh et al., 2016; Reddy
et al., 2017; Lethesh et al., 2020). This confirms that the crystallinity of the regenerated films was

reduced through dissolution and regeneration.

Stress strain curves illustrate the ductile nature of the films: Stress initially increases rapidly at small
strains and then more slowly beyond a yield point. The average ultimate tensile strength of the o-
cellulose hand sheets was 3.85 £ 0.5 MPa. The highest ultimate tensile strength values were 34 + 12
MPa and 24 + 6 MPa for films prepared from the neat and mixed solvent system respectively. The best
preforming film was prepared with the mixed solvent system and it featured a fused fibre morphology.
This compares with the best performing film prepared with neat [EMIm][OAc] which had a smooth
morphology. These values are similar to those for films prepared by Duchemin, Newman, and Staiger
(2009) from micro-crystalline cellulose (MCC) dissolved in Li/DMAc. The tensile strengths in the
range of 20-40 MPa, are also comparable with commercially used polyolefin films, such as
polyethylene (PE) and polypropylene (PP)(Pang ef al., 2014; Reddy ef al., 2017). These results show
the potential of the proposed mixed solvent system for cost-effective preparation of environmentally

friendly, biodegradable cellulose films that may find application in for packaging purposes.
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4 CONCLUSIONS

Ductile cellulose films with plastic mechanical behaviour were successfully prepared following
dissolution of a-cellulose hand sheets in either neat [EMIm][OAc] or a mixed solvent of 50 wt-%
choline chloride and 50 wt-% [EMIm][OAc]. SEM images revealed three main film morphologies:
smooth -, fused fibre - and discrete fibre morphology. Smooth film morphology was prevalent in films
prepared from the neat solvent. With the mixed solvent, a fused fibre morphology was obtained at higher
dissolution temperatures, while a discrete fibre morphology resulted at lower dissolution temperatures.
The former film produced featured the highest average tensile strength (24 MPa). This value is
comparable to that of films prepared from the neat solvent under the same process conditions. However,
preparation conditions from the neat solvent still resulted in stronger films, with a maximum tensile
strength value of 34 MPa recorded. Here a smooth film morphology was observed. FTIR spectra
confirmed that both solvent types may be classed as non-derivatising cellulose solvents. Despite the
lower tensile strength values of the films prepared from the mixed solvent, the results suggest that
optimisation of dissolution conditions may produce films with comparable properties to traditional

packaging material.
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ABSTRACT
An increase in the number of restaurants in major cities is putting more pressure on the municipality’s
supplies of water. Moreover, the wastewater generated can be treated at the source to protect the
environment and for reuse purposes. In this work, an ultrafiltration (UF) membrane was fabricated for
the treatment of restaurant wastewater. The membrane was fabricated using the phase inversion
technique with polyethersulfone (PES) as the base polymer, 1-N-methyl-2 pyrrolidone (NMP) as the
solvent, and cellulose nanocrystals (CNC) as additive. The membranes were characterized using SEM,
EDX, FTIR, and contact angle measurement. The SEM images were analysed for surface characteristics
using WSxM 5.0 Develop 9.1 software. The membrane performance was tested for water flux, turbidity,
and Chemical Oxygen Demand (COD) removal in a test cell using both synthetic and raw restaurant
water. Average water flux, turbidity, and COD removal were higher with a PES membrane containing
0.075% CNC. This was because of lower contact angle, lower pore size distribution but higher pore
size. The formation of agglomerates was not observed in the membrane as seen in the PES membrane
with CNC concentrations higher than 0.075%. The PES-CNCO0.075 membrane shows a great prospect

in the treatment of restaurant wastewater.
Keywords: Cellulose nanocrystals, ultrafiltration, restaurant wastewater, membrane, phase inversion

1 INTRODUCTION

Water usage is increasing worldwide because of the increase in population, industrial and agricultural
activities (Borowski, 2020). One of the major contributors to the volume of water usage is the
restaurants. Water usage in a medium-sized restaurant, with 25 employees, 60 seats, and 250 meals/day,
is estimated at 95,000 L per day (Flusberg, 2016). In South Africa, Western Cape has the highest number
of documented restaurants with 2656, while Limpopo has the lowest, with an average of 74 restaurants
(dining-out, 2021). The number of restaurants is still growing. An increase in the number of restaurants
in major cities is putting more pressure on the municipality’s supplies of water. The wastewater
generated is sent into the centralized wastewater treatment plant (Peter-Varbanets et al., 2009).

However, a decentralized system, whereby the wastewater is treated at the source may be an option to
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recover the water for immediate reuse.

Restaurant wastewater is contaminated loaded with food, soup particles, and other organic matter like
oil and grease (Yau et al., 2018, Yao, 2020). Some of these contaminants are measured by the turbidity
and COD of the wastewater. COD is a good indicator of organic contaminants in wastewater (Yang et
al., 2016). Various technology options exist for the removal of turbidity and COD, but the membrane
process offers a more compact, small footprint technique that can be applied at the restaurant (Bhojwani
et al., 2019). Specifically, ultrafiltration (UF) offers a suitable treatment at low pressures (Abdessemed
et al,, 1999). The performance of the UF membrane can also be improved by adding suitable
nanomaterials (Nasrollahi et al., 2019, Garcia-Ivars et al., 2014). One of the nanomaterials of current
interest is the cellulose nanocrystals (CNC) (Reid et al., 2017, Tang et al., 2017). This is because of its
properties, but more importantly, it can be obtained from sawdust, a wood waste that is in abundance
(Thompson et al., 2019). The purpose of this work is to fabricate ultrafiltration (UF) membrane with
CNC as an additive for the removal of turbidity and COD from restaurant wastewater in order to
establish the potential of a low-pressure membrane system for immediate treatment of the water for

reuse.

2 LITERATURE

Some work has been published that involved treatment of restaurant and other related wastewater.
Khan et al. (2011) investigated the treatment of kitchen wastewater using aerobic treatment. They
reported 87% removal of COD and a 73% reduction in turbidity after 45 days of treatment. The
limitation of this method is the number of days required to achieve a suitable treatment level. Zulaikha
et al. (2014) investigated the treatment of raw restaurant wastewater using commercial UF and
nanofiltration (NF) membranes. They reported 97.8% and 99.9% removal of COD and turbidity
respectively, irrespective of the membrane. This was significantly higher than the quality achieved by
aerobic treatment after 45 days. However, the water flux was only 38% for the UF membrane. In India,
restaurant wastewater is treated using chemical dosage, settling tanks, followed by a multimedia filter,
and activated carbon filter before final discharge into the environment (Singh et al., 2014). This is a
more complex setup than a membrane system, generates sludge, and requires the use of chemicals.
Marchese et al. (2000) reported 90.1% removal of COD with a permeate flux of 20 L.h'.m™ at 400 kPa
and 35 °C when Emulsified Oil Wastewater was treated with ultrafiltration membrane in a cross
filtration set up. The membrane process with ultrafiltration shows great potential for effective removal
of COD and turbidity from restaurant wastewater, however, it is important to have high contaminants
removal with high flux in order to facilitate reuse after treatment. Lessan et al. (2020) investigated the
effect of cellulose nanocrystals (CNC) as a hydrophilic nanoparticle on the characteristics of
polyethersulfone (PES) based membranes. They reported 1.5 wt% of CNC concentration increased the

water permeability of the membrane while retaining the same dye rejection and fouling resistance as
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the membrane without CNC. This study shows the potential of UF membrane with CNC to remove
contaminants while improving water flux. However, the application of UF membrane with CNC for the

treatment of restaurant wastewaters has not been reported.

3 EXPERIMENTAL PROCEDURE

Polyethersulfone (PES) was obtained from Solvay while the non-woven support was obtained from
Kavon Filters. 1-N-methyl-2 pyrrolidone (NMP) (>99%) was obtained from Sigma Aldrich.
Commercial Cellulose Nanocrystals (CNC) powder was obtained from CelluForce, Canada. Restaurant
wastewater was obtained from a city restaurant in South Africa. Synthetic turbid water was prepared

with deionized water and zeolite.

The membrane was fabricated using the phase inversion technique. The separation of an initially
homogeneous mixture into two separate phases, each containing a polymer, a solvent, and additional
additives, is known as phase inversion (Lalia et al., 2013). The solid phase which is the polymer-rich
phase, will give rise to the membrane matrix, where the solvent rich liquid phase also known as
polymer-lean phase, will originate from the membrane pores. There are four techniques distinguished
based on the mechanism exploited to induce such separation, often called defining or precipitation.
These four techniques are evaporation-indiced PS (EIPS), vapor-indiced PS (VIPS), temperature
indiced PS (TIPS), and nonsolvent-induced (or diffusion-induced) PS (NIPS or DIPS). In DIPS,
precipitation of the casting solution is obtained by immersion into a non-solvent bath. DIPS is the
technique used in this work. A polymer solution was prepared with polyethersulfone (PES) (18 wt %)
in 1-N-methyl-2 pyrrolidone (NMP) as solvent. The PES was dried in an oven for 24 hours before use
in order to eliminate any water that may be present. The solution was stirred using a magnetic stirrer
for 24 hours before use. The polymer solution was then used to cast the membrane on non-woven
support using an automatic casting machine. The non-woven was fixed on a glass plate using cello tape.
The thickness was set at 250um using the micrometer gauge on the casing knife. The polymer was then
immersed into a bowl of water at room temperature. The procedure was repeated for polymer solutions

containing cellulose nanocrystals (CNC) as an additive at 0.05%, 0.075%, 0.1%, and 0.15%.

The membranes were characterized using a contact angle analyser, Scanning electron microscopy
(SEM), Fourier transform infrared (FTIR), and Energy dispersive X-Ray spectroscopy (EDX). The
procedure is well documented in the literature (Adeniyi et al., 2020). The SEM images were analysed
for roughness, pore size distribution, and morphology using WSxM 5.0 Develop 9.1 Software (Horcas
et al., 2007).

Separation performance was conducted in a dead-end filtration cell. The active membrane area in the
cell was 14.6 cm? The membranes were tested for pure water flux and for turbidity removal with

synthetic turbid water. The pressure was varied from 0.2 bar to 1.0 bar while the initial turbidity was
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varied from 80NTU to 140NTU. The membranes were also used for the treatment of raw restaurant
waster. COD was analysed using a spectrophotometer while turbidity was analysed with a turbidity

meter. The test and analysis were done in triplicates.

The water flux was calculated using equation 1, while the removal of Turbidity and COD were

calculated using equation 2.

Jw = % Equation 1

Where J,, (L/m%*h) and V (L) are the water flux and the permeate volume respectively. The active
membrane area 4 is measured in m? while the filtration time t is in h.
= G=%)
==
where R is the rejection in %, Cr s the initial turbidity or COD in the feed and G, is the final turbidity

R 100 Equation 2

or COD in the permeate.

4 RESULTS AND DISCUSSION
4.1 Effects of CNC on PES-UF membrane characteristics

Five membranes were prepared and compared in terms of their characteristics in order to determine
the effect of CNC concentration on the membrane properties and performances. Figure 1 shows the
FTIR spectra of the five membranes tested, where the membrane with pure PES without CNC is labelled
PES, the other membranes with PES and CNC are labelled CNC with the percentage of CNC as the
differentiating factor. For example, CNC0.05 means that 0.05wt% of CNC was added to the polymer
solution. The normal peaks for membranes fabricated from polymer solutions containing PES were
observed in all the membranes. This means that the membranes were properly formed. The peak for
C-O bond stretching was observed at 1109 cm’!, the peak for aromatic ether stretching was observed at
1242 cm™!, the peak for C-C bond stretching was observed at 1487 cm™' while the 1581 ¢cm™ peak
indicates the presence of benzene ring stretching. Figure 2 shows typical FTIR spectra for CNC
(Aguayo et al., 2018). However, none of the membranes with CNC showed any peak which could be
attributed to the presence of CNC. This may be due to the low concentration of the CNC in the
membranes indicating that the functional groups were not changed at low CNC concentration. All the
membranes show a strong presence of sulfones and secondary amine as indicated by the peaks ranging

from 1120 cm™ to 1600cm™.
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Figure 1: FTIR spectra of the five membranes
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Figure 2: A typical FTIR spectra for cellulose nanocrystals (Aguayo et al., 2018)

The EDS results did indicate the presence of CNC in the membrane material. The results showed a
gradual increase in the mass concentration of the oxygen as the percentage of CNC increased: PES
(20.13% Oxygen), CNC0.05 (20.42% Oxygen), CNC0.075 (20.92% Oxygen), CNCO0.1 (23.36%
Oxygen), and CNCO0.15 (26.95% Oxygen). This is evidence of the CNC in the membranes. For atomic
composition, PES (17.15% Oxygen), CNC0.05 (17.35% Oxygen), CNCO0.075 (17.78% Oxygen),
CNCO0.1 (20.18% Oxygen), and CNCO0.15 (22.30% Oxygen). These values were obtained using EDX
analysis. The values are important to determine whether there is a change in the elemental and atomic
compositions of the membrane because of the addition of CNC. The increase in oxygen content may
be from the OH group bonded to the CNC (Adeniyi et al., 2020). This was expected to have a direct
impact on the contact angle of the membranes that was measured with Goniometer (Digidrop-GBX)

using pendant drop method; however, a deviation was observed as shown in Figure 3 where CNC0.075
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had the lowest contact angle (69°), and was the only CNC membrane with a lower contact angle than
the PES membrane (71.4°). The lower the contact angle, the higher the hydrophilicity of the membrane
(Hebbar et al., 2017). This is means that the CNC0.075 is more hydrophilic than the other membranes.

100.0

90.0
80.0
70.0
60.0
50.0
40.0
30.0

Contact angle (degree)

20.0
10.0

0.0

Membrane

MPES mO0.05CNC mO0.075CNC 0.1CNC mO0.15CNC

Figure 3: Contact angles of the membranes

SEM images of the membranes are shown in Figure 4 revealing the effect of CNC on the morphology
of the PES UF membrane. The observed surface may explain why the CNC0.075 has the highest
hydrophilicity. It seems that the polymer forms a perfect blend at a concentration of 0.075% CNC
leading to a uniform dispersion of CNC in the polymer. While 0.05% CNC was too low to have a
significant effect on the PES-UF membrane, concentrations higher than 0.075% were not homogenous,

leading to the formation of agglomerates.

Figure 4: SEM images at 600nm of PES (4), CNC0.05 (B), CNC0.075 (C), CNC0.1 (D) and CNCO0.15 (E)

The SEM images were analysed using WSxM 5.0 Develop 9.1 software for pore size distribution,
roughness, and pore structure. The mechanism for separation in ultrafiltration is primarily steric
exclusion. This means that the pore structure, surface morphology, and roughness will have a large
impact on the membrane performance. The 3D images are shown in Figure 5 showing the effect of the

addition of CNC into the polymer solution on the membrane morphology. There was no significant
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change when 0.05% CNC was added. However, the addition of 0.075% CNC brought a change to the
morphology of the membrane. The formation of agglomerates is clearly shown in the membrane with
0.1% and 0.15% CNC. The effect on the surface roughness and pore size distribution are shown in
Figures 6 and 7 respectively. Root mean square roughness (RMS) for PES was 0.53nm, and 0.52nm,
0.82nm, 1.60nm, 1.32nm for CNCO0.05, CNCO0.075, CNCO0.1, and CNCO0.15 respectively. The surface
roughness increased with the addition of CNC. The degree of formation of agglomerates was higher for
CNCO.1 and this is clearly reflected in the roughness of the membrane as the membrane with the highest

roughness.

Figure 5: 3D pictures of the SEM images at 600nm of PES (4), CNC0.05 (B), CNC0.075 (C), CNC0.1 (D)
and CNCO0.15 (E)

The pore size distribution of the membranes for a scan area of 1um by 1um is shown in Figure 7. The
figure shows that the pore size distribution is higher for PES than for other membranes, which means it
has more pores of different sizes. The pore size distribution was greatly reduced by the presence of
CNC in CNC0.05, however, this did not result in improvement of the hydrophilicity. CNC0.075 has the
lowest size distribution and hence the lowest number of pores, however, the addition of CNC resulted
in an increase in hydrophilicity. Also, most of the pores of CNC0.075 are over 4nm in diameter. Both
CNCO0.1 and CNCO.15 have a pore size distribution between that of PES and CNCO0.05. The pores of
CNCO0.1 and CNCO0.15 might have been affected by the agglomeration of CNC on the surfaces. This
may mean that the optimum concentration of CNC in the dope solution is 0.075%. The membrane has

the highest hydrophilicity, lowest pore size distribution, and increased roughness.
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Figure 6: Surface roughness of PES (4), CNC0.05 (B), CNC0.075 (C), CNCO0.1 (D) and CNC0.15 (E)
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Figure 7: Pore size distribution of PES (4), CNC0.05 (B), CNC0.075 (C), CNC0.1 (D) and CNC0.15 (E)

4.2

Performance comparison

The performance of the membranes was evaluated and compared in terms of pure water flux, turbidity

removal in synthetic water, water flux, and COD removal in real restaurant water. The results are shown
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in Figures 8 and 9. Water flux was highest with CNCO0.075 for both the pure water and the real restaurant
water. This may be because of improved hydrophilicity and surface roughness as a result of adding
0.075% CNC. The agglomeration of CNC on the surface of the membrane may be the reason for the
reduction of water flux for membranes with CNC greater than 0.075%. This might have resulted in the
blockage of the pores of the membrane. It was observed that the average water flux reduced with the
real restaurant water. This may be due to the presence of other contaminants such as oil in the water.
Water flux increased with an increase in pressure as expected. Turbidity removal was more than 98%
for all the membranes as is expected normally for ultrafiltration membranes. Average COD removal
was 57% for the PES membrane, and 54%, 76%, 56%, and 59% for the CNCO0.05, CNCO0.075, CNCO0.1
and CNCO.15 membranes respectively. The reason for this observation is not clear as it was expected
that either CNCO0.1 or CNCO0.15 would have the highest rejection of COD because some of the pores
were blocked by agglomeration effects. However, the preference of water molecules on the surface of
the CNC0.075 membrane due to its higher hydrophilicity might have increased the COD rejection. This
is because higher membrane surface hydrophilicity increases the absorption of water molecules towards
the membrane resulting in higher water permeability than hydrophobic contaminants (Abdel-Aty et al.,
2020). The PES membrane with 0.075% CNC shows a good prospect for removal of turbidity and COD

from restaurant wastewater and also for improved water flux.
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Figure 8: Pure water flux (A) and turbidity removal for the membranes for synthetic water
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5 CONCLUSIONS

In this work, an ultrafiltration (UF) membrane containing cellulose nanocrystal as an additive was
fabricated for the treatment of restaurant wastewater. The FTIR spectra showed characteristic normal
peaks for PES membranes in all the membranes which indicates that the membranes were properly
formed. However, none of the membranes containing CNC showed any peak which could be attributed
to the presence of CNC. This may be due to the low concentration of the CNC in the membranes
indicating that functional groups were not changed at low CNC concentration. The EDS results showed
the presence of CNC with an increase in oxygen content as the percentage of CNC increased. CNC0.075
has the lowest contact angle (69°) and was the only CNC membrane with a lower contact angle than the
PES membrane (71.4°). The lower the contact angle, the higher the hydrophilicity of the membrane.
This is means that the CNC0.075 is more hydrophilic than the other membranes. It seems that the
polymer forms a perfect blend at a concentration of 0.075% CNC leading to a uniform dispersion of
CNC in the polymer. While 0.05% of CNC was too low for a significant effect on the PES-UF
membrane, a concentration higher than 0.075% was not homogenous resulting in the formation of
agglomerates. The 3D images from the SEM analysis revealed the effect of the addition of CNC on the
morphology of the membranes. There was no significant change when 0.05% CNC was added.
However, the addition of 0.075% CNC brought a change to the morphology of the membrane. The
formation of agglomerates was clearly seen in the membrane with 0.1% and 0.15% CNC respectively.
The surface roughness increased with the increase in CNC concentration. The degree of formation of
agglomerates was higher for CNCO0.1 and this was clearly reflected in the roughness of the membrane
leading to the membrane with the highest roughness. The pore size distribution is higher for PES than

for other membranes, which means it has the highest number of pores. The pore size distribution was
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greatly reduced in CNCO0.05 by the presence of CNC, however, this did not result in improvement of
the hydrophilicity. CNC0.075 has the lowest size distribution and hence the lowest numbers of pores,
however, the addition of CNC resulted in an increase in hydrophilicity. Also, most of the pores were
over 4nm in diameter. Both CNCO0.1 and CNCO0.15 have a pore size distribution between that of PES
and CNCO0.05. The pores of the two membranes pores might have been affected by the agglomeration
of CNC on the surfaces. This may mean that the optimum concentration of CNC in the polymer solution
is 0.075%. The membrane has the highest hydrophilicity, lowest pore size distribution, and increased
roughness. Average water flux, turbidity, and COD removal were highest with a PES membrane
containing 0.075% CNC. PES-CNC0.075 membrane shows a great prospect in the treatment of

restaurant wastewater.
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ABSTRACT
In this study, we reported a simple, cost effective and environmental friendly technique for the synthesis
of gold/iron oxide nanoparticles using green tea leaves extract and attached on the walls of
functionalized multi-walled carbon nanotubes to form a nanocomposite. The gold/iron oxide
nanoparticles were synthesized by reacting green tea leaves extract with iron chloride (FeCl,) and gold
(II) chloride (HAuCl4.3H,O) precursors while multi-walled carbon nanotubes (CNTs) were
commercially obtained and functionalized with a mixture of HoSO4/HNOs acids. The composite was
then cross-linked using N, N-Dimethylformadide (DMF). The surface morphology, functional groups,
composition and properties were checked using Scanning electron microscope (SEM), Fourier
transform infrared spectrometer FTIR, transmission electron microscope (TEM) and Energy-dispersive
X-ray spectroscopy (EDS), respectively. SEM revealed that gold/iron oxide nanoparticles were
spherical in shape. FTIR spectroscopy confirmed the involvement of functional groups that were
responsible for the reduction of Au/Fe;04. TEM analysis confirmed the attachment of synthesized
nanocomposite on the walls of carbon nanotubes. Also, EDS confirmed the presence of all the elements
in the synthesized MWCNT-Au/Fe;04 nanocomposite. Results obtained in this study showed that
MWCNT-Auw/Fe;04 was successfully synthesized from green tea leaves extract for possible application
in water treatment.

Keywords: Carbon nanotube, Green leave extract, Gold/Iron oxide nanocomposite, Wastewater
treatment.

1 INTRODUCTION

Nanotechnology is a reliable and environmental friendly process for the synthesis of nanoscale
particles (Niraimathee et al., 2016). In the past decade, the study of nanoparticles has received great
interest from many researchers due to their exceptional properties such as large surface area,
reusability, and supermagnetic properties, low cost and ease of synthesis (Xu et al., 2012).

Nanoparticles refers to the materials ranging in size from 1-100nm with unique properties. Physical and
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chemical methods are conventionally used for synthesis of nanoparticles (Letchumanan et al., 2021).
Physical methods include plasma, laser ablation, gamma radiation and mechanical milling (Cele, 2020;
Kumar et al., 2014; Khan et al., 2019). On the other hand, chemical methods include precipitation,
sonochemical route, sol-gel, hydrothermal approach, chemical bath deposition, chemical reduction and
chemical vapour deposition (Herlekar et al., 2014). These methods have been widely used, however
due to their limitations such as high energy demand, toxicity and dangerous by-products production,
their use in the synthesis of nanomaterial has been limited (Gottimukkala et al., 2017). The focus of
research has recently shifted to developing simple and eco-friendly protocols for synthesis of
nanoparticles. Green synthesis methods uses biological materials such as various plant extract, algae,
fungi, yeast and bacteria. Some of the advantages that green synthesis approaches have over the
conventionally used physical and chemical methods are; the clean and eco-friendly method, as toxic
chemicals are not used, small particles can be produced even during large scale production, and
experimental conditions such as high energy and high pressures are not required and a large amount of

energy is saved during the synthesis process.

2 LITERATURE

Over the past decades, there has been an increased emphasis on the topic of green chemistry. Green
nanotechnology is a better solution to enhance the production and application of nanomaterials. The use
of environmental benign solvents, non-hazardous chemicals, and renewable materials has given green
synthesis approaches more attention in the research community (Niraimathee et al., 2016). The
application of adsorbent during the adsorption process has been explored by many researchers owing
to its applicability, large surface area, and low cost on large scale; and high adsorption capacity (Sadare
and Daramola, 2019a; Sadare et al., 2020). The use of natural plant extracts to synthesize nanoparticles
can eliminate the chemical residues they produce (Kharissova et al., 2013). The green synthesis of gold
and iron oxide nanoparticles is more advantageous than chemical and physical synthesis because it is
non-toxic, clean, cost-effective, and environmentally friendly method (Shafey, 2020). The synthesis of
iron oxide nanoparticles using green tea leaves (Camellia sinensis) extract as a reducing agent has been
reported by Gottimukkala et al. (2017). This was done by adding equal amounts of 0.01M ferric chloride
and green tea leaves extract. Awwad and Salem (2012) synthesised iron oxide nanoparticles using carob
leaf extract. Niraimathee et al. (2016) reported a successful synthesis of supermagnetic iron oxide
nanoparticles using root extract of Mimosa pudica. The use of green synthesized nanoparticles have
been extensively employed in many applications. However, incorporation of the gold/ iron oxide
nanoparticles onto the surface of carbon nanotubes (CNTs) has not been widely studied and therefore

there is limited literature available.

Carbon nanotubes (CNTs) have gained widespread attention as effective adsorbents for the removal
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of various contaminant in wastewater treatment due to their large surface area which allows a great
capacity for a wide range contaminants adsorption, light mass density, high porous, hallow structure
and that they possess strong interaction between pollutants (Burakov et al., 2018). The CNTs sensitivity
is enhanced by their functionalization in order to introduce functional groups that will enhance
pollutants removal from aqueous solutions. This is mainly due to its porous structure and a wide variety
of surface functional groups. The CNTs are mostly attractive because they have large surface area
(Modekwe et al., 2020) and can be functionalized with various chemical groups to increase their affinity
for target compounds (Sadare and Daramola, 2019b). Iron oxide-based materials have received a great
attention in wastewater for the past years, due to their large surface area, reusability, supermagnetic
properties, low cost and ease of synthesis. Iron oxides are unstable due to their ability to undergo
oxidation easily. To overcome this issue, a combination with a noble metal such as gold (Au) reported
by Fodjo et al., 2017. Gold nanoparticles (Au-Nps) are well known for contaminant detection and
removal due to their unique properties such as high surface area per volume, ease surface modification
and high stability. Against this background, this study focusses on the synthesis of iron oxide/gold
nanocomposite from green tea leaves extract, and incorporated onto the external surface of MWCNT.
In addition, it seeks to develop a proof of concept that the nano-adsorbent could be successfully

synthesized for possible application in the removal of heavy metals from wastewater.

3 EXPERIMENTAL PROCEDURE
3.1 Chemical reagents and materials

Green tea leaves were purchased from a local tea merchant in Johannesburg, South Africa. Raw multi-
walled carbon nanotubes (MWCNTs, >95% purity) with an average size ranging from 10-20nm and

gold (IIT) chloride 99.995 % were purchased from Sigma Aldrich Pty (Ltd), Johannesburg, South Africa.

Nitric acid (HNO3) 65 % purity, sulphuric acid (H2SO4) 98 % purity and dimethyl formamide (DMF)
were all purchased from Associated Chemical Enterprise (ACE), Johannesburg, South Africa.
Potassium Bromide extrapure, 99.5% and iron (II) chloride (FeCl,) were purchased from Protea
Laboratory Solutions (Pty) Ltd. All chemicals used in this study were of analytical or reagent grade

unless stated otherwise and were used as obtained from the suppliers.

3.2 Preparation of green tea leaf extract

Green tea acts as a reducing agent for the synthesis of nanoparticles because it contains high amounts
of polyphenols which are very important in the reducing salt precursors to nanoparticles. An amount of
5 grams of green tea leaves was mixed in 150 mL of distilled water, and then heated at 80 °C in a hot
water bath for 1 hour in order to obtain the tea extract. The residue was obtained by filtrated through
0.45 pum filter paper, and then centrifuged at 20,000 rpm for 10 minutes to remove any particles that

may be suspended. The pH of the tea extract was determined at almost neutral ~6.5 (Fayemiwo et al.,
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2018).

3.3 Synthesis of gold (Au) coated iron oxide (Fe304) nanoparticles

Gold-iron oxide nanoparticles were prepared by mixing 0.0162¢g of FeCl,in 10 mL to obtain a stock
solution of 0.001 M. Approximately 1 mL of the prepared stock solution was added to 7.5 mL of pure
water and stirred for 5 min. An addition of 1.5mL of tea extract was then added to the solution which
resulted in the change of colour of the solution from yellow to dark green to black colour immediately
confirming the synthesis of iron oxide nanoparticles at room temperature. Finally, 10 mL of 0.01 M
HAuCl4 was also added to the solution containing the tea to get it reduced and coated on iron oxide
nanoparticles. The synthesized particles were centrifuged at 20,000 rpm for 15 minutes, washed with
distilled water and ethanol to remove excess precursors and polyphenols that may be present. The
nanoparticles were then dried at 100 °C for 3h before being characterised (Gottimukkala et al., 2017;
Sharma et al., 2012).

3.4 Functionalization of MWCNTs to prepare MWCNT-COOH

The purification of carbon nanotubes using acids was done to remove impurities that are found from
the catalyst used during the synthesis process, also the functionalization by oxidation treatments
introduces oxygen containing functional groups to their walls. The oxidation of MWCNTSs was carried
out as reported by Haider et al. (2015). Approximately 0.1g of raw-CNTs were dispersed in a flask
containing a mixture of concentrated sulphuric acid 95% H>SO4 and nitric acid 65% HNOs (3:1). The
mixture was sonicated for 3 h to remove residual metal impurities from the tubes and produce oxidized
carbon nanotubes (CNT-COOH). The resulting solution was filtered, and the solids were continuously
washed with deionised water until neutral pH was obtained. The sample was then dried at 70 °C for 24

h and taken for characterization.

3.5 Preparation of MWCNT-Au/Fe;O4 nanocomposite

MWCNT-Au/Fe;04 was prepared by mixing 0.1 g of MWCNT-COOH with 10 mL N, N-
Dimethylformadide (DMF) as a binder, with a constant stirring. While stirring, a 0.3 g of Au-Fe;04
nanoparticles were added to MWNCNT solution. Then, a composite was ultrasonicated for 1 hour to
allow the mixture to dissolve which resulted in Au/ Fe;Osnanoparticles being well coated on the surface
of the oxidized CNTs. About 3 mL of the dough-like form of the CNT-Au/Fe;04 nanocomposite was
dried at 25 °C for overnight for the solvent to evaporate. The dried MWCNT-Au/Fe;O4 nanocomposite

was stored in a clean, closed container for physicochemical analysis.

3.6 Characterization techniques
The surface morphology of the synthesized nanocomposites were performed using scanning electron
microscope operated at 20kv (SEM JOEL JSM-5600) after coating the sample with carbon for better

images. Transmission electron microscope analysis was carried out by TEM JEM2100 JEOL operating
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at 200 kv, in which samples were prepared by diluting a few milligrams of a sample with ethanol,
dropped on a copper grid coated with carbon and dried at room temperature (25°C). The Oxford INCA
EDS detector system coupled with TEM was used to obtain elemental compositions. Functional groups
on the surface of nanocomposite were detected using Fourier transform infrared spectrometer (FTIR)

Perkin-Elmer Spectrum: Model 1000 series using KBr powder over the range of 400-4000 cm'.

4 RESULTS AND DISCUSSION
4.1 Physico-chemical characterization of Au/Fe304 nanoparticles and MWCNT-Au/Fe304
nanocomposite adsorbent
4.1.1  Characterization of the Au/Fe;O4 nanoparticles using scanning electron microscopy
Figure 1 depicts the surface morphology of the Au/Fe;O4 nanoparticles at different magnifications.
Consistent with previous studies (Ruiz Baltazar,2021; Hao et al., 2021), SEM images of the Au/Fe;Os
nanocomposite at different magnifications shows highly agglomerated and polydisperse particles in the

aqueous medium due to the phytochemicals present in the tea extract as shown in Figure 1.
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Figure 1: (a-b) SEM image of Au/Fe;0q4at 10 um and 50 um magnifications respectively

4.1.2 Morphology of as-received, functionalized CNTs and synthesized nanocomposites adsorbent

The chemical composition of the synthesized nanoparticles was analysed by EDS, as depicted in
Figure 2. The EDS spectrum presents all the elements found in the MWCNT-Au/Fe;O4 and their
corresponding atomic weight percentages (C: 62.3 %; Fe: 23.6 %; O: 8.0 %; Au: 4.3 %and Cu: 1.8 %).
The presence of carbon in the EDS analysis is in line with compounds identified in the green tea extract
by Fameyiwo et al. (2018) on GC-MS spectrum of green tea extract which are rich in carbon and
oxygen. Also, the peak was obtained from carbon nanotubes. The peak obtained from copper (Cu) was

caused by the copper grid that was used to fasten nanoparticles.
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Figure 2: EDS spectrum and elemental composition of MWCNT-Au/Fe3;04

TEM analysis was conducted to investigate the morphology and internal structure of the adsorbents,
Figure 3 shows the TEM images of (a) Au/Fe;O4 nanocomposite (b) Raw-MWCNT (c) MWCNT-
COOH and (d) MWCNT-Au/Fe;O4 nanocomposite, at different magnifications.

Figure 3: Morphological structure of (a) Au/Fe30+ nanocomposite (b) Raw-MWCNT, (c) MWCNT-COOH
and (d) MWCNT-Au/Fe304

Figure 3(a) displayed agglomerated spherical nanocomposite ranging from 20 to 30nm in size. Also,
impurities were observed on the surface of the as-received MWCNTs (Figure 3 b, with broken white
circle). However, Figure 3(c) revealed that functionalized MWCNTSs appeared more spaced and less

packed and clear of impurities such as metal nanoparticles (Modekwe et al., 2021; Ngoma et al., 2021).
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The uniform pattern of Au/Fe;O4 nanoparticles can be observed and their attachment on the walls of
CNTs. Figure 3(d), depicts an entangled network of MWCNT with clusters of Au/Fe;O4 attached to
their walls. There is a homogenous distribution of Fe;O4/Au on the external surface of MWCNT (f-
MWCNT) indicate the formation of MWCNT-Au/Fe;O4. Similar images of raw and functionalized

carbon nanotubes were obtained by Aslam et al. (2021).

4.1.3  Surface functionalities of f-MCNTs and nanocomposites adsorbent.

Figure 4 shows the FTIR spectra of the MWCNT-COOH (f-MWCNT) and MWCNT-Au/Fe;04

nanocomposite. This was carried out to check for the possible functional groups present on the surface
of -MWCNT and the MWCNT-Au/Fe;04 nanocomposite. The absorption band at 1717 cm’
corresponds to the C=O stretching of COOH. The broad peak at 1717 ¢cm is a stretch mode of
carboxylic groups indicative of its attachment due to the oxidation of the MWCNT with the mixture of
H>SOs and HNOs. The absorption bands at 3484cm! is related to the bending of O-H and this can be
attributed to the oscillation of carboxylic groups, while the adsorption at 1011 cm™ corresponds to the
C-O stretching. The FTIR spectrum of f~CNT has similar observations to previously reported study by
Aslam et al., (2021) and Sadare and Daramola (2019b).
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Figure 4: FTIR spectra of f-MWCNT and MWCNT-Au/Fe304 nanocomposite

4.2  Textural properties of Raw-MWCNT, MWCNT-COOH and MWCNT-Au/Fe304
The textural properties (surface area, pore volume and pore size) of the adsorbent analyzed by BET
are presented in Table 1. The increase in surface area and pore volume of MWCNT-Au/Fe;O04 was due

to increase in the degree of functionalization of MWCNT-COOH.
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Table 1: The textural properties of the adsorbents from BET analysis

Single point surface Pore volume Pore size
Adsorbent area (m’/g) (cm?/g) (nm)
Raw-MWCNT 44.996 0.358 0.718
MWCNT-COOH 96.705 0.388 0.716
MWCNT-Aw/Fe;04 105.027 0.389 0.748

These results confirms that textural properties of nanomaterials can be increased based on
functionalization of MWCNT-COOH and MWCNT-Auw/Fe;O,4 which have a large surface area and
increased pore volume which is capable of increasing adsorption capacity for Pb*" removal from
aqueous solutions. Similarly to the results obtained in this study, Rodriguez et al., 2020 showed that the

BET surface area of MWCNTs treated with HNO; increased from 157.34 to 179.53 m?/g.

5 CONCLUSIONS

In this present investigation, gold/iron oxide nanoparticles were successfully synthesized in an easy
and eco-friendly way in the presence of green tea leaves extract. The green tea leaves extract acted as a
reducing agent during the synthesis period of iron oxide/gold nanoparticles. This was confirmed by
using techniques such as FTIR, TEM, SEM and EDS. TEM was used to observe the surface coating
and dispersion of nanoparticles and the analysis shows the spherical shape of Au/Fe;O4 and uniform
distribution of Au/Fe;O4o0n the external walls of MWCNTSs. The results obtained using SEM analysis
show that Au/Fes;Os particles are agglomerated and uniform. FTIR analysis confirmed the presence of
functional groups formed from functionalising MWCNT and the attachment of Au/Fe;O4 prepared in
the presence of green tea leaves extract. The transformation in colour was observed from orange to dark
green and immediately to black confirming the synthesis of nanoparticles. This study has successfully
developed a proof of concept to synthesize an eco-friendly nanocomposite for possible removal of

heavy metals from industrial.
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ABSTRACT

Comminution is the process of reducing the size of large particles into finer particles, through milling.
Conventionally, milling occurs in tumbling mills in either wet or dry conditions under batch or
continuous operating modes, where particle sizes progressively reduce through impact, attrition and
abrasion by the motion of the mill charge. The attainable region (AR) approach uses a graphical
interpretation of fundamental processes (for example: mixing, reaction, breakage) to determine the set
of all achievable states; the AR can be searched to find the optimal performance of the system and the
path to achieve this can be interpreted in terms of physical equipment required. Much of the existing
literature on the AR has focused on constructing the AR from a single feed. We consider the effect of
multiple feeds (i.e. several feeds with different particle size distributions (PSDs)) on the comminution
process. We consider various performance targets, for example achieving a specified output PSD in
order to determine how the optimal operation of the mill as well as the structure of the milling circuit
changes as the number of feeds are added and changed.

Keywords: comminution; population balance model; attainable regions; multiple feeds; mixing; feed
size distribution

1 INTRODUCTION

Comminution is the process of reducing the size of large particles, through milling, into finer particles
— liberating valuable material held within the particle. Raw material of a certain size class is sequentially
broken, increasing surface area for downstream processes. This process occurs under tumbling mills in
wet or dry conditions in batch or continuous operating modes, where impact, attrition and abrasion
dictate the breakage of the mill charge. It is commonly used in the mineral processing, pharmaceuticals

and manufacturing industries.

AR theory is a performance targeting technique used to draw insight on the set of all practically
achievable states as well as the physical equipment required to attain those states — state refers to the
physical condition of a batch or continuous stream with respect to its attributes i.e. mass fraction,
residence time, energy input. The AR approach couples fundamental chemical engineering concepts

such as breakage, mixing and classification with geometry to find the optimal path of achieving a
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specific target (Glasser et al., 1987). The AR method has been successfully applied to understand the
effect of mill operating parameters such as load filling, ball size distribution, feed size distribution
(FSD), energy requirement, classification and the design of more efficient comminution circuits
(Khumalo et al., 2007, 2008; Chimwani et al., 2015; Hlabangana et al., 2018; Khumalo et al., 2019).
AR theory has also been used to determine the optimal operating conditions for optimization of
downstream processes such as leaching and froth flotation (Hlabangana et al., 2017; Sibanda et al.,

2019).

This work presents an analysis on the effect of multiple feeds on the mill structure required to produce
the desired product — a mill structure is a combination of mills arranged in a specific pattern to produce
a desired PSD. Typically, mills are operated from a single feed wherein all the available feed material
enters the system via a single batch or continuous stream. Recent work confirmed that the FSD
influences the breakage rate in the mill, product quality and milling time. Tailoring the FSD affects the
breakage rate within the mill up to a certain point (Chimwani et al., 2019). Therefore, there can be

significant time savings and reduction in operating costs with careful consideration of the feed.

2 LITERATURE
2.1 Population balance model (PBM)

The PBM is used in design, optimization and control of grinding milling circuits to predict product
PSDs. Although it is computationally intensive and requires many parameters, it effectively simulates
industrial comminution machines and therefore it is frequently used to understand the effect of operating
variables on mill circulating load and classification. The PBM describes the process of comminution

through the specific rate of breakage and breakage distribution functions.

The breakage distribution function represents the breakage event while the selection function
represents the rate of breakage. The selection function or specific rate of breakage (S;) is the probability
of a particle of size i being broken. It defines the fraction of particles selected for breakage and is a
function of the representative size of the class, composition of the parent particle. It is empirically

determined by the following expression (King, 2012):

1 Equation 1
o —_—
Xi/ \®
1+ (/W
where x; is the upper size of the particle size interval i under consideration, a and p are parameters
which are mainly a function of milling conditions, o and ¢ are parameters which are a function of the

material. The breakage distribution function (Bjj) describes the fraction of the breakage product which

falls into size i from size interval j. It defines the distribution of particle sizes of the progeny upon the

breakage event. Material breaking out of the size distributes itself over other size classes according to
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the breakage function which is specific to the material being broken. The representative form of B;; is

taken from the literature (King, 2012):

S AM AN Equation 2
Xi_ Xi_ quation
Bij = @ <‘_1> +(1-0) <‘_1>
Xj Xj

where | is a material-dependent parameter with values generally ranging between 0.5 and 1.5, vis a
material dependent parameter with values generally ranging between 2.5 and 5, @ is the fraction of fines
that are produced in a single fracture event. Once the S; and B;; is known, the PBM is used to predict

the product PSD. The rate of breakage for material of a particular size is a strong function of the amount

of material of that size present in the mill:

dWi (t) B S -1 Equation 3
dt = - iWi(t) + BUS]W] (t)
=

)

where Bj; is the breakage distribution function, S; is the selection function (specific rate of breakage)

parameter of size class i and wj is the mass fraction of particles of size class i.

2.2 Attainable region theory
2.2.1 Mixing

Mixing is the process of combining two or more batch or continuous streams to form a single stream
in which the total mass flowrate is the summation of all incoming stream mass flowrates. A mass

balance over size class i gives:
Mot = Myj + My Equation 4

where my ; and m,; are mass fractions of size class i from stream 1 and 2 respectively. Expressing

the equation in terms of mass fractions gives:

Wi Mgor = W1 iy tor + WMy tor Equation 5
P . _ ml'tot .
Dividing by the total mass m;; and substituting A = /mtot , We obtain:
wi =Awyg; + (1 —Dwy; Equation 6

where w; represents the mass fraction of size class i in the mixture and total mass is conserved.
Mixing is linear and we express the final product mixture as a linear combination of the incoming
streams. For n size classes, these expressions are compactly written in the vector equation:

w'=2Aw; + (1 —)w, Equation 7

where w” is a linear combination of w; and w, (Fig. 1). Geometrically, w* lies on the straight line

joining w; and w, (Ming, et al., 2016).
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Figure 1: Geometric representation of mixing where W is a mixture of w1 and ws.

3  RESULTS AND DISCUSSION

Batch milling experiments were performed on Silica in a laboratory ball mill under constant ball
filling conditions and mill rotational speed while increasing grinding times in a previous study by
Khumalo, et al., (2007). The mill used in this experiment was made of steel with an inside diameter of
180 mm and 255 mm in length. 45 mm diameter steel balls were used. The ground material was
classified by sieving using a vibratory sieve shaker and the mass of material in each size class

determined by weighing on a laboratory scale. The ratio of aperture size of adjacent screens used was
2.

Table 1: Parameters for the determination of breakage kinetics.

Ball filling | Mill speed (rpm) | a b ST S,
(%0)
20 37 0.4141 0.1605 0.1114 0.1758

The ball mill was operated at 20% ball filling and 37 rpm (Table 1). These parameters were used in
the PBM to predict how the product PSD changes with time. Size classes were grouped into three size

classes; particle sizes greater than 4000 um (X, ), between 4000 - 2000 pm (X,) and less than 2000 pm
(X3).

Three feeds (wg;, Wg, and wg3) are considered in this case study. wg is pure silica of coarse material
(x1), whereas wg, and w¢; are binary feeds consisting of coarse (x;) and intermediate size class

particles (x5).
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Figure 2a: Predicted mass fraction profiles of three size classes from the feed ws | using PBM.
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Figure 2b: Predicted mass fraction profiles of three size classes from the feed wy ; using PBM.
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Figure 2c: Predicted mass fraction profiles of three size classes from the feed wy 3 using PBM.

Fig. 2a, b, ¢ show the mass fraction profiles of feeds wg,, w¢, and wg 3 respectively. In Fig. 2a, the
mass fraction of the largest size class (x;) continually decreases as breakage in the ball mill occurs,
whereas that of the fines (x3) increases with time through breakage of x; and x,. Intermediates (x,)
initially increase as coarse particles are broken and then decreases after reaching a maximum value near
2.5 minutes. Coarse and intermediate particles are completely broken into fines after approximately 17
minutes. Fig. 2b and 2¢ show similar profiles although the starting feed points in each plot are different.
Wg, and wg 3 are binary feeds with different proportions of x; and x, particles. They are broken down
and milled until equilibrium at approximately 15 and 13 minutes respectively. From the milling data in
Fig. 2a, b, ¢, we plot the points in mass fraction space, using two variables of interest, by removing the
element of time. Although time is not visible in Fig. 3 - 6, it is embedded into the plot; time increases
as you move away from the feed point until reaching equilibrium. Furthermore, we annotate these plots

(Fig. 3 - 6) with the physical comminution circuit required to achieve that target in mass fraction space.
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Figure 3: Two-dimensional multiple-feed AR from three feeds in wy — W3 mass fraction space.

The number of feeds and their composition of particle size classes inherently influences the physical
equipment required to achieve a point in the AR. In Fig. 3 it is shown that wg , is fed into Mill 1 whereas
Wg, and wgs are fed into Mill 2 and 3 respectively. All three mills have the same dimensions and
operate under the same conditions, however they mill different feeds. Through mixing, we construct
the AR by finding the convex hull. Mixing operations between the individual mill products are
represented by the shaded region. The boundary of the AR is composed of straight and curved lines.
Straight lines represent mixing, curved lines represent milling and the shaded interior of the AR is only
achievable by mixing between unique points on the boundary of the AR. A combination of the three
mills from each feed is required to produce any point within the region. Different portions of the AR
are achievable by different milling structure in the system. To produce a mass fraction along the straight
line AC, Mill 1 starting from w¢; with a bypass is required. Any mass fraction along the straight line
BC is produced by Mill 3 from the feed w¢ 3 with a bypass. In this instance, all mass fractions produced
from milling wg, can be produced by mixing between Mill 1 and 3 from w¢; and wg3 as can be seen

in Fig. 4.
Eq. 8 expresses how the feed wg, is produced by mixing between the two other feeds wg; and wg 3,
Wiy = W3 + 7\(Wf_1 - Wf_3) Equation 8

where 1 = 1/ 3- Therefore, W is not required in producing a unique product PSD in this instance.

Therefore, Mill 2 is not necessary in the final comminution circuit for the multiple-feed system. If

characteristics of the mill are changed the resulting rate of breakage and residence time will change.
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However, the required comminution circuit remains the same.
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Figure 4: Two-dimensional multiple-feed AR from two feeds in wy — W3 mass fraction space.
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Figure 5: Possible mixtures produced from two mills and the comminution circuit corresponding to the final

product.

Once we know which feeds are unique and which ones are not, we can form more mixtures by mixing

between the two mils, Mill 1 and 3. Fig. 5 shows a set of mixtures (p;) produced through mixing
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between attainable mill products such that,
pi =Yy + A(r; —y;) Equation 9
Hence, if we change the target product in the AR, we can also formulate the corresponding

comminution circuit required to achieve that product as shown in Fig. 6.

This case study shows how multiple feeds influence the product PSD and comminution circuit
required to achieve that product PSD. When a single feed is considered the resulting comminution
circuit consists of a single mill. However, when multiple feeds are involved, the comminution circuit is

made up of multiple mills all operating under the same conditions.

0 LA 1 - : A
0 0.2 0.4 0.6 0.8 1

ity

N

Figure 6: Physical mill structures for achieving different points in the AR.

Mixing coarse and intermediate particles to form a binary feed has been shown to influence breakage
rate in the mill and final product quality. When there are intermediates present in the feed, the

production of fines is less than that of a pure feed.

feed,
mixing

...feed,

Figure 7a: Physical mill structure for feed mixing in comminution.
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product,

> Mixing

Figure 7b: Physical mill structure for product mixing from multiple feeds in comminution.

Tailoring the feed size distribution by mixing multiple feeds, as shown in Fig. 7a, influences the
breakage rate within the mill up to a certain point. Hence, there can be significant time savings thereby
reducing operating costs with careful consideration of the number of feeds and their respective feed size
distributions. Therefore, the FSD must also be taken into account. As the FSD varies, the breakage rate
also varies. When mill products are mixed, unique product size distributions are produced that could
not be achieved from a single feed alone (as shown in Fig. 7b). When a single feed is considered the
resulting comminution circuit consists of a single mill. However, when all independent feeds were
considered, the comminution circuit is made up of multiple mills operating under the same conditions
milling a feed with a unique feed size distribution. These mills operate in parallel with a mixing point
to combine their respective products. However, if a feed can be produced via mixing other feeds in the

system then it is redundant. Hence it is not required to produce the same PSD.

4 CONCLUSIONS

We have seen that when a single feed is considered the resulting comminution circuit consists of a
single mill. However, when multiple feeds are involved, the comminution circuit is made up of multiple
mills all operating under the same conditions. Mixing coarse and intermediate particles to form a binary
feed has been shown to influence breakage rate in the mill and final product quality. When there are

intermediates present in the feed, the production of fines is less than that of a pure feed.

As the FSD varies, the breakage rate also varies. When we mix mill products, unique product size
distributions is produced that could not be achieved from a single feed alone. When a single feed is
considered the resulting comminution circuit consists of a single mill. However, when all independent
feeds were considered, the comminution circuit is made up of multiple mills operating under the same
conditions milling a feed with a unique feed size distribution. These mills operate in parallel with a
mixing point to combine their respective products. However, if a feed can be produced via mixing other
feeds in the system then it is redundant. Hence it is not required to produce the same PSD. Therefore,

the feed size distribution must also be taken into account.

Multiple feed and product mixing is utilised to reveal a set of mass fraction points that are not
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achievable from a single feed alone. Mixing involving multiple mill products uncovers unique product
PSDs that could not be achieved from a single feed alone. Each mill in the system operates in parallel
with a mixing point to combine their respective products. Hence, the final PSD is a combination of
multiple PSDs. Depending on the proportion of each product in the final mixture, an entirely different
PSD is produced. Mixing multiple PSDs from different mills vastly increases the set of possible PSDs

that can be achieved without changing the physical characteristics of each mill.
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ABSTRACT
Model predictive control (MPC) has been a well-established technology in the petrochemical and oil
refining industries since the mid-1980s. A survey in 2003 (the latest data publicly available) estimates
some 4500 applications, with only 37 being in the mining, minerals and metals (MMM) industry.
MMM has been slow to adopt this model-based real-time control and optimisation. Other advanced

process control (APC) methods such as rule-based schemes and fuzzy logic were more popular.

This paper provides some hypotheses as to why this was the case, as well as describing the change that
has occurred in the industry since the late 2000s. A brief introduction to MPC is given, and a literature
review of MPC applications in the industry is provided, together with a summary of the benefits claimed
from these applications. An examination of both the industrial and academic literature provides some

guidance for future applications, technologies and areas for research.

Keywords: mineral processing; advanced process control; model predictive control; grinding; flotation

1 INTRODUCTION

After something of a slump, the mineral processing industry is set to take off. The World Bank (2017)
states that “metals which could see a growing market include aluminium (including its key constituent,
bauxite), cobalt, copper, iron ore, lead, lithium, nickel, manganese, the platinum group of metals, rare
earth metals including cadmium, molybdenum, neodymium, and indium—silver, steel, titanium and
zinc”. This is an extensive list (with gold a notable exception). An implication is that current producers
of these metals will want to increase production and operate more efficiently. It is in this field that

optimising control systems play an important role.

Model predictive control (MPC) is a very well-established technology in the petrochemical and
refinery sectors. Benefits of between 2 to 5% of margin are often used as rules of thumb. This translates
to between $3.5M to $8.75M per annum for a 100,000 barrel per day refinery. These benefits arise from
a combination of improved throughput, yield and energy savings. The latest review of industrial
applications available (Qin and Badgwell, 2003) lists some 2500 applications in these sectors, but only

37 in the mining and metallurgical field.

In the minerals area, MPC has been a rich field of research in academia. As an example, an excellent

review by Quintanilla et al (2020) of froth flotation control has 123 references; on an admittedly rough
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count, only 16 of these have some industrial element. The authors state that “The analysis of the
literature on the topic has shown that little evidence on successful MPC implementation in flotation at
industrial scale is available. There remains a need for further research to enhance modelling for flotation
control purposes”. The first statement is demonstrably true, but this paper will attempt to demonstrate
that the latter statement is not. The reason lies in the difference between the academic approach to
MPC, and the industrial one. The academic approach is to derive first principles-based models because
the researchers do not have access to a plant and so need a model to prove their particular control
approach. The industrially proven approach is to generate an accurate empirical model for a particular
plant. These “curve fit” models (as one of the author’s ex-student now in academia once derogatorily

referred to them as) are used in MPC to generate fast returns on investment for the company.

The remainder of this paper is arranged as follows. Section 2 gives an introduction to MPC and the
use of empirical linear dynamic models. Section 3 lists successful industrial applications in the minerals

industry and discusses why uptake has been slow. Section 4 provides some conclusions.

2 INTRODUCTION TO MPC
2.1 MPC Overview

As its name implies, MPC uses models of a plant to achieve multi-input multi-output (MIMO) control.
The design process consists of identifying the outputs that need to be controlled in a range or at
setpoints; these are known as the controlled variables (CVs). The inputs that can be changed to affect
the CVs are the manipulated variables (MVs). The MVs are in general the setpoints the operators
already use to control the plant. In addition, there may be variables that affect the CVs but cannot be

manipulated; these are known as disturbance variables (DVs) or feedforwards (FFs).

The models used in the majority of industrial MPC implementations are linear dynamic models.
These are obtained experimentally, by performing step-tests on the plant to allow for accurate system
identification. A pre-step of approximately one week is performed to generate a seed model. This
model is then used to perform automated stepping (Kalafatis et al, 2006). The step test period depends
on the number of MVs and the settling time of the process but is typically in the region of one to two

weeks.

Step testing is a tedious phase of the application design because it has to be performed in a manner
that does not cause large negative impacts on the stability and performance of the plant but does yield
the data required for the detection of appropriate responses. There will be disturbances to the circuit,

but this is necessary to develop an accurate model.

The step test data is used in a custom program that generates different linear dynamic formulations,
depending on the vendor. Typical examples are finite impulse response (FIR), sub-space (SS),

prediction error models (PEM) auto-regressive with exogenous input (ARX) models, although others
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are used (Shardt, 2015). The most appropriate models are used to generate a final model matrix, an

example of which is shown in Figure 1.
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Figure 1: Unit Step Response Models for a Mill (time scale in minutes)

The curves shown in each cell of this matrix are known as unit step responses; they are the dynamic
response of a CV to a unit change in an MV or FF. Whatever the particular modelling technique the
results can be represented in this form. The time axis extends to the measured time to steady-state

(TTSS) of the system. The matrix has the MVs and FFs as rows, with the CVs as columns.

Armed with these models, together with some tuning parameters, the MPC application can calculate

the:

e Optimum steady-state operating point for the system
e The optimum dynamic path of the CVs
e The MV moves are needed to achieve these changes?
The MPC performs these calculations every minute (or faster if necessary). The calculation is

performed for the control horizon of the controller, but only the first move is implemented.

2.2 Model and Control Formulation
While there are several formulations used for MPC, the dynamic matrix control (DMC) algorithm
remains the most popular and will be described here. The models are assumed to be linear and the

prediction of an output is given by (Garcia et al., 1989):

n—1

y(k) = Z Hibu(k — i) + Hyu(k —n) Equation 1
l=

where:
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y(k) is an output at time k

n is the number of coefficients

u(k) is an input at time &

Au(k) = u(k) — u(k—1)

H; are the step response coefficients

Equation 1 is written for a single input but is easily generalised to multiple inputs, recalling that the
models are linear and therefore the outputs may be superimposed. To calculate the control moves the
algorithm minimises the following quadratic function by choice of the moves Au(k) ...Au(k + m —

1) (Garcia et al., 1989):

p
D19+ 1) = rCk + Dl + Nk + 1= Dl
=1

Equation 2
l n-1
9k + Lk) = z Hdu(k +1—0) + z Hdu(k + 1 — )
i=1 i=l+1
+ HyAu(k +1—n) +d(k + 1]k) Equation 3
n-—1
Ak + 11k) = yy, (k) — Z Hdu(k — i) + HyAu(k + 1 — 1) Equation 4
i=1
14
D Chak + 1) + Clulk +1- 1D+ ¢ <0 j = 1n, Equation 5
i=1

where

$(k + l|k)is the predicted value of y at time k+I based on information at time k&

d(k + 1|k) is the predicted value of additive disturbances at time k+/ based on information at time k
Vm(k) is the measurement of y at time &

Autk+D=uk+D)—uk+1-1)

Hi, i=1,n are the model step response matrix coefficient

n is the truncation order

n.1is the number of constraints

p is the horizon length
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m is the number of manipulated variable moves in the future

2
lIxllq “ =x"Qx

I'; and B, are weighting matrices and CJJ,Z, Cdl, ¢’ are constant matrices

Equations 2 to 5 define a quadratic program. This is solved online at every time step. Before solving

the dynamic problem, the algorithm checks for steady-state feasibility by solving the problem:

Nc
- 2
min ¢ = Z efW;
i=1

Equation 6
subject to
91‘,55 < Yimax 1 & Equation 7
91‘,55 = Yimin — &i Equation 8
where

¢ is the objective function value, €; is a slack variable and W; is a weight,
Vi ss 18 the steady-state value of CV i and y; 5 and y; i, are the high and low limits on CV i.

The objective function in equation 6 is minimised subject to the current constraints on the MVs and
CVs. If there are slack variables that are non-zero, this implies the steady-state solution is not feasible.

In this case, the CV limits are relaxed until the solution is feasible.

Should the minimisation of equation 6 prove that all the slack variable values are zero, then there exist

one or more feasible steady-state solutions. In this case, the following economic optimisation is solved:

N; Nj
min/ = z ciAu; s + Z Cj |Au] SS|
i=1 j=1 Equation 9

where

J is the objective function value,

N; is the number of M Vs that have economic directions,

N; is the number of MV's whose movement is to be minimised,
¢ and ¢; are cost factors.

The Au;gs and Au; 46 are the change in values of the MVs from the present time to the values at a
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steady state. These are the variables chosen to minimise equation 9 subject to the MV and CV
constraints. The steady-state values of the MVs are imposed on the solution as further constraints to

equation 2.

2.3  Practical Implementation
The mathematics presented above are important in understanding how the solution is obtained, but
not required by the practitioner of MPC technology. Having purchased a brand of MPC, the MPC

engineer’s job consists of:

1. Understanding the control and optimisation problem posed by a particular unit, and estimating
the benefits from improving operation

Designing the MPC, by defining the inputs and outputs, control and optimisation objectives
Performing the necessary step testing to obtain the linear models.

Testing the MPC offline in simulation

Commissioning the MPC online, including training operations personnel.

AN i

Auditing the benefits obtained
The implementation details will not be discussed here; suffice it to say that generally the MPC process
runs on a separate computer on the plant process control network, and communicates with the plant

control system (PCS) via a standard client-server communication protocol called OPC.

Depending on the size of the unit in question, this process may take from 2 to 4 months. The amount
of work scales with the number of inputs, although the time to steady-state of the system also plays a

role.

3 MPC IN THE MINERALS INDUSTRY

Despite the demonstrated benefits, the technology is not yet embedded in the mining, minerals and
metallurgy (MMM) field. Rogers et. al (2019) provide references to some 30 papers on MPC, but many
of them are academic studies using simulated processes. The papers referenced in Rogers et. al. (2019)

are summarised in Table 1.

Table 1: Analysis of references from Rogers et. al (2019)

Process Area No of references | Industrial Applications
Grinding and Milling 15 4
Flotation 7 1
Thickeners 3 0
Other 4 1

Caution must be applied in analysing the results from one paper, but it is certainly true that there is
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much more academic work on MPC reported than industrial applications. As mentioned, Quintanilla

et al (2021) have a reference list in froth flotation of 120 odd papers; not all of these are MPC related.

The data backs up the comment by Bergh and Yianatos (2011) in a review of the progress in flotation
control: “after more than one hundred years of history, there are few reports on applications of novel

techniques in monitoring and control of flotation units, circuits and global plants”.

The author and co-workers began implementing MPC together with Anglo Platinum in the late 2000s,
with great success. Published papers from this work include Singh et.al (2010), Muller et. al (2010),
Steyn et.al (2010), Steyn and Sandrock (2013) and Steyn and Brooks (2017)., Subsequently, work has
been performed on the flotation of copper (Brooks & Munalula, 2017), lead and zinc flotation (Brooks
& Koorts 2017, Price et. al, 2018), and on the base metal refinery of a platinum operation (Brooks,
Burchell & Pieterse, 2017). Excellent results for the control of autoclaves in a nickel operation have

also been reported (Brooks et. al, 2019).
Bouffard (2015) lists seven applications in grinding, with throughput gains ranging from 2% to 10%.

3.1 Published industrial benefits

In the literature on MPC in the oil refining and petrochemical industries, there is a reasonable amount
of data on the financial benefits of implementing the systems. Robinson and Cima (2006) give a table
of benefits for the application of MPC to seven different typical refinery operations. Annual benefits
range from 0.02 to 0.10 $US/bbl for a hydrotreater to 0.15 to 0.30 for a fluidised catalytic cracking
(FCC) unit. For a mid-size 100,000 barrel per day refinery, this translates to $0.7M to $3.5M for the
hydrotreater, and $5.25M to $10.5M for the FCC. In the author’s experience, the latter figures may be
on the high side; nevertheless, a typical MPC project has a payback of less than six months.

In mineral processing published benefits are harder to find. Bouffard (2015) reports published
benefits from twenty milling applications, (some of which employ technologies other than MPC).
Throughput benefits for the four MPC applications reported range from 2 to 10%, with variability
improvements of 46 to 66%. These benefits are reported to be in the same range as other technologies
such as expert systems and fuzzy logic. Steyn and Sandrock (2013) discuss an MPC application on an
autogenous mill with a variable speed drive; A 2.2% increase in product passing 75 um is reported,
with an indicated recovery increase of 0.32% through the whole circuit. The possible inaccuracies in

this calculation are emphasised.

In the flotation area, Brooks and Koorts (2017) and Price et. al (2018) report an MPC application on
a zinc flotation bank. Reductions of 21% in the use of the copper sulphate activator and 38% in the
sodium ethyl xanthate collector were reported, with a small increase in recovery. These regent

reductions represent very significant monetary savings. Brooks and Munalula (2017) discuss an MPC
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cascade strategy for flotation of copper ore; a 4.5% increase in the recovery of total copper is reported.

Gouveia et. al (2009) describe an MPC scheme on a nickel reduction roaster. A 30% reduction in
variability in the roaster together with a 2% increase in energy efficiency and 1.2% increase in nickel
recovery is reported. Steyn and Brooks (2017) describe an MPC application designed to de-bottleneck
a converter process and associated acid plant; a 27% increase in throughput was obtained. Brooks et.
al (2017) applied MPC on an autoclave treating matte containing copper minerals and platinum group
metals. Tight temperature control is necessary since a decrease in leaching temperature will prevent
the leaching of ruthenium, rhodium and iridium (OPMs) without limiting copper leaching. An increase

of 9% in plant throughput and a reduction of 50% in OPM leaching was observed.

In the alumina field, Jonas (2004) reports a conservative benefit for a 1,000,000 tonne per annum
plant of $2.17M per annum. Nearly half of these benefits accrue from the milling and calcination areas
of the plant. These calculations were based on an alumina price of $170/tonne, while current prices are

in the region of $300/tonne.

3.2  Why the slow uptake?

Given the demonstrated benefits of MPC technology on a variety of mineral processing operations,
why is the uptake of the technology still limited? Some of the reasons and discussed below, in no
particular order, with the author’s responses.

3.2.1 Mining companies in general being slow adopters of technology, Resistance to the use of
modelling as a tool in mining

In this time of 4IR, AI, ML, digitalisation this is less of an issue than it was. Nevertheless, the

practically oriented mindset of many operations people in the mining industry can present a barrier to

adoption. More case studies of the kind mentioned in this paper can assist.

3.2.2 A belief that these complicated solutions get switched off very quickly

This may not be limited to MPC solutions, but digital solutions in general. While extremely important,
An in-depth discussion of the embedding, management of change, change management, training,
maintenance and ongoing care for MPC solutions is beyond the scope of this paper. Suffice it to say
that all these areas need to be considered and planned at the outset of an MPC program. We should
certainly be training our engineering students to be able to present to and train people in other
disciplines.

3.2.3 Other advanced control technologies are preferred (fuzzy logic, expert system or advanced
regulatory control)

These methods were employed before MPC and remain popular, with software and services supplied
by well-respected companies. It is not the aim of this paper to give an in-depth comparison of different

APC techniques. The chief advantage of MPC is that is it is inherently optimising, whereas including
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optimisation in the fuzzy or rule-based systems can lead to rule explosion, in turn leading to complex
maintenance. The advanced regulatory control methods have the advantage of not requiring additional
software to that in the PCS; the chief disadvantage is that these schemes quickly become very complex,

and can only be maintained by the engineer who developed them.

3.2.4 High initial cost, even acknowledging good returns on investment

This is a matter of the operation’s appetite for risk. The publication of more case studies where MPC

has proven its value will assist in making it easier for companies to adopt the technology.

3.2.5 Doubts about the use of linear models

Chemical and metallurgical engineers are taught first principles-based steady-state modelling; these
models are by their very nature non-linear. When the empirical linear dynamic models used in industrial
MPC are presented for the first time there can be resistance to the useability and accuracy of such
models. The response to this is that the step tests are conducted at a typical operating point, and the
models obtained can thus be thought of as a first-order Taylor series expansion of the true non-linear
behaviour. Inaddition, the algorithm incorporates feedback, which can compensate for a certain amount
of plant model mismatch. If the non-linearities are mild they can be handled using a technique known
as gain scheduling (Brooks et al, 2014). If the non-linearities are severe it is possible to implement a

non-linear MPC, although published industrial applications are rare.

4 CONCLUSIONS

The industrial application of MPC in the minerals industry has been described, with reference to the
limited literature. The academic literature is replete with process models, mostly based on first
principles type models. By contrast, the mathematical basis of the DMC algorithm has been presented,
illustrating how a linear empirical model-based formulation leads to a quadratic program based solution,
the solution of which is available in several commercial packages. The considerable financial benefits
of MPC have been documented, and some reasons for the slow uptake of the technology in the minerals

industry are discussed, together with a plea for more industrial case studies.
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ABSTRACT
In this study, the liquidus of the copper-potassium oxide-silica-oxygen (Cu-KpO-Si02-0) system at

silica saturation in equilibrium with air was studied experimentally between 1273 and 1773 K.
Equilibration was carried out in vertical tube furnace, followed by rapid quenching and measurement of
phase structures and assemblages using SEM-EDS and electron probe microanalysis technique. The
results are in relatively good agreement with calculated liquidus contours from the MTOX database in

MTDATA. Therefore, the results from this study may now be used for future thermodynamic assessments.
Keywords: Cu smelting, slag, thermodynamics, liquidus, phase diagram

1 INTRODUCTION

In this study, phase equilibria of the Cu-K,O-SiO,-O system in equilibrium with air have been
investigated using the equilibration/quench/analysis technique up to 1773 K. The technique has been
used extensively to obtain high temperature information for metallurgy, in particular for systems
containing silica [18]. The silica-containing liquid converts rapidly to glass when quenched, thereby
preserving phase assemblages at high temperatures. Compositions of equilibrated phases were
measured with EPMA and SEM-EDS, respectively. The liquidus results from these experiments may
subsequently be used to determine a set of self-consistent model parameters, which will allow us to

extract property data from molten silicate melts containing Cu,O and K»O.

2 LITERATURE
In an earlier study, [1] the K-O-Si system in equilibrium with air was investigated and its industrial

importance was articulated. This system was studied experimentally by means of the
equilibration/quench/analysis technique at temperatures ranging between 770 °C and 1500 °C.

Equilibrium at temperatures below 1000 °C was confirmed by long equilibration times, variation of
initial composition, different preheating temperatures, sample homogeneity and sizes of less than 0.2 g.
Phase compositions, structures and assemblages were measured with SEM-E_DS (scanning electron
microscope with energy dispersive spectrometry) and electron probe X-ray microanalysis technique.

The results from both analytical techniques were in good agreement with the earlier work of Kracek et
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al. [2], but the data showed lower solubility of SiO7 in the liquid phase below 1100 °C. Similarly, the
liquidus compositions of the SiO2 primary phase field in the binary K»O-SiO7 system obtained by

Santoso et al. [3] are in a good agreement with liquidus at and above 1100 °C. In addition, the data by
Akdogan etal. [ 1] might suggest that K»Si409 melts incongruently, as proposed by Zaitsev et al. [4],
and not congruently as conceived by the thermodynamic assessment studies [5, 6, 7, 8,9, 10]. The only
major difference in these assessment studies is the model used to describe the liquid phase. Moreover,
in all these studies, phase equilibria can only be estimated accurately in the SiO2 rich region, because

of the shortage of experimental data on the K7O rich region.

In the more recent experimental investigation and thermodynamic assessment, Kim et al. [10] used a
thermal analysis technique with sealed Pt crucibles to measure the eutectic transition temperature
between K4Si04 and K»Si03. The focus of the experiment work was on the KO rich region of the
K»0-Si02 system in order to expand the reliability of the assessment beyond 50 % K»O. The authors
proceeded to thermodynamically evaluate the system by considering their experimental data points.
Liquidus data of the K»Si409-SiO7 region from Kracek et al. [2] were included in the optimisation, but
the data by Akdogan et al. [1] were omitted due to open crucibles used in their study. This supposedly
caused deviations in sample composition during equilibration because of the hygroscopic and volatile
nature of KpO. However, no references were provided as to why open crucibles cannot be used to
determine equilibrium in the K»>O-SiO7 system. Furthermore, no such observations were made by
Akdogan et al. [1] or Meshalkin and Kaplun [11]. This might be the case for samples containing less
than 50 % SiO? and exposed to a humid atmosphere as was observed by Kracek et al. [2]. Akdogan et
al. [1] only made mention to the sensitivity of polished sections to moisture in ambient atmosphere. No

inhomogeneities were found in the liquid phase.

According to authors no mass gain or loss occurred amid equilibration and quenching [1] (private

discussions 2018). Regarding the volatility of KoO; there are good correlation between the results from

Akdogan et al. [1], Kracek et al. [2] and Santoso et al. [3] at and above 1100 °C, signifying that K»O in

samples did not volatilize amid equilibration in an open crucible. Given the evidence, it is our collective
consensus that the data from Akdogan et al. [ 1] and Meshalkin and Kaplun [11] are tangible and should

not have been omitted from the optimisation of thermodynamic properties by Kim et al. [10].
Besides sub-solidus data from studied binary systems, no study has attempted previously to estimate
the liquidus in the Cu-K0O-Si02-0 system experimentally or theoretically. It is possible to estimate

the liquidus using optimised parameters from binary sub-systems, but there are no thermodynamic or

phase diagram data of the CupO—K»O system available in the literature [12]. As a result, Samoilova
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et al. [12] derived the CupO—K»O phase diagram and other system properties by extrapolation from
the Cup0O-Nap0-KoO system. From the general description of the FToxid database documentation in
FactSage 7.3, it was noted that systems containing CupO have been optimized with major oxide
components limited to Al203, CaO, FeO, FepO3, MgO and SiO2. Moreover, this was done only over
limited composition ranges, generally for SiO2-rich slags and in the composition region of fayalite slags

[13].

Although the Cu-O-SiO7 system has attracted more interest such as the recent assessment by
Hidayat and Jak [14] at Cu saturation and the equilibrium study by Xia et al. [15] at various oxygen
partial pressures, it has not been fully optimised in the FToxid database. Therefore, any equilibrium
calculation of the Cu-K»0-Si02-0 system using the FToxid database may result in significant error
and will be amplified by the positive deviation from ideal behaviour caused by SiO2. When the modified
quasichemical model is used to describe the slag phase, as in the case of the FToxid database, ternary
and multicomponent systems containing SiO? often require an asymmetric ternary interpolation model
and ternary parameters to reproduce phase diagram data within acceptable error limits [16, 17]. This

stresses the need for experimental studies on the Cu-K>0-Si02-0 system.

3 EXPERIMENTAL PROCEDURE
3.1 Sample Preparation

The starting materials used for the experiments were Cu20(s), SiO2(s) and KpCO3(s). The material,
source and purity are given in Tablel. Mixtures of selected bulk compositions were prepared by
weighing the oxide powders, followed by mixing them thoroughly using an agate mortar and pestle.
The mass of all samples were below 0.2 g. The advantage of a small pellet is the sample is brought to

equilibrium at a faster rate during quenching, thereby contributing to a homogeneous phase assemblage.

Table 1 : Purity of initial materials and sources from which they were acquired.

Material Source Purity
Cuprous oxide powder Umicore, Belgium 99.5%
Silica Powder Umicore, Belgium >99.99 %

Potassium carbonate Powder = SIGMA ALDRICH, RSA 99.5%

The bulk compositions were estimated with the assistance of the lever rule to assure we have a
sufficient amount of slag and solid phases for SEM-EDS analysis and EPMA. Given the shortage of
data, and shortcomings in the FToxid database on this system, FactSage could not be used to estimate
initial compositions. Therefore, the initial compositions were selected from phase diagrams calculated

by MTDATA software and its Mtox 8.2 database, since preliminary test results revealed better




306

agreement with phase diagrams from MTDATA compared to those from FactSage [19]. We assumed
that superior agreement with phase diagrams from MTDATA is attributed by the complete assessment
of the Cu-Si02-0 system and the description of the liquid phase with the modified associate species
model, which in this case may require no or less ternary parameters to reproduce liquidus more
accurately compared to the modified quasichemical model (MQM). The latter model is used to describe

slag phases in FactSage.
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(a) a Schematic of the vertical front view section of the furnace and auxiliaries.

Cooling water outlet

(b) Suspension of the pellet and crucible in the hot zone of the alumina furnace work tube.

Figure 1: Furnace and suspension design

An example where ternary interaction parameters was required to reproduce experimental
observations, was in the assessment of the CupO-Si02-CaO system [14]. Hidayat and Jak [14] used the
MQM to describe the liquid phase. Moreover, an asymmetric Kohler/Toop interpolation method with
SiO7 as asymmetric component was used to carry out calculations [14]. Supported by the inclusion of
ternary interaction parameters by Hidayat and Jak [14], the utilisation of an asymmetric ternary
interpolation method and shortage of data in the Ftoxid database on the Cu- SiO2-O system, we
substantiated our assumption that FactSage produces large systematic errors for the investigated system.

Liquidus results from this study are compared to liquid contours calculated with FactSage in section 3.

A quartz crucible with an inner diameter of 8 mm and depth of 5 mm, made by fusing high-purity

silica rod, was used to contain samples.

3.2 Experimental Procedure
All equilibration experiments were carried out in a vertical electrical resistance tube furnace (Lenton,

UK) with a 38 mm inner diameter alumina work tube (Friatec AG, Germany; impervious recrystallised
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alumina) (Figure 1a). The maximum operating temperature of the furnace is 1600 °C.

Before experiments were carried out, a thermal profile of the furnace worktube was determined in order
to identify the hot "spot/zone". The S-type thermocouples were calibrated against the melting point of
copper and ice water, respectively. A calibrated S-type thermocouple connected to a Keithley 2010
DMM multimeter (Cleveland, OH, USA) and a cold junction compensation was connected to a Keithley
2000 multi-meter (Cleveland, OH, USA) to measure the ambient temperature with a PT100 sensor
(Platinum Resistance thermometer, SKS Group, Finland). The temperature was captured and logged

every 2 seconds with a NI labVIEW temperature logging program. A small hot zone of 4 - 5 cm in

length was determined. The criterion of temperature deviation in the hot zone was less than 2 °C. The

hot zone is depicted in Figure 1a as a region between the two dashed lines.

Experiments in air were undertaken with the bottom of the tube furnace open and exposed to the
atmosphere. The sample was introduced into the furnace from the bottom by slowly pulling on the wire
from the top of the furnace. Phase equilibrium was confirmed by comparing samples with identical
initial composition at fixed time intervals to each other at constant temperature and measuring
compositional homogeneity of the phases with SEM-EDS. Time- interval tests were conducted for 2, 4,
8,24, 72 and 108 hours, respectively. Equilibrium was achieved after 72 and 24 hours of equilibration
at 1273 K and 1473 K, respectively. Knowing equilibrium at 1473 K is guaranteed after 24 hours, all
other experiments at and above 1473 K were equilibrated for 24 hours. All samples were released and
quenched in a beaker containing ice-water. The samples were quickly removed from the water and dried

with compressed air.

3.3 Application of the Phase Rule
The "phase rule" is a combination of phases and components, and is given, f=c - p + 2. Where c is

the number of components and p is the number of phases. In this case, ¢ = 5 (Cu, K70, SiO2, O2 and
N»2), p =3 (Slag, solid (Si02) and gas) and according to phase rule, f = 4. The pressure is fixed at 1 atm,

the oxygen partial pressure is fixed at 0.21 atm, and the temperature is fixed at the set point, thereby
reducing f to 2. With one last variable our discretion, the composition, another intensive property, of
one species in the slag is fixed. However, fixing the composition of the slag was not possible, given that
the objective was to determine the composition of the slag experimentally. Knowing that the initial
composition is at our discretion, it was possible to directly choose a set of initial compositions that was
confined to a region where the slag was in equilibrium with silica. This allowed one to fix the

composition of one specie in the slag indirectly, thereby fully defining the system [20].

3.4  Analysis

After quenching and drying, small pieces of the quenched sample were mounted in epoxy resin. A

i
g A G
.

§° SAIChE "



308

cross-section of the sample was prepared using conventional dry metallographic grinding and polishing

techniques. A dry technique was employed because K»O reacts vigorously with water forming KOH
[21]. Moreover, K>O it is a deliquescent and absorbs water from the atmosphere, initiating this vigorous

reaction [21]. For these reasons, propylene glycol (Sigma Aldrich, Germany) and DP Lubricant Brown
(Struers, Denmark) were used. The samples were stored in a desiccator to avoid/minimise moisture

absorption from the atmosphere.

The polished samples were carbon-coated with a Leica EM SCDO050 Coater (supplied by Leica
Mikrosysteme GmbH, Vienna), before SEM-EDS analysis and EPMA. EPMA is a combined qualitative
and quantitative analytical tool used for phase characterisation and composition estimation. The EPMA
at the Geological Survey of Finland (GTK) is a CAMECA SX100 (Cameca SAS, France) and is
equipped with five wavelength dispersive spectrometers. The samples for EPMA were analysed at 15 kV
accelerating voltage and 10 nA beam current. Knowing that potassium may deplete under the EPMA
electron beam [1], the EPMA exposure time under all samples was minimized. The electron beam was
defocused to 10 um to avoid sample damage and intensity loss of alkalis. The matrix correction in the
probe software was based on the PAP matrix correction procedure [22]. The following standards and

X-ray lines were used; Cu was calibrated on pure Cu metal (Cu Ka), Al2O3 as Al and oxygen standard
(Ka lines for both elements), quartz (SiO2) and sanidine (high temperature potassium feldspar,
(K)(AIS1)408) was used for Si and K, respectively. All standards were from Astimex Scientific Itd.,

Canada.

4 RESULTS AND DISCUSSION

The samples were analysed with SEM-EDS and EPMA; however only results from EPMA are given.
The agreement between these two analytical methods is within 1 wt. % for all measured elements. The
EPMA measurement results of the phase equilibria experiments of the Cu-KpO-SiO2-O system in
equilibrium with air in the SiO7 primary phase field at temperatures ranging between 1273 K and 1773

K are reported in Table II. Moreover, the listed results were recalculated based on the measured
elements (Cu, K, Si, O). Cu is the only transition metal, and transforms systematically from Cu' to

Cu?" under increased oxidising conditions [23], signifying that the slag from this study contains a

2+

mixture of Cut and Cu?" cations. However, the oxidation states of Cu were not analysed directly,

because EPMA and SEM-EDS provide only the total element content. Consequently, all Cu was

assumed to be in the Cu™ oxidation state and recalculated subsequently as CuO.

Sample homogeneity was confirmed by analysing at least six points near the silica crucible wall, a

measured distance (100-500 um) from the wall, and near the centre of the sample in order to calculate a
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set of standard deviations for each element. The latter is given as part of Table 2 and were in most cases
below 1 %. Furthermore, each experiment was repeated at least once to assert confidence in
experimental procedure. It was established that the repeatability of experiments was satisfactory,

because measured elements did not differ by more than 1 wt. % for all experiments.

Table 2: Summary of liquidus data from the Cu-K20-Si02-0 system in equilibrium with air and solid silica
analysed using EPMA.

Initial composition in wt. % Final Slag Composition in wt. %
Experiment - Temperature K -

CupO SiOp K20 CupO0 sTtp Si02 sTD K20 STD

1 60.00 20.00 20.00 1273 19.89 0.63 5499 039 25.13 0.42
2 0.35 76.00 23.65 1273 045 0.15 7452 132 25.04 1.03
3 20.00 60.00 20.00 1373 1043 053 7123 1.12 18.34 0.41
4 60.00 20.00 20.00 1373 26.03 034 57.19 051 16.78 0.23
5 0.35 78.00 21.65 1373 1.20 024 79.63 0.62 19.17 0.32
6 4.10 73.00 22.90 1373 1.80 0.24 7848 0.71 19.73 0.53
7 1.60 76.00 22.40 1373 1.78 0.19 7638 1.11 21.84 0.51
8 60.00 20.00 20.00 1473 24.08 0.89 6093 046 15.00 0.21
9 1.90 78.00 20.10 1473 091 027 7929 0.77 29.70 0.36
10 5.70 76.00 18.30 1473 382 056 77.65 053 18.54 0.56
11 5.40 73.00 21.60 1473 4.07 046 77.60 0.35 18.34 0.26
12 19.00 76.00 5.00 1573 893 0.70 77.26 0.87 13.82 0.22
13 5.60 76.00 18.40 1573 486 081 7797 1.16 17.17 0.72
14 5.40 73.00 21.60 1573 437 063 7956 0.74 16.07 0.78
15 20.00 60.00 20.00 1673 10.08 0.85 75.57 146 14.36 1.03
16 30.00 60.00 10.00 1673 1897 140 70.88 0.86 10.16 0.54
17 5.60 76.00 18.40 1673 3.74 028 83.04 0.61 13.23 0.26
18 11.00 73.00 16.00 1673 5.01 042 8194 0.78 13.06 0.45
19 5.12 82.00 12.88 1673 502 043 8249 0.74 1249 0.19
20 7.20 76.00 16.80 1673 644 045 81.60 0.84 11.95 0.17
21 15.00 70.00 15.00 1773 461 036 8567 079 9.72 0.34
22 20.00 60.00 20.00 1773 552 0.65 83.77 0.74 10.71 0.66
23 30.00 60.00 10.00 1773 13.26 0.87 78.84 0.61 7.9 0.41
24 1.20 90.10 8.70 1773 233 020 8873 046 894 0.08
25 6.40 88.00 5.60 1773 546 038 8596 0.77 8.58 0.11
26 6.00 89.40 4.60 1773 6.20 0.17 85.65 034 8.15 0.10
27 15.00 76.00 9.00 1773 6.48 039 84.85 048 8.675 0.33
28 13.70 82.00 4.30 1773 7.83 037 8549 054 6.69 0.28
29 14.00 78.00 8.00 1773 874 046 82.83 032 8.44 0.34
30 19.00 73.00 8.00 1773 10.76  0.65 81.47 0.57 7.76 0.19

STD = Standard deviation
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Micrographs captured from the SEM back-scattered detector of samples quenched at 1373 and 1773
K are shown in Figure 2. The samples shown in Figure 2a and Figure 2b were saturated with silica,
therefore the liquid phase was always in equilibrium with tridymite or cristobalite, depending on the
temperature. The crystal structure of silica converts from tridymite into cristobalite at 1738.48 K, which
affects the crystal shape of silica [24, 13]. However, it is not known if the conversion materialised,

given that the crystal structure of silica was not analysed.

200M  Mag= 100X WD= 15mm  EHT Target=15.00kV Dalari12:0ap 2013 (O™ Mag= 100X WD= Smm  EHTTarget=15004V Dale 25 Sep 2013

Detector = QBSD Detector = OBSD

(@) 1373 K (b) 1773 K

Figure 2: BSE micro-images of quenched samples saturated with silica (quartz crucible).

The liquidus contours in Figure 3a and Figure 3b are based on the MTOX and FToxid databases by
MTDATA 8.2 and FactSage 7.3. The results from this study are superimposed onto both phase
diagrams. It can be observed that the calculated liquidus contours from the FToxid database agrees
poorly with the results from this study. The calculated liquidus contours from the Ftoxid database show
considerably greater silica solubility in the liquid phase. The liquidus contours from the Mtox database
agree somewhat better with the results from this study but are not within experimental error limits. The
poor agreement between experimental data and calculated liquidus contours is because of the shortage
of experimental phase diagram and other thermodynamic data. As a result, no thermodynamic
assessment was performed, signifying that the liquidus contours shown in Figure 3a and Figure 3b were
derived using model parameters from binary sub-systems. As discussed in section 1, systems containing
silica require additional ternary parameters and an asymmetric ternary interpolation technique to
reproduce experimental data. We therefore recommend that the system be assessed using the data from

this study and the other relevant studies published recently.
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Figure 3: Liquidus isotherm plots of the Cu-K>0-5i02-0 in equilibrium with air; experimental data have

been superimposed on the liquidus contours.

S CONCLUSIONS
During sulphide smelting silica sand is added as flux, which contains impurity components such as K
and Na. These impurities are known to affect the viscosity and liquidus temperature. Therefore, it

becomes vital that viscosity and liquidus deviations in sulphide smelting slags caused by flux impurities
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be known prior to a smelting operation to guarantee the effective separation of the slag from the alloy.
Thermodynamic modelling software such as FactSage and MTDATA are typically used to estimate and
model such deviations for multicomponent systems, provided that lower-order system properties have
been assessed using reliable experimental data. However, there are a shortage of experimental data on

binary and ternary systems pertaining to the Cu-K50-NayO-Si02-O system. As a result, accurate

equilibrium estimations cannot be made for this system using FactSage or MTDATA.

To improve our understanding of chemical reactions taking place during copper smelting, the liquidus

of the Cu-K»0-Si02-O system in equilibrium with air was investigated in this study. Liquidus

compositions at silica saturation were determined successfully at 1273, 1373, 1473, 1573, 1673 and
1773 K with the equilibration/quench/analysis technique. Starting experimental compositions were
estimated initially using MTDATA but were adjusted systematically in order to have sufficient quantity
of liquid in equilibrium with tridymite or cristobalite. Polished and coated samples were analysed with
electron probe microanalysis technique (EPMA) and scanning electron microscope with energy
dispersive X-ray spectroscopy (SEM-EDS); however only EPMA results were provided. The measured
liquidus compositions were in poor agreement with the calculated liquidus contours from the Ftoxid
database in FactSage but agreed relatively well with calculated liquidus contours from the MTOX
database in MTDATA. Therefore, results from this study may now be used for future thermodynamic

assessments.
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ABSTRACT
Freeze crystallization is used for the treatment of highly saline effluents. Currently scraping ice from
cold surfaces is a challenge that needs to be overcome. This investigation focused on a heat exchanger
where no ice scraping is needed. The objectives of this investigation were to identify optimum
conditions to achieve the following: Pre-cooling of brine from 60°C to ambient temperature; predict the
behavior of Na>SO4 and NaCl during freeze crystallization, and calibration of the model through the
recovery of water through ice formation. The following conclusions were made: Feedwater with
temperatures of 60°C can be pre-cooled through ambient cooling in shallow pans to 10°C above room
temperature within a contact time of 30 min; 100 g/L Na>SO4 can be removed through further cooling
to its solubility of 45 g/L. The energy consumption for the recovery of 1 500 kg Na,SO4 per day amounts
to 18.87 kW; 100 g/L NaCl can be treated through freeze desalination for recovery of salt due to its
high solubility of 290 g/L. The energy consumption for the recovery of 1 500 kg NaCl per day amounted
to 132.21 kW in the case of 90% ice recovery. Ice, could be recovered from a 34 g/L salt at -2°C. The

ice purity improved over time, due to the improved ice brine separation method.

Keywords: Freeze crystallization; sodium sulphate; sodium chloride; ambient cooling; ice recovery

1 INTRODUCTION

Mine water and other industrial waters are rich in sodium salts linked to sulphate and/or chloride
anions, with some streams being stored at temperatures as high as 60°C. Recently, strict legislation
requires water of drinking quality to be discharged into public streams and approaching the ideal of zero
waste disposal (Randall, Nathoo, & Lewis, 2011). Landfill disposal costs of liquid waste streams in
Gauteng, South Africa, can vary up to R1 000/t and transportation costs up to R1 500/t, totaling R2
500/t. In Port Elizabeth, South Africa, the disposal costs (private facilities), were estimated to range
from R3 670 to R9 500 per tonne (Gibb, 2017). These waste disposal costs may prove excessively
expensive for some industries. Processes such as Nano Filtration (NF) and Reverse Osmosis (RO), are

some of the remedial technologies that have been used. However, they become unattractive owing to
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their generation of sludge which still requires disposal. RO is widely used for the treatment of industrial
effluents and can recover as much as 90% of potable water. RO is also used for seawater desalination
where water recovery typically amounts to 50%. Challenges experienced with RO include membrane
fouling (Reddy, Lewis, Witkamp, Kramer, & & van Spronsen, 2010). Another technology, that has
been utilized for highly saline water is Freeze Desalination (FD) (Melak, Ambelu, Astatkie, Du Laing,
& Alemayehu, 2019). This technology forms part of the Reverse Osmosis/Cooling (ROC) process that
has been developed for the treatment of highly saline water (Mtombeni T. , Maree, Zvinowanda, Asante,

& Louw, 2014).

The ROC process makes provision for the treatment of industrial effluents intending to minimize
waste streams through the recovery of saleable products. In the pre-treatment stage, metals e.g. Fe*”,
AP, Fe*', Mn*" are replaced with Na® by dosing Na,COs. In the reverse osmosis stage, the
Na,SO4/NaCl-rich solution is desalinated to produce clean water and brine with a TDS of 80 g/L. This
is possible due to the absence of scaling compounds such as CaSQOa. The brine is treated with freeze
crystallization for removal of clean water, Na,SO4, and NaCl (Adeniyi., Mbaya., Onyango., Popoola.,
& Maree., 2016). Na,SO4 has the characteristic that it can be partially removed to 45 g/L only through
cooling. This is due to its high solubility at room temperature (350 g/L) compared to only 45 g/L at 0°C
(Mtombeni, Maree, & Zikalala, Desalination with combined membrane filtration/freeze desalination
process, 2016). NaCl, unlike Na>SOs, has a high solubility of 350 g/L over the total temperature range
from 0° to 100°C. This allows Na>SOs, to be recovered first, through cooling and water removal through
ice formation, followed by NaCl removal after its solubility of 350 g/L has been exceeded. In a final
thermal stage, NaSOs is processed to the raw material, Na,COs, as investigated by Mokgohloa
(Mokgohloa, Maree, van Vuuren, Modibane, & Mujuru, 2021). The purpose of this study was to
identify and demonstrate a cost-effective solution for a generic brine stream with an initial temperature
of 60°C, containing 50 g/L Na,SO4 and 50 g/L NaCl. Ice scraping is normally used for the removal of
ice from the cold surface of the heat exchanger (Adeniyi, Mbaya, Popoola, Maree, & & Zvinowanda,
2014; Adeniyi., Mbaya., Onyango., Popoola., & Maree., 2016). Ice scale layers result in reduced energy
transfer and resultant blockages. In this investigation, no ice scraper was employed for ice removal from

cold surfaces.
The objectives of this investigation were to identify optimum conditions to achieve the following:
e Pre-cooling of brine from 60°C to ambient temperature;
e Predict the behavior of Na,SO4 and NaCl during freeze crystallization, and

e (Calibration of the model through the recovery of water through ice formation
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2 LITERATURE
2.1 Available freeze technologies

2.1.1 Available freeze technologies

The principle of salt rejection as water undergoes a phase change to become solid gave birth to freeze
desalination, an alternative technology for salt and water recovery. The rejection of salt from water is a
result of the formation of small dimension ice crystal lattice structures which rejects salt ions during
phase change as opposed to being incorporated into the lattice (Melak, Ambelu, Astatkie, Du Laing, &
Alemayehu, 2019). There are various ways of cooling and/or freezing saline water. One way involves
precooling the feed, cooling, and ice formation through freezing in a heat exchanger followed by
separation of ice from brine. The other critical component to the freezing and separation process is the

size of crystals; the bigger the crystals the easier it is to separate them from brine (Lu & Xu, 2010).

2.1.2  Eutectic freeze crystallization

Researchers have carried out a good deal of work over the years on the concept of freezing water from
solutes. Eutectic Freeze Crystallization (EFC) focuses on operating at a point where both ice and salt
exist, which is the eutectic point. Depending on the salt concentration, different solutions have different
eutectic compositions and temperatures. The point where a solution has the lowest crystallization
temperature, compared to any other concentration of the solution, is the eutectic point. It is also the
point where both solute and solvent exist in solid form and have crystallized out of solution (Chivavava,

et al., 2018).

2.2  Salt behaviour
2.2.1  Solubility of Na2SO4

Solubility of Na,SO4 increases with temperature and this takes place in some industrial brines from

plants that operate at a very high temperature. Different hydrated forms of sodium sulphate exist,
namely, anhydrous Na;SOs, heptahydrate, Na;SO47H>O and decahydrate, Na;SO4-10H>O (South
Africa Patent No. 2014/04734, 2014). Their solubility in water decreases with decreasing temperature,
with decahydrate beginning to form crystals as soon as temperatures reach <30°C. In instances where
the concentration is around 100 g/L only cooling is needed to crystallize the Na,SO4, with no need for

freezing (Zikalala, Maree, Zvinowanda, & Akinwekomi, 2017).

2.2.2  Solubility of NaCl

A phase diagram of a binary solution representing a liquid and solid phase of material in equilibrium
demonstrates the principle of freeze crystallization through which desalination takes place. Figure 1
shows the phase change diagram of salt water (NaCl-H»O) (El Khadi & Janajreh, 2017). Line 1 (black)
illustrates how the temperature of the water drops at different NaCl concentrations while Line 2 (green)

is the NaCl solubility curve in water. Ice will crystallize first at sub-zero temperatures and the eutectic
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point is at -21.2°C, where ice and NaCl exist in solid form. The brine that remains in solution is
completely saturated and a further drop in temperature results in NaCl crystallization and no brine

remaining (El Khadi & Janajreh, 2017).

temperature (°C) temperature (°C)
salt solution
0 J
} solid salt +
ice +salt { saltsolution
I f
214 soluton /
solid salt ¥ ice
0% salt 233% salt 100% salt
100% water 0% water

increasing percentage by mass of salt
Figure 1: Phase diagram of NaCl in water solution (El Khadi & Janajreh, 2017). The graph illustrates that

the freezing point drops as the concentration of NaCl increases.

2.3 Energy transfer
In instances where there are no work interactions e.g. electrical resistance heating, the energy

conservation equation when a fluid is flowing steadily through a tube is expressed as follows:
Q = mCy(T, — T)) Equation 1

T; is the inlet temperature entering the tube and 7 is the exit temperature exiting the tube. Q is the rate
of heat transfer to or from the fluid. The temperature of the fluid flowing through the tube remains
constant when there are no energy interactions through the tube wall (Cengel & Ghajar, 2015). To
approximate the surface’s thermal conditions, it is assumed that either surface temperature, Ts, is
constant, or the heat flux, ¢, is constant. The constant surface temperature condition is achieved when
a phase change like boiling or condensation occurs on the outer surface of the tube. Surface heat flux is

expressed as:
q= h(Ts —Tp) Equation 2

Where £, is the heat transfer coefficient and Ts and T, are surface and mean temperatures, respectively

(Cengel & Ghajar, 2015).

3 EXPERIMENTAL PROCEDURE
3.1 Model

The model was developed to predict the respective amounts of Na;SO4 and NaCl as functions of the
following parameters: (i) Percentage ice recovery; (ii) Ice purity; (iii) Freezing point (calculated from

NaCl in solution), and (iv) Na;SO4 and NaCl concentrations in the brine as functions of ice recovery.
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From the above the following parameters were calculated: (i) Energy consumption due to Cooling
and Freezing, (ii) Mass of Na>SO4 and NaCl production as a function of feed water composition, feed

flow-rate, and percentage ice recovery, and (iii) Energy cost.

3.2 Feedstock

Industrial brine was used as feed, rich in Na;SO4 and NaCl.

3.3 Equipment

Figure 2 (schematic) shows the freeze crystallization unit used. It consists of the following items: 15
kW Chiller with primary refrigerant; pipe Heat Exchanger where the primary refrigerant is used to cool
secondary refrigerant (30% MeOH, in water) and a Clarifier for salt/liquid/ice separation and a Filter

for liquid/ice separation.

3.3.1 Ambient cooling

Feed, at a temperature of 60°C was cooled down in various containers to determine the effect of water

depth on the rate of cooling.

3.3.2 Icerecovery

Semi-batch runs, were carried out. Brine was recycled through a heat exchanger (120 L), brine/ice
filter, and a sump (30 L). Product ice, was removed and replaced with Feedwater. This was repeated
until four times the system volume had been treated. Feed, ice, and brine samples were analyzed for

chloride, sodium, TDS, ice, pH and conductivity.

Figure 2: Schematic diagram of the Freeze Crystallization unit (15 kW Chiller, Heat exchanger for TDS

cooling and ice separation and Clarifier for salt/liquid/ice separation

£ SAIChE
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3.4 Experimental
The following features were investigated: (i) Effect of water depth on ambient cooling in a pan., (ii)
Energy usage and energy cost for salt recovery using freeze crystallization (Na,SQs, NaCl), (iii) Ice

purity and (iv) Salt recovery.

3.5 Analytical
The following analyses and measurements were performed: pH, Conductivity, Chloride by AgCl

titration, Alkalinity, SO4 by turbidity, metals by ICP spectroscopy.

Samples were collected at various stages in the treatment process, filtered (Whatman No.1), and
analysed for pH, conductivity, chloride, sulphate, and TDS (Total dissolved solids) using standard
procedures (American Public Health Association, 2012). A calibrated Knick Stratos Eco 2505 meter
was used to measure electrical conductivity. Ice content was determined by mixing 250 mL ice slurry
(mass my; temperature Ti) with 200 mL (m2) warm water (T>). The mass of ice (m;) was determined
from my, Ty, my, T2, and the temperature (T3) measured after the ice had melted. Microsoft Excel Goal

Seek was used to calculate m; using the following equation:
4.18(my — m;)(Ty — T3) + 330m; + 4.18m,(T, — T3) =0 Equation 3

4 RESULTS AND DISCUSSION
4.1 Ambient cooling

Figure 3 and Table 1 show the effect of depth on the cooling-rate at ambient temperatures. It was
found that the lower the depth, the faster was the cooling rate. Feed-water with a high temperature of
60°C was cooled through ambient cooling in shallow pans down to 10°C above room temperature,

within a contact time of 30 min.
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Figure 3: ambient cooling of brine in various containers
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Parameter Unit Container

1 2 3 4 Jojo Tank
Material Steel Steel Steel Steel PVC
Depth cm 2 1 3 6 196.5
Width cm 36 10.5 10.5 10.5
Length cm 36 20.5 20.5 20.5
Diameter cm 180.0
Area m? 0.1296 0.0215 0.0215 0.0215 13.7
Volume m’ 0.00259 0.00022 | 0.00065 | 0.00129 5.0
Mass g 627.82 76.19 130.87 88.58
Salt removed (wet) | g/L 242.21 353.96 02.66 68.59
Cooling Time min 26 15 5760.0
Flow-rate L/min 0.0997 0.0144 0.8681
Flux L/(min.dm?) 0.0077 0.0067 0.00064

4.2 Na,SO4 and NaCl: Behaviour during desalination through ice formation

Typical desalination operations involve solutions rich in Na,SO4 and NaCl. Due to the high disposal

cost of untreated waste streams, such water requires desalination to minimize the volume of the final

brine stream, or ideally, to eliminate it. To achieve steady-state conditions, an equal mass of salt as was

introduced into the system needs to be removed.

The model employed the following numerical parameters: (i) The volume of water in the system =

150 m?, (ii) Daily salt increase = 10 g/(L.day), which is equal to a salt intake of 1 500 kg/day, and (iii)
Na>SO4/NaCl m/m ratio = 0.3.

An Excel spreadsheet-based model was developed to predict the water quality of water rich in Na,SO4

and NaCl after freeze crystallization (Table 2).

Table 2: Water volume and chemical composition

Parameter Unit Value
Water in system m? 150
Daily salt intake kg/day 1500
Na»S04/NaCl m/m ratio 0.3
Na»SO4 kg/day 450
NaCl kg/day 1050

The energy needed for cooling and freezing was calculated from the first principles (Eq 1 for cooling
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and E=mH for Freezing). The volume of the final brine stream that needs to be treated is a function of

the operating salt concentration in the water network (Table 3).

Table 3: Relationship between operating salt concentration and desalination flow-rate.

Salt Na»SO4 NaCl Volume to be desalinated | Salt removed
g/L g/L g/L m’/d m’/h kg/d

50 15 35 30.0 1.25 1 500

100 30 70 15.0 0.63 1 500

150 45 105 10.0 0.42 1 500

200 60 140 7.5 0.31 1 500

Table 4 shows the water quality of ice and brine produced during cooling and/or freezing of waters
that contained (A) 70 g/L Na2S04 and 30 g/L NaCl (B) 100 g/L Na2SO4 and (C) 100 g/L NaCl. The
volume of water that needs to be treated and energy consumption were calculated for when 1500 kg/d
Na2S04 needed to be recovered from Water B and 1 500 kg/d NaCl from Water C. In the case of water

C, the calculation was repeated for when the water recovery was taken at 90%, 97%, and 98%.

The following observations were made: (i) When 300 L/h of Water A was cooled to -2°C, 180 kg/d
Na»SO4 was produced while 5.71 kW was needed. (ii)) When Water B (100 g/L Na,SO4) was cooled
from 25 to -2.17°C, a flow-rate of 1.14 m3/h needed to be treated to produce 1 500 kg/d Na,SO4. The
energy usage amounted to 18.87 kW. (iii) When Water C (100 g/L NaCl) was cooled from 25 to -21°C,
for 90% ice recovery, a flow-rate of 0.88 m*/h was required to be treated to produce 1 500 kg/d NaCl.
The energy usage amounted to 132.21 kW. (iv) When Water C (100 g/L NaCl) was treated with the aim
of increasing the ice recovery from 90%, as in (c), to 97 and 98%, the required flow-rate for the recovery
of 1500 kg/d NaCl amounted to 0.68 and 0.66 m>/h, respectively. The corresponding energy usages
amounted to 108.64 kW and 106.11 kW, respectively. (v) The final brine, can either be disposed of at
a toxic waste disposal site, or it can be evaporated in an outside pond. The cost of evaporation of the
final brine amounts to 35% of the cost when disposed of at a toxic waste disposal site. This excludes
the disposal cost of the salt or its potential value. (vi)The evaporation cost of the flow equal to ice

recovery amounted to 4.2 times the cost of cooling/freezing.
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Table 4: Na:SO4 and NaCl recovery through cooling and/or freeze crystallization.

Parameter Unit Scenario
1 2 3 4 5
Na,S0./ Na,S04 NaCl NaCl NaCl
NaCl
Jater A Jater B Water C Water C Water C

Salt rejection % 0.00 0.00 100.00 100.00 100.00
Ice recovery % 0.00 0.00 90.00 97.00 98.00
Feed
Flow m’/h 030 1.14 0.88 068 0.66
FLow kg/s 0.08 0.32 024 0.19 0.18
Feed Na, SO, gL 70.00 100.00 0.00 0.00 0.00
Feed NaCl g/L 30.00 0.00 100.00 100.00 100.00
Feed TDS g/L 100.00 100.00 100.00 100.00 100.00
Feed Temp °C 25.00 25.00 5.00 5.00 5.00
Brine after Cooling/F reezi
Brine Flow m/h 0.300 1.136 0.088 0.021 0013
Brine Flow kg/s 008 0.32 0.02 0.01 0.00
Ice Flow t'h 0.00 0.00 0.79 0.66 0.65
Ice Flow kg/s 0.00 0.00 022 0.18 0.18
Brine Na,SO; (ag+s) g/L 70.00 100.00 0.00 0.00 0.00
Brine NaCl (ag+s) g/L 30.00 0.00 1000.00 333333 5000.00
Brine Na,SO; (aq) 4500 45.00 0.00 0.00 0.00
Brine NaCl (aq) 30.00 0.00 290.00 290.00 290.00
Na,S0, sol. (aQ) gL 45.00 45.00 45.00 4500 45.00
NaCl sol. (aq) gL 290.00 290.00 290.00 290.00 290.00
Brine TDS gL 100.00 100.00 100000/ 333333 5000.00
Brine temp °C 217 0.00 -21.00 -21.00 -21.00
Freeze set point *C -5.17 -3.00 -24.00 -24.00 -24.00
Ice
Ice Na,SO4 gL 70.00 100.00 0.00 0.00 0.00
Ice NaCl gL 30.00 0.00 0.00 0.00 0.00
Ice TDS gL 100.00 100.00 0.00 0.00 0.00
Solids
Salt Na,SO0; (s) gL 2500 55.00 0.00 0.00 0.00
Salt NaCl (s) gL 0.00 0.00 71000) 304333 471000
Salt Total gL 25.00 55.00 710.00) 304333] 4710.00
NaySO4 kg/day 180.00 1500.00 0.00 0.00 0.00
NaCl kg/day 0.00 0.00 1500.00 1500.00 1500.00
Na,SO, + NaCl kg/day 180.00| 1500.00/ 1500.00f 1500.00| 1500.00
Na, SO, sol. gL 4500 45.00 4500 45.00 45.00
NaCl sol. gL 290.00 290.00 290.00 290.00 290.00
Energy
dT *C 300 3.00 3.00 300 3.00
NaCl Freeze point *C -2.17 0.00 -21.00 -21.00 -21.00
Chiller Set-Point -5.17 -3.00 -24.00 -24.00 -24.00
E (m.Cp.dD kW 955 33.59 2695 2095 20.31
E (m.H) kW 0.00 0.00 72.62 6087 59.60
COP 1.67 1.78 0.75 0.75 0.75
T Total kW 5.71 18.87 13221 108.64 106.11
E kWh/tice | #DIV/0! #DIV/0! 166.87 163.61 163.19

KWh/t F eed| 19.03 16.60 150.19 158.71 159.92
Cp 380 3.80 380 380 3.80
Electricity R/KWh 1.00 1.00 1.00 1.00 1.00

R/month 4110 13 585 95188 78 223 76 396
Brine disposal
Disposal cost R/t 2000.00 2000.00 2000.00
Final brine m3/h 0.088 0.021 0013
Disposal cost R/month 126 761 29573 19108
E vaporation cost of final brine
Enegy usage klkg 2500 2500 2500
Brine Flow t'h 0.088 0.021 0013
Power kW 61 14 9
Evaporation cost R/month 44014 10 268 6635
Evaporation / Disposal cost (% 35 35 35
E vaporation oftotal stream
Energy usage kJ/’kg 2500 2 500 2500
Flowequal to ice recovery |t'h 0.792 0.664 0.650
Power kW 550 461 452
Evaporation cost R/month 396 127 332010 325106
Evaporation / Freeze cost [Ratio 4.16 424 4.26

Note Disposal and transportation cost of final brine at disposal site =R2 000K, "0 ..

g SACEC




324

4.3 Water recovery through ice formation

Water that contained 34 g/L salts (20% Na2SO4 and 80% NaCl) was treated by freeze crystallization
for ice recovery and to produce concentrated brine. Table 5 showed that ice purity increased over time
from 18 620 mg/L TDS after 3 h of operation to 7 450 mg/L TDS after 25 h. The improvement in ice
purity was ascribed to improved brine separation and ice crystallization resulting from of the
recirculation of ice seed-crystals. The ice recovery was 106 kg out of a total Feed of 253 kg, which
represented 42% ice recovery. The theoretical energy usage from first principles amounts to 92.5 kWh/t
ice (Energy usage*2). This was compared with the actual energy usage (Energy usage *1) of 392.1
kWh/t. This difference in energy values can be reduced through the following improvements: (i)
Improve the efficiency of the heat exchanger by (a) using pipes with a smaller diameter, (b) using pipes

with a thinner wall thickness, and (ii) minimize heat losses.

Table 5: Ice recovery by freezing.

Time Temp Ice Acc Ice Feed Ice Energy Energy | Energy TDS concentration TDS mass*3
reading | usage*l |usage *2
Feed Ice Brine Feed Ice Brine

h °c kg/Intv kg kg th KWh KWhv/t ice| kWhV/t ice| mg/L mg/L mg/L kg kg kg
0.0 8.8 0.00 0.00 147.00 | 0.0000 0.0 34590

0.5 03 0.00 0.00 147.00 | 0.0000 1.7 34590

1.0 -1.4 0.00 0.00 147.00 | 0.0000 2.6 34590

15 -1.6 0.00 0.00 147.00 | 0.0000 3.6 34590

2.0 -1.7 3.98 3.98 150.98 | 0.0080 4.5 34590

2.5 -1.5 3.98 7.96 154.96 | 0.0080 53 34590

3.0 -1.5 3.98 11.95 158.95 | 0.0080 6.5 34590 | 18620 [ 35888 5.50 022 5.28
3.5 -1.6 3.98 15.93 162.93 | 0.0080 7.1 34590

4.0 -14 3.98 19.91 166.91 | 0.0080 1.7 170.7 34590

4.5 -14 5.53 25.44 172.44 | 0.0111 8.3 95.8 92.5 34590

5.0 -14 553 30.98 177.98 | 0.0111 8.8 88.6 92.5 34590

5.5 -14 5.53 36.51 183.51 | 0.0111 10.3 272.9 92.5 34590

6.0 -13 5.53 42.04 189.04 | 0.0111 11.3 191.6 92.4 34590

6.5 -1.2 2.14 44.18 191.18 | 0.0043 12.1 364.5 92,4 34590

7.0 25 2.14 46.32 193.32 | 0.0043 12.9 359.8 88.5 34590

1.5 -14 2.14 48.46 195.46 | 0.0043 13.8 453.3 96.7 34590

8.0 -1.2 2.14 50.60 197.60 | 0.0043 143 205.6 92.3 34590

8.5 -13 2.14 52.74 199.74 | 0.0043 14.8 229.0 92.6 34590

9.0 -0.2 2.14 54.88 201.88 | 0.0043 15.8 453.3 91.3 34590 | 17690 [ 40824 6.98 098 6.00
1515 -0.8 1.25 74.72 221.72 | 0.0025 25.4 34590 | 13260 [ 43703 7.67 125 6.42
25.5 -0.9 1.94 105.95 | 252.95 | 0.0039 39.0 34590 7450 | 49469 8.75 148 7.27

Average 392.1 92.5

Feed (kg) = Imnitial volume (147 L) + Volume of ice removed
Energy usage*1 =kWh reading / Ice production in th

Energy usage*2 = (m.Cp.dT + m.H)/ ice production in th
TDS.x:*3 = Mass (kg) x Conc (mg'kg) /1000

S CONCLUSIONS

From the investigation, the following conclusions were drawn:

e Feed-water, with a high temperature of 60°C can be pre-cooled to 10°C above room temperature,

through ambient cooling in shallow pans, within a contact time of 30 min.

J saiChe Q> SACEC
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e 100 g/L Na,SOy4, can be removed only through cooling to its solubility of 45 g/L. The energy
consumption for the recovery of 1 500 kg Na>SOs per day will amount to 18.87 kW.

e 100 g/L NaCl, can be treated only through freezing for recovery of salt due to its high solubility
of 290 g/L. The energy consumption for the recovery of 1 500 kg NaCl per day will amount to
132.21 kW in the case of 90% ice recovery.

e Ice, can be recovered from a 34 g/L salt solution at -2°C. The ice purity improves over time, due

to the improved ice and brine separation method.
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ABSTRACT
Asphaltenes are components of heavy fuel oils with complex aromatic structures containing
heteroatoms (N, O, S) and metals (V, Fe, Ni) and contributes to the high viscosity of heavy fuel oils.
Fuel oils are passed through pumps, filters, nozzles and other equipment before such fuel oils reach the
burner section and therefore require good lubricating properties. In the recent past, several users of fuel
oils have been experiencing problems such as blockages in the fuel oil filters and injector nozzles,
increased wear and failures of pumps and, in some cases, decreased calorific efficiency. The HFRR
lubricity tester (method ISO 12156-1) was used to perform lubricity tests on fuel oil samples at different
temperatures to obtain a better understanding of the friction and wear behaviour of fuel oils. Three fuel
oil samples with different asphaltene concentrations were selected for this purpose. Results indicate that
the presence of asphaltenes changes the viscosity behaviour of fuel oils, which, in turn affects the
lubricity behaviour. Key performance indicators like the wear scar diameter on the ball as well as the

wear track on the test disk, showed unexpected results.
Keywords: asphaltenes, precipitation, lubricity, friction, wear.

1 INTRODUCTION

Severely-loaded systems such as injector or pressure pumps need fuels with high lubricity capacity to
avoid any wear problems (Lapuerta et a/, 2016). Poor lubricants have a potential for causing premature
wear which leads to high repair costs and failure of pumps (Nickels, 2011). Fuel oils comprise of a
range of liquid combustibles, mainly hydrocarbons, which are obtained either as distillates in the
working up of petroleum or as residues after the lighter fractions have been removed (Harker & Allen,
1972: 120). Properties of heavy (residual) fuel oils show that the polar fraction, including asphaltenes,
are likely to be irreversibly adsorbed onto a metal surface and are less resistant to oxidation as compared
to paraffins because of their polarity (Ghanavati et al, 2013; Garaniya et al, 2018; Stachowiak &
Batchelor, 2014: 38). Experimental results from a study, where asphaltenes were removed from heavy
fuel oils and then added back to the maltenes (saturates, aromatics and resins), indicate that viscosity of
the reconstituted heavy fuel oil samples increases exponentially as the asphaltene content increases at
constant temperature. Distillate fuel oils can be used as a blending component in heavy fuel oil for

viscosity adjustments in order to reduce the final viscosity of heavy fuel oil (Cao et al, 2021).
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This investigation is focused on fuel oil used in industrial burners in order to obtain a fuel oil
benchmark to quantify lubricity of fuel oils in a similar way to other oils, for which standardised
lubricity specifications exist. The aim of this investigation was thus to determine the lubricating
properties of selected fuel oils used in power generation by focusing on their friction and wear
capabilities, whilst also taking into consideration the effect of the presence of asphaltenes in fuel oils at
various temperatures. Friction and wear tests were performed for both filtered and unfiltered fuel oils,
containing different asphaltene content, at different temperatures using a HFRR lubricity tester
according to the ISO 12156-1 standard. Three fuel oil samples with unique characteristics were used,
namely a light cycle oil (LFO), a medium wax-blend oil (MFO) and a crude-derived heavy fuel oil
(HFO).

2  EXPERIMENTAL PROCEDURE
2.1 Precipitation of asphaltenes

Asphaltene fractions and solid particles were removed by precipitation from the three fuel oil samples
by treatment with a non-polar hydrocarbon solvent. A sample of 10 mL of fuel oil was mixed with 400
mL of 99% purity n-heptane. The mixture was stirred for 24 h at 25 °C with a stirrer speed of 250 rpm
and then allowed to settle for 3 h at 25 °C (Ancheyta et al, 2009: 2). Although LFO does not contain
asphaltenes because LFO is a distillate fuel oil, the solid particles in LFO were removed. The
precipitated asphaltenes and solid particles were separated by vacuum filtration through two 0.2 micron
nylon filter papers for 24 h for LFO and HFO and 36 h for MFO (MFO had a waxy precipitant which
took longer to separate from the asphaltenes). Some waxes were left behind when transferring to storage
containers. The filtration setup is shown in Figure 1. The filtrate was then left in the desiccator for 24 h
to evaporate the n-heptane. After filtration, the filter papers were dried and weighed. The concentration

of asphaltenes and solid particles for LFO, MFO and HFO were 5.67, 23.5 and 48.7 g L-1 respectively.

Long tube

Unfiltered mixture

Mesh and metal piece

( N Buchner flask

Pump tube to vacuum

Filtered mixture

Figure 1: Diagram of the asphaltene vacuum filtration setup.




329

2.2 Lubricity tests
Lubricity tests were performed according to ISO 12156-1 on the HFRR for filtered and unfiltered fuel

oil samples at different temperatures. The summary of the test conditions are shown in Table 1.

Table 1: HFRR test conditions.

Parameter Value
Stroke length, mm 1+0.02
Frequency, Hz 50=+1
Humidity, % (RH) 505
Fluid temperature, °C 115+£2,100+2,60+2,25+2
Load, g 200+ 1
Test duration, min 75+0.1
Fluid volume, ml 2+0.2
Reservoir surface area, mm? 600 + 100

A humidifier was used to control the relative humidity of the HFRR chamber to 50% RH under

atmospheric air. The humidity was monitored throughout the HFRR test using a Sensirion humidity

S€nsor.

3  RESULTS AND DISCUSSION
3.1 Viscometer measurements
The Anton Paar SVM 3000 Stabinger viscometer was used to measure the dynamic viscosity of the

fuel oils at different temperatures. The results are shown in Figure 2.

3000
% 2500 [Dynamic viscosity |

0 + 9 & >
0 20 40 60 80 100 120
Temperature (°C)

——LFO -=MFO HFO

Figure 2: Dynamic viscosity of fuel oils at different temperatures.

The results show that the viscosity of the fuel oils tested decreases exponentially with increasing
temperature. The absence of asphaltenes in LFO results in lower viscosity measurements and a gentle

gradient for viscosity versus temperature graph as compared to MFO and HFO.
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3.2 Elemental analysis

Elemental analysis of the fuel oils was performed using the Spectro Arcos inductively coupled plasma
(ICP) machine from Ametek Materials Analysis Division which uses the technique known as ICP-OES
(Inductively coupled plasma-optical emission spectrometry). The preparation method used for the ICP-
OES was the wet washing procedure. HFO has the highest concentration of asphaltenes and solid
particles compared to MFO and LFO shown in Table 2. The asphaltene concentration in HFO and MFO

is shown by the concentration of vanadium, nickel and iron since LFO does not contain asphaltenes.

Table 2: ICP results for fuel oils.

Sample HFO (mg/kg) MFO (mg/kg) LFO (mg/kg)
A% 14.7 4.94 2.15
Ni 10.5 2.37 1.61
Na 80.8 1.78 6.80
Fe 28.6 6.71 18.1
Mn 1.69 1.18 1.07
Mg 9.21 2.96 4.65
K 11.1 2.76 4.11
S 883 118 159
Cr 4.32 1.58 3.76
Ca 124 60.6 85.2
Al 216 2.37 1.79
P 18.6 - -
Zn 9.77 2.57 3.04
Si 5.26 8.69 11.3

3.3 Coefficient of friction

At 25 °C, the COF drastically increases for filtered LFO when compared to unfiltered LFO. The low
temperature limits chemical wear from taking place because there is minimal frictional heat present
(Garaniya et al, 2018; Bhushan, 2013: 359). Between 60 °C and 115 °C, the COF is similar for filtered
and unfiltered LFO, although the roughness of the COF for unfiltered LFO is much more severe
compared to filtered LFO. This is due to the solid particles in unfiltered LFO which interact with the
surface resulting in concentration of heat at the contacts which results in a rougher COF profile

(Stachowiak & Batchelor, 2014: 11).
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Figure 3: Coefficient of friction versus time graphs of unfiltered and filtered LFO for three runs at 50% RH.

The increase in temperature for unfiltered MFO and filtered MFO results in an increased stability of
the COF, although there is a decrease between 100 to 115 °C shown in Figure 4. At 25 °C, the low
temperature limits chemical wear taking place because there is minimal frictional heat present but as
temperature increases the protective layer is more likely to be rubbed away due to increased frictional

heat resulting in the instability of COF (Garaniya et al, 2018; Bhushan, 2013: 359).

There is minimal change in COF for filtered MFO and unfiltered MFO at different temperatures.
Asphaltenes and some waxes were removed during the filtration process for MFO. Waxes have good
lubricating properties and removal of some waxes and asphaltenes resulted in no apparent effect in COF
when compared to unfiltered MFO. The asphaltenes in unfiltered MFO are very polar compounds which
adsorb on the metal surface resulting in the formation of a protective layer. This results in similar COF
values for unfiltered MFO and filtered MFO with smoother profile for filtered MFO due to removal of

asphaltenes and solid particles.
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Figure 4: Coefficient of friction versus time graphs of unfiltered and filtered MFO for three runs at 50% RH.

The COF for filtered HFO and unfiltered HFO shown in Figure 5 decreases between 25 and 60 °C.
The lower COF at 25 °C is due to the high viscosity at low temperatures resulting in more power for
HFO to be sheared. The power losses are higher and more heat is generated resulting in increased heat
of the contacting surfaces which leads to a higher COF at 25 °C compared to 60 °C (Stachowiak &
Batchelor, 2014: 11). At 100 and 115 °C, the COF values for unfiltered HFO fluctuate throughout the
test with high COF peaks. The high and rough COF at 100 and 115 °C could be due to breakthrough of
the fuel oil; this will be confirmed by the wear results. Breakthrough of the fuel oil is determined by
high COF and complete metal-to-metal contact. At high temperatures, the effects of the asphaltenes and
solid particles for unfiltered HFO are most prominent due to the drastic decrease in viscosity and
therefore the reduction in film thickness, resulting in more interactions between the asphaltenes and
solids particles in unfiltered HFO and the surfaces. The interactions lead to the concentration of heat

which increases the COF and results in a rougher COF profile (Stachowiak & Batchelor, 2014: 11). For
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filtered HFO, the COF values are low (0.1) at 100 and 115 °C. The removal of asphaltenes and solid

particles during filtration shows significant decrease of the COF.
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Figure 5: Coefficient of friction versus time graphs of unfiltered and filtered HF O for three runs at 50% RH.

34 Wear

The wear scar micrographs produced from the friction and wear tests are shown below with their
respective complementary ratings (CR) and average corrected wear scar diameters (WS 1.4). The CR
helps to identify different wear mechanisms which lead to different visual appearances on the ball. The
CR is based on a 6-graded visual rating scale method with 1 being excellent lubrication and 6 being no

lubrication with distinct wear marks inside the contact (Olah et a/, 2005).
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Table 3: Wear scars for filtered and unfiltered LFO at different temperatures at 50% RH.

Temperature 25°C 60 °C 100 °C 115 °C
Unfiltered LFO v

CR 3 2
WS 1.4 (um) 360
Filtered LFO

CR 3 2 2 2
WS 1.4 (um) 145 348 375 307

For unfiltered LFO, the CR decreases from 25 to 60 °C and increases from 60 to 115 °C. At high
temperatures slight abrasion occurs due to decrease in the viscosity which results in reduction of the
film thickness and therefore less separation between the solid particles for unfiltered LFO and metal
surfaces (Stachowiak & Batchelor, 2014: 11). As the temperature increases for unfiltered LFO, the
degree of oxidation increases. This is seen by the darkening of the wear scar due to increased oxidation
which causes oxide formation on the contact surface (Olah et al, 2005). Oxidative wear is the lowest at
25 °C for filtered and unfiltered LFO because of the low temperature. Oxidative wear occurs at high

temperatures (Bhushan, 2013: 359).

For filtered LFO, the CR is the highest at 25 °C and stays constant between 60 and 115 °C at a CR of
2. There is no abrasion for filtered LFO. The wear scars for filtered LFO and unfiltered LFO look similar

with filtered LFO having less abrasive wear due to the removal of solid particles.
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Table 4: Wear scars for filtered and unfiltered MFO at different temperatures at 50% RH.

Temperature 25°C 60 °C 100 °C 115°C
Unfiltered MFO e

CR 3 3 2 2
WS 1.4 (um) 185
Filtered MFO

CR 3 2 4 4
WS 1.4 (um) 85 206 188 175

For unfiltered MFO, the minimal change in the CR correlates with the minimal change in the COF
with increasing temperature. As the temperature increases, the degree of oxidation on the wear scar
increases resulting in the formation of a protective layer (ferrous oxide) and therefore a decrease in
abrasive wear (Hudedagaddi et al, 2017). This is seen by the darkening of the wear scar and less visible
scratch lines with increasing temperature (Olah et al/, 2005). There is more oxidative wear present in

filtered MFO compared to unfiltered MFO with increasing temperature.

Filtered MFO shows abrasive wear at high temperatures (100 and 115 °C). The removal of some
waxes during the filtration of asphaltenes resulted in more wear at high temperatures. The heavy
fractions of MFO, waxes and asphaltenes, play an important role in the rheological behaviour (Alcazar-
Vara & Buenrostro-Gonzalez, 2011). The presence of waxes can modify asphaltene behaviour,
accelerate the dissolution of asphaltenes and modify their stability (Rogel et a/, 2016). This means the
transition of asphaltenes to liquid form is accelerated resulting in much higher viscosity of unfiltered
MFO compared to filtered MFO. This results in better separation between the metal surfaces at 100 and
115 °C and therefore less wear for unfiltered MFO compared to filtered MFO.
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Table 5: Wear scars for filtered and unfiltered HFO at different temperatures at 50% RH.

Temperature 60 °C 100 °C

Unfiltered
HFO

CR
WS 1.4 (um)
Filtered HFO

CR - 3 3 3
WS 1.4 (um) No wear scar 137 201 168

The CR and abrasive wear for unfiltered HFO decreases from 25 to 60 °C, although the CR and
abrasive wear increases between 60 to 115 °C. The high abrasive wear at 25 °C is due to the high
viscosity at low temperatures resulting in more power for unfiltered HFO to be sheared. The power
losses are higher and more heat is generated resulting in increased heat of the contacting surfaces which
leads to more wear (Stachowiak & Batchelor, 2014: 11). As the temperature increases between 60 and
115 °C, the abrasive wear increases due to decrease in viscosity resulting in a thinner film thickness
which leads to abrasive particles of asphaltenes and solid particles interacting with the metal surfaces.
The high concentration of asphaltenes in unfiltered HFO results in asphaltene adsorption at the surface
of the metal because of the very polar compounds in asphaltenes. The lower temperature (60 °C) limits
chemical wear taking place because there is minimal frictional heat present but as temperature increases
the protective layer is more likely to be rubbed away due to increased frictional heat resulting in
increased wear (Garaniya et al, 2018; Bhushan, 2013: 359). For unfiltered HFO at 100 and 115 °C,
although severe abrasive wear is present, the CR is not a 6 which is defined as no lubrication; therefore
we can conclude that unfiltered HFO at 100 and 115 °C does not result in breakthrough but instead

results in severe wear.

Filtered HFO has no wear scar at 25 °C, the high viscosity results in a thick film capable of separating
the two contacting surfaces completely. As the temperature increases between 60 and 115 °C for filtered
HFO, the CR stays the same. The absence of asphaltenes and solid particles in filtered HFO results in
no abrasive wear present and oxidative wear becomes the dominant wear process which increases with

increasing temperature.
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CONCLUSIONS

The effect of temperature and asphaltene content were investigated in this work. Lubricity tests were

performed on three filtered and unfiltered fuel oils. The following conclusions may be drawn:

LFO with no asphaltenes (solid particles only) has little impact on the COF and wear from 60 to
115 °C. The trend for COF and wear is similar for both filtered and unfiltered LFO. The solid
particles affect the roughness of the COF, minimal change in the WS 1.4 and slight abrasive wear
due to the presence of metals in the solid particles. The removal of solid particles results in
minimal change in COF except at 25 °C where the unfiltered LFO has a drastic reduction in COF
compared to filtered LFO.

MFO containing high molecular paraffin (wax) and asphaltenes results in a more stable fuel oil.
The MFO performs better with asphaltenes because the wax stabilizes the asphaltenes resulting
in the dissolution of asphaltenes at an accelerated rate. This results in good high temperature
performance (less friction and wear at high temperatures). For MFO, the removal of asphaltenes
results in minimal change in COF and minimal change in WS 1.4 from 60 to 115 °C. Due to the
presence of waxes in MFO, the wear results for MFO do not follow the typical trend where the
increase in temperature usually results in an increase in wear. For MFO, the removal of
asphaltenes and solid particles resulted in a decrease in wear at low temperatures and an increase

in wear at high temperatures.

HFO containing high concentration of asphaltenes and solid particles results in very high COF
and severe abrasive wear at high temperatures. At low and moderate temperatures, the HFO
performs comparable to filtered HFO, while at high temperatures the COF, abrasive wear and WS
1.4 drastically increases compared to filtered HFO. Overall HFO performs better in the absence

of asphaltenes and solid particles due to their abrasive nature particularly at high concentrations.
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ABSTRACT

The Major Hazard Installation (MHI) Regulations of South Africa (2001), promulgated under the
Occupational Health and Safety Act no. 85 of 1993 (the Act), regulate the handling by industrial
facilities of chemical substances with potential to cause major chemical accidents adversely impacting
employees and members of the public. The current set of regulations has become outdated when applied
to modern chemical industries and therefore the need arose to revise the regulations in line with
international trends, offer increased protection to safety of employees and the public and advise on land-
use around industrial facilities. A technical committee assembled by the Department of Employment
and Labour effected changes to the regulations, extensive public comment and industry consultation
were conducted. This presentation will summarise the amendment process and highlight the main
changes between the existing and proposed sets of regulations. Delegates likely work in industries
where MHIs are present and may be exposed to potential chemical accidents which put them at risk of
injury and death. This paper seeks to describe the regulatory basis in South Africa (SA) for managing
risk (prevention and mitigation) of major chemical accidents.

Keywords: Major Hazard Installation Regulations; MHI; Occupational Health and Safety Act; South
Africa; major chemical accidents; process safety; Department of Employment and Labour

1 INTRODUCTION
The Department of Employment and Labour (the Department) regulates installations which store,
manufacture, handle and process chemicals at quantities and forms that have potential to pose a risk to
employees and the public and which can cause a major incident. This is achieved through the Major
Hazard Installation Regulations, GNR 692 of 30 July 2001 (the 2001 regulations), promulgated under
the Occupational Health and Safety Act no. 85 of 1993 (the Act). Implementation of the 2001

regulations do not solely depend on the Department, but, the coregulators: Local Governments (LGs)
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are also given duties to strategically place MHI facilities in a ‘safe’ area, to test Emergency Plans (EPs)
and respond to emergency occurrences and major incidents. Currently, MHI facilities of varying
magnitude are required to implement the same requirements under the 2001 regulations, placing a
burden on smaller MHIs. To provide clear strategies, the 2001 regulations were studied and a need for
improvement was identified. As such, different regimes internationally were considered with a view to
align to global best practice. A revision of the 2001 regulations was initiated in 2013 and proposed
draft MHI Regulations were published in November 2019. The final draft of the proposed MHI
Regulations has been edited by State Law Advisers (SLA) and is due for submission to the Minister of
Employment and Labour’s Advisory Council on Occupational Health and Safety (ACOHS). This paper
describes comparative regulations around the world, the methodology followed in updating the 2001
regulations, the structure of the proposed regulations which would replace the 2001 regulations and

conclusions drawn from the exercise.

2 LITERATURE

Several countries globally regulate the management of process safety at industrial facilities; existing
regulations were reviewed to align the South African legislation internationally. Countries whose
legislation was included in this survey were Malaysia, Singapore, Australia, the European Union
(SEVESO III Directive) with the United Kingdom (UK) Control of Major Accident Hazards (COMAH)
Regulations of 2015, with the latter an example of an EU member state’s implementation of the

SEVESO III Directive.

In general, the objectives of each country or territory’s risk regulations are the same, which is the
prevention of major accidents due to dangerous chemical substances handled at industrial facilities. All
of them require the registration or licensing of establishments handling dangerous chemicals and all of
them refer to a threshold quantity of substance. There are differences between whether a single quantity
qualifies an installation or establishment for registration or whether several quantities qualify them. All
the regulations studied require the compilation of documents (risk assessments or safety assessments)
to assess the risk associated with the facilities; the Australian and Singapore regulations require the
preparation of a ‘Safety Case’ for all qualifying establishments, while the UK applies a staggered
approach with only Upper Tier establishments requiring a Safety Report (equivalent to a Safety Case).

The duration of registration ranges between three and five years after which renewal can be sought.

3  PROCEDURE FOR REVIEWING THE REGULATIONS
3.1 Gaps identified in the 2001 regulations

The Department is in the business of regulating the Act and its regulations and they do this by
monitoring compliance through inspections, advocacy, and enforcement. In these processes the

Department gathers information such as compliance levels, number of reported incidents, relevance and
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practicality, improvement in technology, amongst others. Identification of gaps may culminate in the
need for revision of regulations. The 2001 regulations had some gaps identified by the Department, the

chemical industry, as well as the coregulator. Some of these gaps included:
e Inconsistency in conducting Risk Assessments required by the 2001 regulations;
e A high level of non-compliance with respect to implementation of organisational measures;
e Notifications not attended to or at times not received;
e No alignment with transporters of chemicals; and
e EPsnot in place and not proportional or aligned to the operations onsite.

3.2 Revision of the 2001 regulations

Based on the gaps identified, the Department conducted a desktop study to establish if there was
enough reason for the 2001 regulations to be revised. A study of various regulatory regimes
internationally was conducted, the regulations were studied and compared (refer to Section 2) and
lessons were drawn. A needs analysis was conducted to check if identified regulations would be easily
implementable and sustainable without placing additional burden on the chemical industry. From this
exercise the UK COMAH Regulations 2015 were chosen to be modelled and were considered a
sustainable option for SA. The consideration to revise the 2001 regulations was tabulated to and

approved by, the ACOHS.

3.3 Work of the MHI Technical Committee

Via the ACOHS, a MHI Technical Committee (MHI TC) comprising members from different
stakeholders including Business, Organised Labour and subject-matter-experts was proposed. A
nominations process was followed, and members were appointed in writing to serve in the MHI TC.
The MHI TC commenced with meetings and a framework on revising the regulations was developed.
The Department hosted annual workshops to gather more information and to solicit the opinions of the
chemical industry and interested and affected parties. Furthermore, consultations were held with the
UK Health and Safety Executive (HSE) to get buy-in to utilising the UK COMAH 2015 Regulations as

the basis for revision of the 2001 regulations.

A need was identified for alignment with Department of Transport, the Civil Aviation Authority and

therefore a dangerous substances concept was adopted.

3.4 Drafting of the proposed regulations
A first draft of the proposed regulations was concluded and submitted for approval to the SLA to align
the draft with the Constitution and to check the legality of the proposed regulations. The draft was

reworked following comments from the SLA until the first approved draft was published for public
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comment in November 2019. Further, various members of industry and the public at large were
consulted in March 2021 and all the received comments were attended to. At the time of writing the

final draft of the proposed regulations was being discussed for finalisation.

4 KEY OUTCOMES AND DISCUSSION

This section summarises the outcomes of the process of updating of the regulations, presenting all the
clauses contained in the proposed regulations in comparison to the clauses contained in the 2001
regulations. The main points relating to each regulation (by the number given to the proposed

regulation) are presented in tabular form under each sub-section here.
4.1 Scope

Table 1: Discussion of Regulations 1 and 2

Topic present
Regulation Topic in 2001 Discussion
regulations?

Several definitions have been added to the regulations to
give further nuance to the proposed regulations. The
most notable additions include:

e A definition for “Change”.

e  “CLP Regulations Nations’ Globally Harmonised
System (GHS)”.

e “Establishment”: categorization of major hazard
installations as low, medium, or high.

Yes e “Licence to operate”.

"Prescribed quantity": provides a definition for the

quantities presented in the Annexures.

“Process safety management system”.

“Responsible person”.

“Safety report”.

“SANS 1461~ and “SANS 1514”: Makes these

newly published standards legal requirements for

Risk Assessments and Emergency Plans,

respectively.

1 Definitions

Sets out which regulations apply to which establishments

Scope of Yes defined as either low, medium, or high hazard
application establishments. The exclusion of nuclear installations is
confirmed.

4.2 Administrative Requirements

Table 2: Discussion of Regulations 3 — 8,16, 17, 21,22,23,24,25 and Annexure B

Topic present
Regulation Topic in 2001 Discussion
regulations?

This regulation introduces a legal appointee called
New Concept | ‘responsible person’, who ensure compliance to these
Regulations

Management
of MHI
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Topic present

Regulation Topic in 2001 Discussion
regulations?
e The information accompanying notification has been
amended to contain more information for the Chief
Inspector, provincial director, and local government
4 Notification of Yes (LG). ) )
establishment e Advertisements in a local newspaper must now be
completed in English and another dominant language of
the area.
e There is a requirement for the risk assessment report to
be explained to interested parties.
e The MHI will be formally registered by issuing of a
Registration of certificate and a national register of all MHI will be
5 MHI New concept kept.
e The Department has also been empowered to refuse
registration with valid reasons.
Duration of e  Registration is valid for a period of 5 years.
6 registration New e  The chief inspector may renew the registration upon the
and renewal requirement updating of a risk assessment report and on payment of
the appropriate renewal fee specified.
Alteration to
7 particulars of New The duty holder must, where there is an alteration to any of
registered requirement | the particulars, furnish the alterations to the chief inspector.
establishment
) e The Department has a direct prerogative to instruct the
Revocation or New establishment to comply if the facility is unfit for
8 suspension of requirement occupation providing reasons.
registration e The establishment is also given an opportunity to appeal
the decision in terms of section 35 of the Act.
Reporting of
16 risk and Yes The requirements of this Clause are largely like the 2001
emergency regulation.
occurrences
Training of Employees is required on the following:
e The scope of these Regulations;
e  The nature of the establishment;
) e  Potential major hazards and associated major incidents;
17 Information New e  Potential risks to health and safety caused by the
and Training | requirement identified major hazards;
e The practices and control procedures for a major
incident; and
Safety protocols and measures to be followed in case of an
emergency.
New A fee will be charged for registration and renewals
21 Payable fees .
requirement | Fee structure is Annexure B.
Ann;xure Feeg for ! he New Provides a fee structure for registration and renewals.
registration requirement
29 Closure Yes The time frame for nqtiﬁcation of closure ha; been
increased from the original 30 days and now its 60 days.
23 Offenses and New Offences and penalties are now pronounced, fines are

prescribed, and stringent punishments are introduced. Fines
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Topic present
Regulation Topic in 2001 Discussion
regulations?
Penalties requirement | are prescribed in Annexure E.
Repeal of .
24 Regulations Yes Repeals 2001 regulations.
Short title and Describes the name of regulations: Major Hazard
25 commenceme | New addition | Installation Regulations followed by the year of the
nt regulations coming into force.
4.3 Consultation

Table 3: Discussion of Regulation 9

Topic present
Regulation Topic in 2001 Discussion

regulations?

To make several installations in close proximately aware of
9 Sharing of | Not explicitly | each other’s dangers, the Chief Inspector may issue a directive
information dealt with for each installation in the group to share information to
facilitate coordinated emergency response.
4.4 Technical Requirements

Table 4: Discussion of Regulations 10 — 12, Annexures C and D, Regulations 13 and 15

Topic present in

Regulation Topic 2001 regulations? Discussion
® A risk assessment must be conducted by an
] approved inspection authority according to SANS
10 Risk Yes 1461 for each establishment.
Assessment . R .
® The establishment’s Health and Safety Committee
must be consulted when conducting a risk
assessment.
e Medium and High establishments are required to
Major incident compile a policy on how they will prevent the
11 prevention New requirement occurrence of a major incident at an establishment
policy (MIPP) within 36 months after promulgation of the
regulations.
e Review of the policy must be done every 5 years.
Principles to
be taken into
account when Provides guidance on the compilation of a MIPP which
Annexure preparing . will ensure consistency across all establishments in the
Lo New addition . . .
C major incident principles to follow and uniformity of the management
prevention of risk of major incidents.
policy (MIPP)
document
) e Introduction of the requirement for a Safety Report
12 Safety report | New requirement aligns with other risk legislation around the world.

e A High Hazard establishment must prepare a

SAIChE
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Topic present in

Regulation Topic 2001 regulations? Discussion
detailed safety report during the design phase,
updated as the design progresses up to the start of
operations.
e Contents of this report are described in this
regulation as well as in Annexure D.
Annexure Purpose an;i .
D contents 0 New requirement | 4  Degcribes the content of a Safety Report.
safety reports
. A duty holder who operates a high hazard establishment
Licence to . :
13 New requirement | must apply for a licence to operate such an
operate .
establishment.
e Standardises the contents of EPs through the
15 Emergency Yes requirement to comply with SANS 1514 and
plan includes additional requirements for the
management of EPs.
4.5 Approval of MHI facility

Table 5: Discussion of Regulation 14

Topic present in

Regulation Topic 2001 regulations? Discussion
The proposed regulations require that:
e The LG “must not permit the erection of a new
General establishment or the expansion of an establishment at
duties of a separation distance that poses an unacceptable risk”.
14 local Yes e LG must follow SANS 1514 for the development of
government the off-site emergency plan.

(LG) e There is a strong indication that all the requirements
placed on LG are driven by a risk-based approach and
by the information contained in the MHI Risk
Assessment.

4.6  Supplier Requirements

Table 6: Discussion of Regulation 18

. . Topic present in . .
Regulation Topic 2001 regulations? Discussion
General . . .
18 duties of Yes The requirements of this Clause are largely like the 2001
. regulation.
suppliers

SAIChE
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Table 7: Discussion of Regulations 19 and 20

346

Obligations of Approved Inspections Authorities

. . Topic present in . .
Regulation Topic 2001 regulations? Discussion
e This regulation details the process to be followed by
Approved accredited inspection bodies that wish to be approved
19 inspection New addition by the Chief Inspector.

authorities e It also gives guidance on the actions to be taken when
disputes occur between duty holders and approved
inspection authorities.

Duties of approved inspection authorities (AIAs) are

defined:

e  Ensuring that risk assessments, reports and attachments
are carried out in accordance with SANS 1461.

Duties of e Providing results on the MHI establishment
20 .approv.ed New requirement clasmﬁcatlon,'acceptablhty of risk, and make
inspection recommendations.
authority e Risk assessment reports shall be made available to the
chief inspector and local government.

e Reporting all MHIs assessed, to the Chief Inspector.

e May be requested by the Chief Inspector to participate
in investigations, inquiries, emergency occurrences and
major incidents.

4.8 Annexure A Chapters 1 -3

Table 8: Discussion of Annexure A Chapters 1 — 3

. . Topic present in . .
Regulation Topic 2001 regulations? Discussion
e The provision of three columns (Columns 1, 2
Dangerous and 3) provides a tailored approach to managing
Annexure A | Substances to N major accident risk for various sizes of
Chapters 1 which .the New addition establishments and companies, avoiding a one-
and 2 regulations size-fits-all approach.
apply e The dangerous substances have been defined in
line with the GHS system.
Describes that a cross country pipeline handling
Classification of fluids which complies with the conditions provided
Annexure A, pipelines as Yes in the annexure will be classified as a Major Hazard
Chapter 3 Major Hazard establishment. This differs from the 2001 regulations
Establishments where the criteria for pipelines being included were
not specified.
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4.9 Form A, Form B and Annexure E

Table 9: Discussion of Form A, Form B and Annexure E

. . Topic present in . .
Regulation Topic 2001 regulations? Discussion
e A notification template has been designed to direct
the MHI facility to provide required information.
Notification . e The filling of the form also requires that the MHI
Form A Form New addition facility get an acknowledgement from the relevant
Local Government to ensure appropriate
communication between the establishment and the
local government.
Application
for
Form B ;:iig;gig:i New addition Proyides an application form for companies wishing to
installation register as AlAs.
inspection
authority

e Annexure E contains a table that must be populated
monthly by AIAs in terms on their reporting to the
chief inspector.

Ann E Monthly N ) . . Itemg that need to be reported on are described
exure AIA Reports ew requiremen therein.

e AlAs required to give monthly returns of accessed
facilities to promote cooperative governance, track
the MHI facilities, ensure that all MHI facilities are
accounted for.

5 CONCLUSIONS

The proposed regulations introduce threshold chemical quantities which weren’t present in the 2001
regulations which places the proposed regulations on par with global peers and align with the definition
of MHI provided in the Act. Furthermore, the introduction of three columns of threshold quantities
(with differing requirements per quantity of substance handled) allows a differentiated approach based
on types and relative sizes of MHIs and companies — avoiding a one-size fits all approach. The
introduction of standards SANS 1461 and 1514 standardise the approach to compiling MHI Risk
Assessments and EPs. The principles regarding the roles and responsibilities of local government in
the 2001 regulations have been retained, enhanced, and clarified based on lessons learnt through years
of applying the existing regulations. On-site and off-site emergency plans are still key to well-planned

response when all the preventative measures may have failed.
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ABSTRACT
Polyalphaolefin (PAO) base stocks have historically proven to possess superior lubricating properties.
However, their high production costs place them at a disadvantage. On the other hand, more affordable
conventional mineral base stocks pose limited lubricating performance and environmental concerns for
modern equipment designs. The development of hydrocracked base stocks with a “plus” (+) has shown
great potential to achieve a balance between cost, environmental friendliness and lubrication
performance. In this study, friction, viscosity and wear behaviour of a hydrocracked base stock is
presented in comparison with solvent refined, hydro-processed and PAO base stocks over a range of
selected temperatures. Results demonstrate that the shift towards the use of base stocks with a “plus”
will be beneficial in the automotive industry. The hydrocracked base stock demonstrated friction and
wear reduction performance similar to that of the PAO, indicating that hydrocracked base stocks can be
used in place of PAO base stocks. This behaviour is attributed to free volume which is induced mid-
chain branched alkyl chains of the Group 3+ base stock. Results also show that two base stocks in the
same group, but produced from different sources of crude, can result in different friction and wear

behaviour under certain temperature conditions.
Keywords: base stock, friction, pressure-viscosity coefficient, viscosity, wear

1 INTRODUCTION

Over the past 15 years, there has been growing awareness in the consequences of climate change.
There has also been a continuing recommendation of the use of low viscosity lubricating oils by original
equipment manufacturers (OEM) in the automotive industry (Dickmann et al., 2018; Gaal, 2021; Hoste,
2021). This has resulted in stringent environmental laws and demanding operating conditions brought
by new automotive designs, and also exposed the need for continuous development of environmentally
friendly, low cost, low viscosity and high performing lubricating oils (Devlin, 2018; Gaal, 2021; Hoste,
2021; Luzuriaga, 2019). Base stocks are the initial single polymer oils obtained after refining crude oil.
Base stocks are key building blocks of Iubricating oils and greases, and usually makes up 75 to 99 % of
all lubricating oil compositions on a volume basis (Hope, 2018; Lee et al., 2017; Luzuriaga, 2019; Wang
etal., 2019). A mixture of one or more base stocks in a fully formulated lubricating oil is usually referred

to as a base oil. The two terms are usually used interchangeably, however, base oil is used in the context
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of a fully formulated, ready to use, lubricant whereby blending with additives such as anti-oxidants and
anti-foaming agents is complete (Hope, 2018; Lee et al., 2017). Base stocks are classified into five
groups, shown in by the American Petroleum Institute (API) based on sulfur content, amount of

saturated compounds and viscosity index as shown in Table 1 below (Adebogun et al., 2020).

Table 1: API base stock classification.

API Group  Sulfur (% w/w) Saturates (% w/w) Viscosity Index
1 >0,03 and/or <90 80 - 120
2 <0,03 and =90 80 - 120
3 <0,03 and >90 > 120
4 All polyalphaolefins (PAO) >90 > 135
5 All base stocks not included in Groups [-IV

Polyalphaolefin (PAO) base stocks, usually produced by oligomerization processes and classified as
Group 4 base stocks, have demonstrated superior lubricating properties in automobile applications.
However, their high production costs place them at a disadvantage (Adebogun et al., 2020; Biresaw,
2018; Gaal, 2021; Hope, 2018; Hoste, 2021). The development of severely hydrocracked Group 3+
(group three plus) base stocks has shown great potential to achieve a balance between the base stock
cost and high lubricity (Brown, 2015; Gaal, 2021; Hoste, 2021). The “plus” in the base stock group
indicates a highly refined base stock with an increased ability to hold its usable viscosity over a wider
temperature range than other base stocks in the same API group. This is the property known as viscosity
index (VI). The “plus” is not unique to the Group 3 base stocks. In the past decade, Group 2+ base oils
started emerging and have gained attention in the base stocks market. This seems to be accelerated by
the closure of Group 1 production facilities amid the start of the Covid19 pandemic due to lack of
demand and environmental concerns which had been looming for decades due to the high content of
sulfur compounds in the Group 1 base stocks (Gaal, 2021; Hoste, 2021). A performance baseline has to
be established which will show clearly where the modern base stocks lie in comparison to the
conventional Group 1 base stocks which are currently being phased out. This forms a basis for the
current study. In this study, an approach is taken to determine and compare the friction, wear and
viscosity characteristics of selected base stocks under specified range of temperature conditions. The
approach takes into account the 15 °C density, VI as well as viscosity behaviour between 40 and 100 °C.

These are some of the important physical properties considered when selecting base stocks in industry.

2  EXPERIMENTAL DETAILS
Viscosities and densities were determined using a Stabinger SVM 3001 rheometer. This was followed

by friction and wear experiments which were conducted using the SRV4® tribometer with an oscillatory
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sliding ball-on-disc configuration under four temperature conditions i.e., 40, 60, 80 and 100 °C, and
relative humidity (RH) of 20 %. To minimise the influence of moisture on lubricity, the lower humidity
was chosen. Polar constituents of base stocks are capable of absorbing moisture from atmosphere into
the oil matrix, especially at temperatures above 60 °C, Water is capable of diffusing through the oil onto
the contact surface where it will lubricity behaviour by adsorbing onto polar sites of the metal surfaces
(Alazizi et al., 2015; Luo et al., 1998; Myshkin and Kovalev, 2019). Analysis and profiling of the ball

and disc surfaces after each experiment was done using a Nanovea PS50 profilometer.

2.1  Selection of base stocks

A set of five commercial base stocks with a 100 °C kinematic viscosity of 4 ¢St were selected from
different API groups. Though the 100 °C viscosity is similar, it was expected to vary at lower
temperatures due to differences in composition. The base stocks comprise a solvent refined mineral
base stock (G1), two hydro-processed with hydrocracking base stocks from two different suppliers
(G3 S1 & G3 S2), a hydro-processed with severe hydrocracked base stock (G3+) and an oligomerized
polyaphaolefin base stock (PAO).

2.2 Rheological properties of base stocks
2.2.1 Viscosity and VI: Effect of temperature

Viscosity of base stocks is a very important property in lubrication. It is a measure of both shear
strength and load carrying capacity of the base stock (Gold et al., 2001; Lu et al., 2019; Sander et al.,
2015; Vengudusamy et al., 2014). By definition, dynamic viscosity is the resistance of a fluid to flow
or shear under an applied shear stress at a specified temperature and pressure, and is given by the ratio

of rate of shear stress to shear strain as shown in Equation 1 below (Lu et al., 2019).
Ko = %S Equation 1

Where L, is the dynamic viscosity at atmospheric pressure, Ts is the shear stress required to flow or
shear the fluid tested and Y the shear strain of the fluid. Kinematic viscosity is the resistance to shear

caused by gravity, given by the ratio of dynamic viscosity and density:

W = “_; Equation 2

Where L is the kinematic viscosity at atmospheric pressure, p is the density at atmospheric pressure.
Measurements were done at temperatures i.e., 40, 60, 80 and 100 °C, and at atmospheric pressure, using
a Stabinger Viscometer (SVM 3001, Anton Paar GmbH, Austria) as per the standard method
(ASTM D445-21, 2021). Viscosity index (VI) was also determined as per the standard (ASTM D2270-
10, 2016).
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2.2.2  Viscosity: Effect of pressure

Generally, viscosity of oils increases under compression. This effect reverses when the pressure of
compression is removed (Dickmann et al., 2018; Zhang and Spikes, 2020). In high pressure rheology,
this viscosity behaviour is known as the piezoviscous effect and it is represented by a coefficient defined
as the pressure-viscosity coefficient (o) (Fernandez et al., 2014). The value of the pressure-viscosity
coefficient indicates the dependence between load (pressure) placed on a film of oil and its viscosity at
that particular load, when all other factors (material, temperature, geometry and speed) are constant
(Adebogun et al., 2020; Cai et al., 2015; Zhang and Spikes, 2020). Therefore, a large value of o indicates
larger dependency of viscosity on pressure/load. In this investigation, the pressure-viscosity coefficients
were estimated using Gold’s equation (Equation 3) due to the unavailability of a high-pressure

viscometer (Christiansen et al., 2018; Fernandez et al., 2014).

o= suk' Equation 3
Where i is the kinematic viscosity at standard pressure and test temperature, s and t are Gold’s
dimensionless constants. For paraffinic mineral and polyalphaolefin base stocks at high pressures, these
are shown in Table 2 (Gold et al., 2001; Sander et al., 2015; Stachowiak and Batchelor, 2014;
Vengudusamy et al., 2014). The pressure-viscosity coefficients were calculated for all experimental

temperatures.

Table 2: Parameters for Gold’s equation.

Base stock type S t
Paraffinic mineral 0.99 0.14
Polyalphaolefin 0.73 0.13

2.3  Friction and wear experiments

Experiments were carried out using the SRV4® tribometer with a steel ball-on-disc configuration, at
40, 60, 80 and 100 °C, and 20 % relative humidity (RH). The duration of each complete experiment was
120 minutes. The material grade of the 10 mm diameter ball and a 24 mm diameter disc specimen is
DIN AISI 52100 (100Cr6) bearing steel with composition specified by the American Iron and Steel
Institute (AISI). Three experiments were done with each base stock under similar conditions and
average results are determined and reported. For each experiment, 2 mL of base stock was used on a
batch basis. The lubricant was injected onto the clean unused disc surface, before the clean unused ball
surface was allowed to make contact. At the start of each experiment, the normal load was held at 30 N
for 30 s. This first stage is the “run-in” stage and was followed by a 30 s gradual load increase (at 8 N.s°

1 to a final load of 150 N. From this point the load was kept constant at 150 N for the remainder of the
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test duration. The oscillating velocity of the ball (uy) was 0.2 m.s™! throughout and measurements of the
coefficient of friction (COF) were done. Since the disc was held stationery (ug = 0 m.s!), the average

velocity (Uavg) was 0.2 m.s™.

3  RESULTS AND DISCUSSION
3.1 Density and viscosity

Figure 1 compares VI and 15 °C density of the base oils under investigation.
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Figure 1: 4 ¢St base stocks: Effect of base stock type on Viscosity Index.

G3+ base stock was found to have the highest VI and the smallest 15 °C density. Hydro-processing
includes iso-isomerization. Combined with severe hydrocracking produces high quantities molecules
with mid-chain branched alkyl chains (Sarpal et al., 2012; Sarpal et al., 2013). The branching increases
intermolecular free volume in the oil matrix due to stearic effects, and lowers the number of molecules
which can fit freely into a given volume, hence the low molecular weight. The base stock with the
lowest VI and highest 15 °C density was the G1 base stock. This is attributed to longer molecular chains,
with lower branching and saturation level. This lowers free volume, and renders the molecules more
compact in the fluid, hence the larger molecular weight (Christiansen et al., 2018; Dickmann et al.,
2018; Lugt and Morales-Espejel, 2011). The low VI behaviour suggests that solvent refined mineral
oil’s rheology is the most affected by changes in temperature and the G3+ is the least affected. It was
surprising to observe that the hydro-processed G3 S2 and G3 S1 base stocks demonstrated higher and
similar VI as that of the synthetic PAO base stock, respectively, even though they are heavier. Figure 2
and Figure 3Figure show the variation in kinematic viscosities (p) and dynamic viscosity () with
temperature, respectively. The trends show a power relationship, with a decrease in dynamic and
kinematic viscosity with increasing temperature. The G1 base stock shows the highest viscosities at all

experimental temperatures, G3 S1 and G3 S2 base stocks show similar and intermediate viscosities, and
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G3+ and PAO base stocks show similar and the lowest viscosities.
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Figure 2: Kinematic viscosity variation with temperature based on base stock type.
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Figure 3: Dynamic viscosity variation with temperature based on base stock type.
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Figure 4 shows the pressure-viscosity (a) relationship with temperature. The G1 base stock
demonstrates the highest value of a at the four experimental temperatures, indicating a strong ability to
resist molecular flow under pressure. This is attributed again to low branching, low free volume and
low saturation, properties which induce stronger intermolecular cohesive forces under pressure (Kim
and Spikes, 2020; Minami, 2017; Myshkin and Kovalev, 2019; Zhang et al., 2016). PAO base stock
demonstrated the lowest values of a at all temperatures. This observation suggests that high saturation
lowers the resistance to flow, since this is a fully saturated base stock. Overall, the pressure-viscosity

coefficient shows strong dependency on the base stock composition and temperature.

3.2 Coefficient of Friction and wear quantities
In Figure 5, friction and wear results demonstrate that base stock composition is the main factor that

influences of the friction and wear behaviour at the different temperatures.
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Figure 5: Dependence of COF, wear scar diameter (WSD) and wear volume (W vol.) on base stock type and

test temperature.

The first graph in Figure 5 compares the average COF values taken between 2 and 120 minutes of the
experiments. The G1 base stock resulted in the highest COF at all temperatures. G3 S1 and G3 S2
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demonstrate lower COF between 40 and 80 °C. G3+ and PAO, the lowest at 100 °C. For low energy
usage at a specific temperature and dry atmosphere, one can select a base stock based on the COF. In
this study, wear volume refers to the amount of permanent deformation on the steel ball where it makes
contact with the lubricant and disc during sliding. The deformation could be due to loading, or
loss/removal of material due to sliding and/or poor lubrication, or a combination of both. In this study,
we will only focus on the quantities measured. G1 base stock resulted in the largest wear diameters and
volumes at all temperatures. The increase in viscosity due to compression due to loading and shear
between the oscillating ball and stationery disc results in lower load carrying capacity by the oil film.
This means there is more direct load transfer between the sliding steel ball and stationery disc. We could
assume that the oil assumes a semi-solid like state when loaded due to the compact molecular structure
and less intermolecular free volume (Kim and Spikes, 2020; Minami, 2017; Wang et al., 2019). This
promotes severe deformation on the ball, hence the larger wear scar diameter and volume material loss.
G3 S1 base stock resulted in a larger diameter and volume loss compared to G3 S2 between 60 and
100 °C. At all temperatures, G3+ and PAO base stocks resulted in relatively larger wear scar and the
wear volume loss is complex. These results demonstrate some level of correlation between the COF
and the wear scar diameter between 60 and 100 °C. However, there is no correlation between wear
volume, diameter and COF, unless one focuses on one temperature condition. We also observe that
G3 S1 base stock demonstrated more material loss compared to G3 S2, G3+ and PAO base stocks
between 60 and 100 °C. This result confirms that two base stocks in the same API groups but from
different suppliers can result in different wear behaviour. G3+ base stock generated more wear volume
than PAO base stock, except at 80 °C, with relatively smaller wear diameters. PAO appears excellent
in lowering wear. We had expected wear and wear volume to correlate well with the pressure-viscosity
coefficient (o) behaviour. However, it is clear that there are other aspects of base stocks which play a

role in wear behaviour in a lubricated contact area other than those investigated in this study.

4 CONCLUSIONS

G3+ base stock appears to be a strong competitor to the PAO base stock in reducing friction and wear.
The G3 S1 base stock demonstrated more material loss compared to G3 S2, G3+ and PAO base stocks
between 60 and 100 °C. Results demonstrate that two base stocks in the same API groups but from
different suppliers (difference source of crude) can result in different friction and wear behaviour. G3+
base stock generated slightly more wear volume than PAO base stock, except at 80 °C, but with smaller
wear diameters. The G3 S1 and G3 S1 base stocks demonstrated excellent friction and wear reduction,
comparably better than the G3+ and PAO. However, the higher sulphur content and lower saturation
levels renders them a concern in the environment compared to G3+ and PAO. In light of environmental
compliance and production costs concerns, the market shift towards the use of base stocks with a “plus”

will be beneficial in the automotive industry.
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ABSTRACT
Student protests starting in 2015 under the umbrellas of #RhodesMustFall and #FeesMustFall further
strengthened calls for curricula relevant to the diverse groups of students in the South African university
classroom. To this end, the Chemical Engineering Department at a research-focused historically
English-language university swopped out a semester-long conventional chemical industry project in the
core second-year course for one investigating the treatment and usage of biogas products from anaerobic
digestion in an urban informal community. This paper critically analyses the changes that were made
in the project to explore the ways in which it meets the aims of decolonising the engineering curriculum.
To this end, data in the form of course documents and staff interviews were collected and analysed.
Findings suggest that the new project addressed the decolonisation goals by incorporating three
elements: valuing students’ voices; connecting learning to the local context; and engagement with the
community. A key challenge that was revealed through the findings is that the standard engineering
techniques are not always applicable to small-scale community-based projects. Hence, the findings
indicate the need for a broadening of engineering knowledge and skills so that they can be applied to

local community, as well as industrial and corporate, contexts.

Keywords: chemical engineering, community-based project, decolonisation, engineering curricula

1 INTRODUCTION
The student protests that started in South Africa in 2015 under the umbrellas of #RhodesMustFall and

#FeesMustFall developed into one of the most important student protests in post-apartheid South
African history, attracting the attention of the country’s universities and national and provincial
governments (Koopman, 2019). The #RhodesMustFall movement that led to a successful campaign to
remove the statue of Cecil Rhodes overlooking the rugby field at the University of Cape Town led into
the nationwide #FeesMustFall protests. While the naming of the latter protests made for an easy
association with the reduction in the cost of university education in the country, these protests also
pointed to multiple forms of exclusion in South African higher education (Postma, 2016) and hence the

urgency to address racial and gender inequities at the universities and decolonise curricula (Jansen,
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2017).

In light of these protests, several universities took initiatives to work on the transformation and
decolonisation of their curricula (Koopman, 2019). One such effort at the research site for this study, a
research-focused historically English-language university, was to revamp the existing second-year
project in the chemical engineering undergraduate program. This paper critically assesses the new
project from a decolonisation standpoint through an analysis of the course documents and interviews
from a course lecturer and a tutor. Specifically, the paper addresses the following question: How does

the new second-year project at the university meet the aims of decolonising the engineering curricula?

The scope of this paper includes analysis of only course documents and lecturer and tutor interviews.
Although student interviews were also carried out as part of this project (and those data are in the
process of being analysed), those are not in the scope of this paper and will be discussed in follow-up

work (see section 6).

2 LITERATURE

Scholars across the world have worked on the decolonisation project for several decades (Nkoane,
2006). This section first discusses how different scholars have talked about the meaning of
decolonisation of university and the curricula, and then discusses two examples of decolonising in
detail. The first example is from Latin America that brings together different epistemological traditions
in the classroom and the curriculum. The second example is from South Africa that proposes a

decolonised engineering curriculum in consultation with various stakeholders.

2.1 Meaning of decolonisation
In the African context, Nkoane (2006) argues that decolonisation of universities and institutions is to

make them more relevant to the African context. He further argues that:

the African university needs to represent the African experience, ideas and finds its resources
from within African culture, it also has to play a pivotal humanising role both locally and
internationally. It needs to help liberate African people as well as the international community,
from inhuman and dehumanising ideas and practices. This should be one of the primary
objectives of the Africanising university across the sciences, and needs to include mental
decolonization from stereotypes and strictures from the past, and mental emancipation for

socially and communally engaged scientific projects. (p. 54)

Nkoane notes that mental decolonisation can be achieved by the African people by carrying out an
analysis of who they are as people and how their minds and thoughts are controlled by Eurocentric

discourses that are not always relevant to their contexts.

Thus, Nkoane’s notion of decolonisation of the mind resembles the idea of critical consciousness
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advanced by Freire (1970), who argued that education should empower students to critically think about
their lives and situations. Drawing on Freire’s work, Swartz, Nyamnjoh, and Mahali (2020) also note
that a problem-posing education that helps students reflect on the causes and circumstances of their

lived experiences and learn how to transform their lives is at the heart of decolonising pedagogy.

Mbembe (2016) notes two aspects of decolonisation of the university. The first is to critique the
production of knowledge and theories that are based on European or Western traditions. The second is
to imagine and develop an alternate model of knowledge production. Referring to the decolonisation of
the university curriculum as its Africanisation, Le Grange (2014) suggests four mutually non-exclusive
possibilities to meet these aims. First, he argues for a rethinking of academic disciplines in a way that
moves beyond mere observation and listening as the only legitimate ways of knowing and also
recognises knowing “through the tastes, pain, and hunger of their bodies and through expressions of
anger, passion and desire” (p. 1289). Second, he calls for incorporating transdisciplinary knowledge
into the curriculum. However, he cautions that this transdisciplinary knowledge should not only be
produced by the university but also include ordinary citizens from the indigenous communities as agents
of knowledge production. He further adds that it is through valuing other ways of knowing, as discussed
in the first suggestion, that we can incorporate indigenous knowledge in the curriculum. Third, he
suggests that locally-relevant curricula should be designed that move away from the domination of
Western epistemologies and challenge the power relation between local and Western knowledge
systems. A fourth approach is for students to learn about the achievements of African people so that

they can free themselves from the dehumanisation imposed by the Western world.

Along similar lines, Ndlovu-Gatsheni (2016) identifies four steps to decolonising the university.
These include: shifting the locus of understanding the world to Africa, i.e., experiencing the world as
reflected in the historical experiences of the African people; moving away from the bounds of
Eurocentrism; thinking about and accepting the limits of current knowledge systems; and unlearning
the colonial and Eurocentric knowledge systems to re-learn from the knowledge accumulated in the

community and society.

Mbembe (2016) extends the scope to decolonisation beyond the curriculum by arguing for what he

calls “decoloni[sation of] the systems of access management” of universities. He notes:

We need to decolonize the systems of access and management insofar as they have turned
higher education into a marketable product, rated, bought and sold by standard units, measured,
counted and reduced to staple equivalence by impersonal, mechanical tests and therefore

readily subject to statistical consistency, with numerical standards and units. (p. 30)

Finally, Mbembe calls for a system of university education that breaks the cycle of turning students

into consumers and customers. He argues that the universities that run according to business principles
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produce students who are less interested in learning and knowledge for their intrinsic value; and that
these students become more concerned with the material benefits that education provides, such as a
well-paying job or the value of the degree in the job market. In such a system, students become the
customers for commodities such as credits, courses, and degrees; and the goal of the universities
becomes to keep them happy and satisfied. Mbembe notes that a decolonised university breaks this

cycle by treating students as learners and helping them engage with the knowledge for its own sake.

One point that needs to be highlighted here is that these scholars do not advocate for a complete
removal of the Western and the European canons of knowledge from the curricula. Rather, they call for
an infusion of the Western knowledge systems with the indigenous ones such that “one knowledge
system is not viewed as superior (Western) and other as inferior (indigenous)” (Le Grange, 2014, p.
1292). Similarly, for Mbembe, a decolonised university accepts and embraces “a horizontal strategy of
openness to dialogue among different epistemic traditions (Mbembe, 2016, p. 37, italics in original)”.
Thus, decolonisation is not at all about closing doors to the Western traditions of knowledge production

but shifting the focus from the Western traditions to the African ones.

2.2 Examples of decolonisation of curriculum

One of the prominent examples of decolonisation of curriculum is the “Meeting of Knowledges”
project implemented at universities in Brazil and Colombia (DeCarvalho and Florez-Florez, 2014). As
part of this project, masters of traditional knowledges, such as artisans, healers, shamans, traditional
architects, and performers were invited to the universities as visiting professors to teach courses in
architecture, music, theater, health, and environment. Prior to beginning their teaching, these masters
did an internship in which they listened to the regular classes to learn about the pedagogical practices
in the university. Thus, this effort infused the teaching of traditional knowledge with the pedagogical

practices at the university.

Another example is the approach taken by the Intercultural University of the Indigenous Nations and
Peoples, Amawtay Wasi, in Ecuador. In this approach, the pathway to learning at the university follows
three stages: the cycle in the formation of ancestral sciences; the cycle of western sciences; and the
cycle of interculturality. One of the objectives of this pathway is to help students gain an intercultural
education that accepts the diversity of knowledges of the indigenous nations (for a detailed discussion,

see DeCarvalho and Florez-Florez, 2014).

In the context of South Africa, Winberg and Winberg (2017) outline three scenarios for a decolonised

engineering curriculum:

e Scenario 1: A specialized curriculum specifically designed to cater to the needs of Africa;
e Scenario 2: A curriculum with a strong focus on the historical, social, and cultural studies of

engineering to help students understand the roots of engineering knowledge; and
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e Scenario 3: A curriculum that includes elements from scenarios 1 and 2 while retaining significant
elements of the traditional engineering curriculum.

Based on the feedback from faculty, industry partners, and fresh engineering graduates about these
three scenarios, they propose a curriculum based on Scenario 3 to decolonise engineering curriculum.
This curriculum, in addition to an internationally recognised qualification and attainment of graduate
attributes, also includes understanding ethical and environmental considerations, valuing diversity, and
a focus on the African continent. At the same time, the curriculum proposes the need for taking inputs
from the broader communities that would be affected by engineering work and fostering partnerships

with the local industries.

2.3 METHODS

To explore how the new second-year chemical engineering project at the research site meets the
university’s goal of decolonising the curricula, data were collected in the form of course documents and
interviews. The course documents involved the project briefs used to provide instructions to students to
complete the project. The information from these project briefs were supplemented with interviews with
a course lecturer, who was deeply involved in designing the new project, and a course tutor who assisted
the students with the project during part of the course. The interviews elicited their experiences of
teaching the project and their understanding of how the project met the decolonisation goals.
Additionally, the interview with the course lecturer focused on exploring in-depth the reasons for —and

the processes involved in — incorporating the new project.

The course documents and the interviews were then analysed to understand the context and the
background of the new project and how the project aligns with the different aspects of decolonisation
as discussed above. Quotes have been provided from the lecturer and the tutor interviews to support the

argument.

It should be noted that the course lecturer who was interviewed for this article reviewed a draft of the
article. Additionally, another course lecturer who was involved in teaching the course was also asked
to check for the accuracy of project details presented in the paper. The involvement of these two
lecturers with the article helped to avoid misrepresentations of the details of the project and

misinterpretation of the interview quotes.

3  FINDINGS
3.1 Context and background of the new project

Since its rollout in 2014, the chemical engineering curriculum at the university requires students to
do semester-long design projects in each semester of their second and third years. From 2015 to 2018,
the project in the first semester of second year dealt with the design of a large petrochemical plant, using

refinery products to produce a precursor for the production of polymers. This meant that, except for
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evaluating the potential impact of a catastrophic event on the nearby town, there was no direct reference
to the local community. The project involved both technical and costing work, and the targets were
framed by commercial concerns, i.e., capital and operating costs and revenues, feeding into the overall

profitability of the process.

The new project in 2019 involved the analysis of several aspects of the treatment and use of biogas
produced by an anaerobic digester to be installed in an urban informal setting, i.e., a food market near
a transport hub and urban farming centre, in the outskirts of the city where the university is located.
Feed materials to be considered were human excreta, slaughter wastes and garden wastes. A
community-based organisation (CBO), whose members were role-played by the course instructors and
tutors, was seen as the driver of the project. The teams of student-engineers acted only as consultants
on particular aspects of the project. In addition, students were challenged to adopt an asset- rather than
needs-based mindset as suggested by Mathews (2013). In this paradigm, students identified (with the
help of the CBO) the human and material assets of the community and considered how these could be
put to use in the process, rather than focusing on the perceived needs (or shortcomings) of the
community and doing technical analysis on an imposed solution. Finally, while the project still
addressed commercial concerns, this was balanced with the broader contributions by — and benefits to

— the community.

3.2  Perceptions of the instructional team on the decolonisation role of the new project

The analysis of the lecturer and tutor interviews provides evidence suggesting that the new second-
year chemical engineering project meets the goals of decolonisation in three areas: valuing students’
voices; connecting learning to the local context; and engagement with the community. These aspects

are discussed below in detail.

3.2.1 Valuing students’ voices

One major impetus for the new project was the critique from the student body that, after an
introduction to the social impact of engineering activities in first year, there was an almost complete

absence of this social impact strand until fourth year. As the course lecturer noted in his interview:

In this course in particular, we had gotten quite a bit of critique from the student body in the
years of the challenges on what the university is and how it operates, that the first year had set
up an expectation of chemical engineering employed for environmental and social good. The
first-year projects all are forward looking and [involve] an environmental impact, typically:
biofuels, hydrogen, water projects... And then second year, they go in and it’s like 20" century
industrial chemistry... And there’s nothing left of this intent.

The new project addressed these student critiques by situating it in the context of a local community

setting. This project setting also aimed to improve student engagement in the project, and several
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students noted in their course feedback that working on this project was specifically meaningful to them.

As the course instructor reflected during the interview:

To what extent that is a portion of the class that comes from socially disadvantaged
backgrounds, from the types of backgrounds we want to benefit from this, it seemed to me there
were people in group that had that relation, emotional or direct through family where they had

personal experiences to that.

3.2.2 Connecting learning to the local context

Connecting the course context to students’ lived experiences and using engineering methods relevant
to the context were also highlighted by both the lecturer and the tutor as a key aspect of decolonisation

of engineering curricula. As the quotes below suggest:

Let’s stick with a more practical view here of how do we do a project in a second year that
brings the South African context into the project. That’s the main bit. And thereby possibly
challenge the engineering methods our students learn [and] whether [these] can work in such

context. (Lecturer)

The [project] scope remained the same in the case of the key result areas with the experience
students do get, but I think the concept changed. [Thus, the new project addressed] that issue of
decolonising science and trying to introduce concepts to students which were Africa-based or

community-based. (Course tutor)

It should be noted that modifying the project to address the needs of a local community also
highlighted the gaps in the existing engineering knowledge. As the process plant being designed was at
a much smaller scale than earlier, it was realised that the existing engineering methods were not

adequate to meet the needs of this new project. As the lecturer reflected:

Because the plant was so much smaller than if it had been an industrial plant, all of the
wonderful heuristics that are used were out of range... And so indeed there’s a vacuum of
engineering methods at community scale work. And that’s an important finding actually of this

piece of work.

The lecturer further added that another important aspect of decolonising the engineering education is
to develop engineering methods that are suitable for the context in which engineering work happens —

in this case a peri-urban informal community.

4.2.3 Engagement with the community

Finally, the project had an active (though simulated) engagement with the community. As noted

earlier, a role-played CBO was the driver of the project with students acting as consultants. Students
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were provided with an opportunity to engage with a role-played CBO representative to identify
community assets and better understand each other’s roles. Also, feedback on their submissions was
always framed from the perspective of the CBO partner. Thus, this project expanded the possibility of
reconceptualizing engineering work to be more closely connected to the community that would be
impacted by it, through a dialogical relationship with the student engineers. The lecturer had noted in

his interview that decolonising engineering is also about “who gets to play in the engineering space.”

It should be noted here that the instructors and the tutors for the course role-played as the members
of the CBO. While not all of the instructors and tutors during a particular year necessarily had the
experience of living in the community where the project was set up, it was assumed that their combined
lived, academic, and industrial experiences provided a reasonably holistic understanding of the issues
in the community. The course lecturer in his interview also noted that several students in their feedback
appreciated the value they derived from interacting with the role-played CBO as the client for the

project:

And the students commented, I saw that a lot in the feedback, that the client-specialist relation
was something that was illuminating to them. Even with a community, one can phrase it in that

form and define for the specialist a role of providing specialist advice, but not making decisions

on behalf of the client.

As is also evident in the quote, the interaction between the community as the client and the students
as specialists also taught students an important lesson in how to conduct engineering work based first

and foremost on the needs of and inputs from the client.

4 DISCUSSION

Much of the impetus for arguments to decolonise the curriculum has come from humanities
disciplines and there has been limited debate within science and engineering disciplines. An important
exception is the article by Winberg and Winberg (2017), who consider the practical options for
decolonising the engineering curriculum. With regard to their three scenarios, this project focuses on
the first scenario, in terms of considering problems in the local context. However, what the findings
also show is that this curricular reform involved listening to engineering students’ voices. In this regard,

the project had a broader engagement with this challenge than might have been initially assumed.

An interesting further finding was that the standard chemical engineering techniques were not
fully applicable to the small-scale community-based project. This finding opens up questions in
relation to what the domain of engineering is. This is not necessarily an either/or debate since large-
scale energy and/or water supply will be a need of large settlements, whether in the developed or
developing worlds. However, but at the same time it is acknowledged that chemical engineering does

incorporate knowledge related to smaller-scale processes in the context of local communities. It is not
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clear though that these knowledge shifts really represent a shift away from Western knowledge.
Rather they indicate a need for broadening the engineering knowledge and skills so that they can be
applied to both the local contexts and the industrial and corporate sector. This shift towards the local
context has been advocated by several decolonisation scholars (e.g., Le Grange, 2014; Mbembe,

2016).

While the curriculum under consideration had recently undergone reform (which allowed the
flexibility for a rapid change in the project offering), student activist calls for decolonisation provided
the impetus to take the local context more explicitly into the second-year curriculum. What this paper
shows is how both the lecturer and tutor embraced the discourse related to decolonisation in their
accounts of this new project. In relation to community engagement, it is key to note that this was role-
played by the instructional team, rather than being engagement with a real community. This was
prompted by practical concerns, but also allowed the team to manage closely the learning outcomes

for the project.

5 CONCLUSION AND RECOMMENDATIONS
In this paper, the new second-year chemical engineering project at a historically English-

language university in South Africa, aimed at decolonising the project context, was critically
analysed. In conclusion, there are several challenges to decolonising an engineering curriculum,
including designing the course material in a way that is relevant to the local context, re-thinking the
scope of the projects that students work on, and providing students with an authentic experience of
community engagement. This work provides one example of how some of these issues can be
addressed and it is hoped that this will provide a starting point for other engineering educators who

wish to decolonise their courses.

As part of this research, interview data from students were also collected to explore their
experiences of the new project and their perceptions on how much the project meets the aims of
decolonisation. The next step of this project involves analysis of student interviews so that a holistic
view of the perception of the project from both the lecturer’s and the students’ perspectives can be
obtained. It is hoped that this work will help universities, especially the engineering programs, move a

step closer to engaging productively with the challenges posed by the notion of decolonisation.
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ABSTRACT

The School of Engineering at UNISA, a comprehensive university, offers National Diploma and Degree
courses through open distance e-learning (ODeL) to students who are interested in becoming
professional technicians and technologists in a number of engineering disciplines. A substantial
challenge exists for Universities of Technology and Comprehensive Universities in unpacking
curriculum for Vocational Qualifications resulting from the measures that have been put in place by the
Department of Higher Education and Training. This article evaluates curriculum in an ODeL
environment following the review cycle, in order to appraise the epistemic diversity of the new
curriculum introduced using Luckett’s (2001) model as an analytical lens for an epistemically diverse
curriculum. The undergraduate chemical engineering curriculum is conceptualised by categorising
learning outcomes for courses across the programme into the different ways of knowing as described
by Luckett. The author argues that a critical analysis of the programme helps to make explicit the
organising principles of curriculum to the curriculum developers and academics that are then able to
use the insights to strengthen the design, pedagogy and assessment of the courses in the programme.

Keywords: Open distance e-learning (ODeL), epistemic diversity, curriculum development,
programme qualification mix

1 INTRODUCTION

The School of Engineering at UNISA is an open distance e-learning institute (ODeL), offering
National Diploma and Degree courses to students who are interested in becoming professional
technicians and technologists in various engineering disciplines. According to McGrath and Nickola
(2009) a substantial challenge exists for Universities of Technology and Comprehensive Universities
in South Africa, in unpacking curriculum for Vocational Qualifications resulting from the measures that
have been put in place by the Department of Education. These measures include a change to the
maximum and minimum number of credits in a qualification where 50% is required to be transferable
to another qualification. Nel (2014) has further identified that the introduction of the updated Higher
Education Qualifications Sub-Framework (HEQSF) introduced by the Department of Higher Education
and Training (DHET), has caused many Universities and Vocational institutes to rethink their Program

Qualification Mix (PQM). Further factors around curriculum reform include meeting standards set by
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Engineering Council of South Africa (ECSA) and the need to prepare students for various categories of

professional registration with ECSA.

Taking into account the reforms proposed by DHET, Luckett (2001) has proposed a model of
curriculum design in response to DHET’s call for ‘over-all curriculum reform’ to cater for the diverse
knowledge needs of South Africa. The model is proposed as a conceptual tool placing emphasis of the
four ways of knowing and how each of these ways of knowing could be addressed when considering
curricula. This paper aims to evaluate curricula in an ODeL environment following the review cycle, in
order to appraise the epistemic diversity of the proposed PQM introduced using Luckett’s (2001) model
for an epistemically diverse curriculum. The purpose of the analysis is to elucidate the principles of the

curricula to the institute and academics involved in developing the curriculum.

2 LITERATURE
2.1 The Open Distance Learning (ODL) institute

The University of South Africa (UNISA) aims to provide higher education opportunities through open
distance learning and e-learning both nationally and internationally. The concept of distance learning is
defined by the institute to be a “set of methods or processes for teaching a diverse range of students
located at different places and physically separated from the learning institution, their tutors/teachers as

well as other students” (UNISA ODL policy, 2008).

The strategic plan finalised by UNISA in 2005 and titled “An Agenda for transformation” focusses
on transformation as the centre of its identity and in 2016, an updated vision statement reads: “The
African University shaping futures in the service of humanity.” The 2030 mission statement identifies
“lifelong higher education and knowledge creation that is nationally responsive and globally relevant”
as well as a need for the institute to be “a leading student-centred ODeL comprehensive university
producing quality graduates” and to make provision to implement “cutting-egde ICT applications and
platforms”. The relevance of the Programme Qualification Mix (PQM) was thus questionable in line

with its strategic vision to create an African University and the 2030 mission statements.

2.2  Higher education qualification sub framework (HEQSF)

The Higher education qualification framework (HEQF) was gazetted by the Department of Education
(DoE) in 2007 and has since been updated in January 2013 to the Higher education qualification sub
framework (HEQSF). Detailed background to the development of the HEQSF is discussed by McGrath
and Nickola (2009) and Nel (2014) as well as provided in the Government Gazette (2014). The
complexities around the different bodies contributing to the framework will not be discussed in this
paper. The focus will be on the impact that the new framework has on the ODeL institute and in

particular what this means for the Chemical Engineering Programme Qualification Mix.
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2.3 SAQA learning outcomes and the different ways of knowing

According to the HEQSF, undergraduate certificates and diplomas are now categorised within the
vocational route (theoretical knowledge), while the professional Bachelor, Master's, and Doctorate
degrees are characteristic of the professional route (research at a higher level). The qualifications and
standards are based on learning outcomes as opposed to content based as was previously required. These
learning outcomes have been set by the South African Qualifications Authority (SAQA) and are deemed
to be critical for the development of the capacity of life-long learning regardless of the specific area or
discipline and are considered to be ‘general transferable skills’. The learning outcomes as identified in
the NQF and Curriculum development framework (2000) include identifying and solving problems
using critical and creative thinking, critically evaluate information, effective team work and
communication skills and is socially cognisant. These training and education reforms are intended to
give due regard to the needs of society as well as the individual, rather than the occupation alone.
Similarly, the professional body ECSA, has identified outcomes such as problem solving, application
of scientific and engineering knowledge, independent learning ability, sustainability and impact of

engineering activity, professional and technical information, amongst others.

Luckett (2001) attempts to address the pedagogic challenge of teaching and learning of ‘general
transferable skills’ embedded in the SAQA learning outcomes in her article 4 proposal for an
epistemically diverse curriculum for South African higher education in the 21st Century. She argues
that whilst SAQA has prescribed the learning outcomes, these reforms are limited to structural change
in curriculum design and do not engage directly with teaching and learning challenges. Furthermore a
quality higher education curriculum should enable students to integrate theory and practice into the
discourse. Based on the challenges proposed by SAQA’s curriculum reform and learning outcomes,
Luckett (2001) has proposed a conceptual model in order to inform the “multiple, differentiated and
diverse curricula that the South African higher education system requires”. The conceptual model aims
to address four ways of knowing which Luckett proposes should be present in a higher education

curriculum (see Figure 1):

* Quadrant one: the kind of learning taking place in the first quadrant is termed propositional
knowledge which is considered to be foundational competence. Gibbons et al. (1994) has
labelled this type of knowledge Mode 1 knowledge. Primary cognitive knowledge of the
discipline is taught to the student and in such a manner, a disciplinary conceptual framework is
constructed.

* Quadrant two: Practical knowledge addressing application of disciplinary knowledge from
quadrant 1 is introduced to the student. Students can begin applying their knowledge in a
controlled environment. Whilst this is still considered to be Mode 1 knowledge, a shift into

quadrant two occurs by introducing application of disciplinary knowledge.
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* Quadrant three: In this quadrant the student gains reflexive competence by developing meta-
cognition, thinking epistemically and contextually. The ways of knowing are developed; the
student engages in tasks developing personal competence, learning about themselves and their
thinking process. A shift to Mode 2 knowledge encompassing a broader transdisciplinary social
and economic context develops.

* Quadrant four: Students are encouraged to develop higher levels of cognition by drawing on
experiential knowledge, engaging personally and thinking reflexively. Much of SAQA’s

learning outcomes are achieved by the shift into quadrant four.

Following the curriculum review cycle, we attempt to appraise the epistemic diversity of the new
PQM in order to expound the structural principles of the chemical engineering curricula to both
curriculum developers as well as academics involved in teaching the curricula. A critical analysis would

strengthen the design, pedagogy and assessment of the courses in the programme.

~--kiective/contextual
4

3

experiential knowledge

yersonal competence)

practice
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weloping meta
jnition, thinking
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practical knowledge

propositional knowledge

practical competence) (foundational competence)

objective/reductionist

Figure 1: Model of an epistemically diverse curriculum (Luckett, 2001)

3 EVALUATING THE EPISTEMIC DIVERSITY OF THE UNDERGRADUATE
CHEMICAL ENGINEERING PROGRAMME

The undergraduate chemical engineering programme at UNISA offers courses in core chemical
engineering principles together with mathematical and science courses forming a strong background to
the core courses. Other crucial courses in environmental and economic studies, computing, health,
safety and communication are offered, forming co-requisites to the core courses. A detailed analysis of
the core chemical engineering programme is provided in Appendix A. Table 1 lists a set of engineering
courses extracted from Appendix A to order to provide a practical example for evaluating the epistemic

diversity.
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The set of courses are listed in a scheme where courses are pre requisites to each other. In this manner

we can easily see the change in cognitive complexity as the level of study increases as well as the

coherence and progression of the curriculum through the different levels of the undergraduate degree.

Table 1: Evaluating the epistemic diversity for a set of courses

Knowledge CHF1501 (1styr REE2601 (2" yr level | REE3701 (3" yr CED4801 (4" yr
dimension level - Diploma) - Diploma) level- Advanced level — BEng Tech
Diploma) Hons)
Factual Define the basic and
knowledge fundamental units
and dimensions in
engineering analysis
and calculate their
value.
Conceptual Measure and/or Perform unsteady Apply the energy
knowledge calculate the state material balance to
conditions of process | balances, isothermal and non-
streams and process | stoichiometric and isothermal reactors.
units. reaction equilibrium
calculations.
Procedural Apply material Perform chemical Model the kinetics Perform complete
knowledge balances in simple reaction kinetics and design chemical | mass and energy
batch and calculations. reactors for balance on a
continuous systems. heterogeneous process flowsheet.
systems.
Meta- Formulate and solve | Model ideal reactors Design complex and | Research,
cognitive material balances to | under isothermal non-traditional conceptualise, and
knowledge reactive systems and | conditions. reactor systems. formulate a
multi-stage systems. process flowsheet.
Perform design
and sizing
calculations on
certain unit
processes such a
reactor, heat
exchanger and
separation unit.
Identify and
quantify hazards
and emissions and
suggest methods
of remediation.
Quadrant 1: Quadrant 2: Quadrant 3: Quadrant 4:
Propositional Propositional + Epistemic Experiential
knowledge Practical knowledge | knowledge knowledge

In order to unpack the structural principles of the programme, it is important to analyse the nature of

knowledge in curricula. Categorising the ways of knowing across the programme is achieved by

analysing the nature of the knowledge present in engineering courses and how it might enable learning

and knowledge building. An analytical tool for achieving this is Bloom’s taxonomy (Hoffmann, 2008)

which is used as a system for conceptualising courses and the learning outcomes associated with the
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course, into the different knowledge domains. Evaluating the courses using Blooms taxonomy, we find
that the course outcomes in the knowledge domain begin by introducing factual knowledge particularly
for the lower levels of study, and have outcomes for each cognitive domain with an increase in cognitive
complexity (1* and 2" year levels of study). As we move horizontally across the table into the higher
levels of study, outcomes primarily fall into the procedural and meta-cognitive dimension (3™ and 4"
year level of study). Looking at the knowledge dimensions across the 4 years of study, we find that
there is a cyclic process of apply, analyse and evaluate. Kolb (1984) has suggested a learning cycle
which begins with experience and progresses to reflection on that experience. Carlile and Jordan (2005)
describe Kolb’s (1984) cycle as “A synthesis of experience, reflection and theory leads to a modification
of the learning cycle. The iteration of the learning cycle leads to a growth in knowledge, depth of
understanding and improved practice”. The elements of the cycle consist of concrete experience,
observation, the formation of abstract concepts and testing in new situations. The experiential learning
cycle stresses a role of experiential and active learning. This is evident from the learning outcomes
analysed at 4™ year level. If we look at the verbs describing the learning outcomes, the student is
required to understand, apply, analyse and evaluate (Table A.1). Whilst Kolb’s model presents an ideal
scenario on experiential learning, there is an attempt to create a continuous learning cycle allowing for

cumulative knowledge building as we progress through a course vertically.

Luckett’s model for appraising epistemic diversity applied to the undergraduate chemical engineering
programme is used as a “thinking tool” to provide an analysis of the programme. The model does not
propose that thinking in each quadrant has to be linear. In the section below, an attempt to analyse how

each quadrant applies to the Chemical Engineering programme across the different NQF levels.

e Quadrant one: the kind of learning taking place in the first quadrant is considered propositional
knowledge which is about students gaining foundational competence. Courses taught at 15 and
2" year levels provide the fundamental disciplinary knowledge. Emphasis in this quadrant is
placed on factual knowledge, conceptual knowledge and introduction to procedural knowledge.
Luckett (2001) has suggested that learning in this quadrant “needs to be challenged and
complemented by other ways of knowing”. Biggs (1999) has described learning as a way of
interacting with the world: “Acquisition of information does not bring about a change, rather
the way we structure and what we do with the information does”. In order to create epistemic
scaffolding between the different ways of knowing, students are encouraged to develop
conceptual frameworks, understanding and to evaluate and analyse knowledge. In terms of the
learning outcomes, meta-cognitive knowledge is introduced as a scaffold for developing
practical knowledge in quadrant two.

e  Quadrant two: Practical knowledge addressing application of disciplinary knowledge from
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quadrant 1 is introduced to the student. Students can begin applying their knowledge in a
controlled environment. Practical competence is developed in this quadrant. Emphasis is placed
on developing procedural knowledge. We find that this is likely to develop in Engineering
design courses where there is application of disciplinary knowledge and theory. Luckett (2001)
cautions against the application of practical knowledge to “well-structured problems” but rather
students should be encouraged to solve problems in unfamiliar situations.

Quadrant three: In this quadrant the student gains reflexive competence by developing meta-
cognition, thinking epistemically and contextually. The ways of knowing are developed; the
student engages in tasks developing personal competence, learning about themselves and their
thinking process. The student is required to ‘understand’, ‘apply’ and ‘analyse’. Development
of epistemic knowledge happens at 3" and 4" year level where the epistemic shift in quadrant
4 starts to develop. These are developed through skills orientated courses such as practical
laboratory projects and engineering design projects. The practical and design projects at these
levels are designed to allow the student to gain experiential knowledge in a controlled setting
by reflecting on knowledge gained in the first two quadrants.

Quadrant four: Students are encouraged to develop higher levels of cognition by drawing on
experiential knowledge, engaging personally and thinking reflexively. To be categorised in this
quadrant, a high level of meta-cognitive awareness is developed, thinking epistemically and
systematically. In the Chemical Engineering Programme, courses typically placed in this
quadrant are higher level courses, typically 3™ and 4™ year courses. In courses such as Chemical
Engineering research project and Chemical Engineering Design project, the student is required
to ‘research’, critically evaluate’ , ‘design’ and ‘conceptualise’ as part of the learning
outcomes(Table A.2). This requires a high level of reflexivity and where knowledge changes
into knowing. The epistemic shift from quadrants 1 and 2 into quadrants 3 and 4 could be
described by Barnett (2009) as a distinction between knowing and coming to know (being).
Such a process is edifying where through the challenges of engaging over time with the
discipline and their standards, worthwhile virtues and dispositions may develop. In this manner,
the pedagogic challenge of teaching and learning of ‘general transferable skills’ embedded in

the SAQA learning outcomes could thus be achieved.

DISCUSSION

Integration of the four quadrants at the end of Chemical Engineering Programme is essential in

achieving coherence and progression in the curriculum. Luckett’s model is used to provide a critical

analysis of the programme in terms of epistemic diversity. In the engineering discipline, the building

blocks of knowledge start from a disciplinary context with increasing levels of complexity through the

programme. The process of knowledge building is seen as progressive providing a space for
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interpretation, construction and contextualization. As we move through the different knowledge
domains we see a process of re-iteration, coherence and progression. At the lower levels of study,
development of the student is primarily in the first two quadrants of Luckett’s model. Knowledge in
these quadrants has been shown not to be linear but rather progressive in cognitive complexity. Increase
in cognitive complexity within a quadrant allows for epistemic shifts into the different quadrants of
Luckett’s model. In the higher levels of study, the courses have been designed to allow for reflection of
the propositional knowledge and how it might relate to the discipline as well as for their future roles as
engineers. The programme has been designed so that on completion of the programme, the student uses

and practices all four kinds of knowledge in Luckett’s model.

Much of the analysis using Luckett’s model as an analytical lens is based on the intended learning
outcomes associated with a course and the design of the programme. The nature of constructive
alignment has been discussed by Biggs (2014) where learning outcomes that students are intended to
achieve, are defined before teaching takes place. These learning outcomes are designed to communicate
to students what they intend to learn as well as how they should express themselves. In other words it
identifies both the kind of behaviour to be developed and the context in which the student will operate.
Biggs (2014) articulates that the “teaching is then designed to engage students in learning activities that
optimise their chances of achieving those outcomes, and assessment tasks are designed to enable clear
judgements as to how well those outcomes have been attained”. As academics the teaching and learning
experience requires us to develop teaching and learning activities that would engage the student in each
learning outcome as well as using assessment techniques and tasks that would appropriately judge how
well the student meets the learning outcome criteria. These require that all course modules, including
those courses offered by service departments, would need to be constructively aligned in order to

achieve coherence and progression across the programme.

Curriculum is defined by the author as a set of purposeful, intended experiences which is much like
the definition proposed by Lovat and Smith (1995) where curriculum is defined as ‘the educational
experience, the educational journey’. The concept that curriculum is more than just acquisition of
knowledge and experiences have been categorized into four parts: content, organization, learning and
teaching methods and assessment. The forms that Knight (2001) proposes these experiences may take
are: the planned curriculum, the created curriculum and the understood curriculum. He further proposes
that ‘an aspect of coherence is what is planned should be created and that what has been created should
be understood’. In order to achieve this, progression is required where first encounters are at an
appropriate level to novices and as the study levels increase, experts in making are developed. In turn
the programme is seen as an educational device for developing epistemic virtues in an effective and
efficient way. Barnett (2009) has described this as being where an individual’s personal hold on the

world is developed as opposed to mere acquisition of knowledge.
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As academics teaching in an ODeL environment, there is very little room for deviating from the
intended curriculum due to the lack of face to face contact with the student. It is thus important for us
to ensure that the intended curriculum becomes the created and understood curriculum. Full
implementation of the PQM is expected to be in 2020. It is recommended that constructive alignment
is evaluated for all courses across the programme in order to evaluate the extent of cognitive complexity
across the programme. Teaching experiences within a quadrant should be non-linear where students are
expected to extend their knowledge and go beyond their existing skills and capabilities. Progression
into the higher cognitive levels in the knowledge dimension is essential in creating dispositions needed
for the critical epistemic shift into Luckett’s quadrants 3 and 4. Further principles underlying the
chemical engineering programme could be achieved through a critical evaluation of constructive

alignment across the programme once full implementation of the new PQM is in effect.

S CONCLUSIONS

In this paper, the Programme Qualification Mix of the undergraduate Chemical Engineering
Programme at UNISA has been critically evaluated. The design structure of the curriculum, through the
use of learning outcomes, attempted to make explicit the underlying principles governing the design of
the programme. The shift in epistemic knowledge is evaluated using Luckett’s model as an analytical
lens. Primarily focus was on the pedagogy of the programme with the different knowledge dimensions
evaluated alongside Luckett’s model. This has allowed me to demonstrate how the course was designed

to meet its outcomes and evaluate the extent of epistemic diversity.

A profound challenge exists in the implementation of the curriculum where knowledge and skills are
augmented with qualities and dispositions. Much of this depends how the conceptualised curriculum is
put into practice and the learning experience is de-linearized to promote the epistemic shift from
knowing into being. Further understanding and evaluation of constructive alignment in the programme
would critically enhance the evaluation of the epistemic diversity of the PQM for the chemical

engineering programme.
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Table Al: Conceptualising theoretical course learning outcomes across the undergraduate programme —

cognitive domain

The 1st year of 2"d year of study 3 year of 4" year of The
knowledge study study study cognitive
dimension process

dimension
Chemical Chemical Chemical Chemical
Engineering Engineering Engineering Process
Fundamentals 1 | Fundamentals 2 Design Design
CHF1501 CHF2601 CED3601 Principles
PDP3701
Factual Define the basic Determine the Remember
knowledge and fundamental | physical Understand
units and properties of Apply
dimensions in compounds and
engineering mixtures, and
analysis and derive relations
calculate their between these
value. properties and
process
variables.
Conceptual Measure and/or Provide an Assemble a Understand
knowledge calculate the outline of the logical sequence Apply
conditions of different forms of | of interconnected
process streams | energy and the unit operations
and process principle of for a chemical
units. conservation of engineering
energy. process.
Determine sizes
and select
materials of
construction of
equipment
commonly used
in the chemical
processing
industries.
Procedural Apply material Explain and apply | Perform an Perform Apply
knowledge balances in fundamentals of economic procedural Analyse
simple batch and | energy balances evaluation of the | detailed design
continuous in a non-reactive process. of process
systems. steady state equipment.
system. Incorporate
environmental Apply various
and safety techniques to
concerns into the | mitigate safety,
process design. controllability
and
environmental
issues.
Meta- Formulate and Apply Present the Evaluate and Apply
cognitive solve material fundamentals of design in an screen process | Analyse
knowledge balances to energy and mass | organised sheet Evaluate
reactive systems | balances to multi- | manner. alternatives.
and multi-stage stage and Apply the
systems. reactive systems. approaches of
mass and
energy
integration for
synthesis and
optimisation of
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flow sheets.

The 1st year of 2" year of study 3rd year of 4th year of The
knowledge study study study cognitive
dimension process

dimension
Reaction Advanced
Engineering Reaction
REE2601 Engineering
REE3701
Factual Remember
knowledge Understand
Apply
Conceptual Perform unsteady | Apply the energy Understand
knowledge state material balance to Apply
balances, isothermal and
stoichiometric non-isothermal
and reaction reactors.
equilibrium
calculations.
Procedural Perform chemical | Model the Apply
knowledge reaction kinetics kinetics and Analyse
calculations. design chemical
reactors for
heterogeneous
systems.
Meta- Model ideal Design complex Apply
cognitive reactors under and non- Analyse
knowledge isothermal traditional Evaluate
conditions. reactor systems.
Quadrant 1: Propositional Quadrant 2: Quadrant 3:
knowledge practical Epistemic
knowledge knowledge

B,
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Table A2: Conceptualising practical course learning outcomes across the undergraduate programme — skills

domain
The 1st year of 2"d year of 3 year of study 4" year of The
knowledge study study study cognitive
dimension process
dimension
Chemical Chemical Chemical Chemical
Engineering Engineering Engineering Engineering
Practicals 1 Practicals 2 Practicals 3 Research
CEP2601 CEP3601 CEP3701 project
HRCENS83
Factual Remember
knowledge
Conceptual Operate Conduct Conduct Understand
knowledge laboratory laboratory and laboratory and
equipment and pilot plant pilot plant Apply
pilot plants in experiments in experiments in
various various chemical | various chemical
chemical engineering engineering
engineering fields. fields.
fields.
Procedural Presents data in | Presents data in | Presents data in Collect, analyse | Apply
knowledge an appropriate an appropriate an appropriate and interpret
manner. manner. manner. experimental Analyse
data.
Develops Develops Develops
effective team effective team effective team
work. work. work.
Meta- Collect, analyse | Collect, analyse | Collect, analyse Research, Analyse
cognitive and interpret and interpret and interpret conceptualise,
knowledge experimental experimental experimental and formulate an Apply
data. data. data. experimental Evaluate
investigation on
an ill-defined
topic which is
complex.
Critical
evaluation of
conclusions
drawn from the
data and
determine the
applicability of
conclusions to
other situations
or contexts.
Process Design Chemical
Project Engineering
PDP3702 design project
CED4801
Factual Remember
knowledge Understand
Conceptual Performs Understand
knowledge complete mass
and energy Apply
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balance on an

processes such
a reactor, heat
exchanger and
separation unit.

Identify and
quantify hazards
and emissions
and suggest
methods of
remediation.

existing
flowsheet.
Procedural Identify and Perform Apply
knowledge quantify the complete mass
environmental and energy Analyse
and safety balance on a
aspects of a process
process. flowsheet.
Perform sizing Research, Apply
cognitive and costing conceptualise,
knowledge calculations on and formulate a Analyse
typical process process Evaluate
equipment. flowsheet.
Plan, layout and Perform design
write a technical and sizing
design report calculations on
certain unit

Quadrant 3: Epistemic knowledge + experiential
knowledge

Quadrant 4: Experiential
knowledge
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ABSTRACT
Maintaining the accreditation profile of an academic programme is a key activity in so-called
professional degrees such engineering, commerce and law. The complexity of the accrediting criteria
tends to rise over time as accrediting bodies require quantitative evidence of competence of increasingly
specific graduate attributes. Evaluation of graduate attributes may therefore require complex logic
processing which challenges the human capacity. This has the negative side effect of discouraging
curriculum revision not for pedagogic reasons but simply due to the complexity of evaluating complex
logic patterns against a data set whose structure is shifting. These challenges can be overcome through
the application of logic encoding and processing. A computing system is better suited to such processing
tasks since logic processing is fundamental and well-established to such systems. On the other hand,
the efficient representation of a complex accreditation logic rule base then becomes the challenge. This
paper describes the representation of the accreditation logic of eight engineering academic programmes
at the Durban University of Technology through the AutoScholar Advisor System in preparation for
evaluation by the Engineering Council of South Africa. It is shown that the system generates accurate

reports even with deeply nested logic structures and with changes in curriculum over time.
Keywords: engineering education, accreditation

1 INTRODUCTION

Accreditation maintains the quality of a degree and sets a minimum guaranteed standard which
facilitates the employment of students across geo-locations. The modern trend is for such criteria to
become increasingly quantitative and specific. An accrediting body outlines a set of graduate attributes.
Higher education, in general, is responsible for formally preparing the next generation of leaders,
technical professionals, government officials and educators. Engineering education, in particular, plays
a central role in our increasingly technology-based societies. The education of engineers must prepare
them for the multi-disciplinary nature of the problems they will face developing a new set of skills and
competencies. On an international level, the recruitment, management and retention of students have
become as high-level priorities for decision makers in HEIs. Especially improving the student retention
starts and the under-standing of the reason behind and/or prediction of the attrition has come in the

focus of attention due to the financial losses, lower graduation rates, and inferior school reputation in
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the eyes of all stakeholders. In recent years the engineering profession and the accreditation bodies have
called for change in the curriculum to address the graduate attributes which are related to the learning
outcomes. This has sparked a call for the revision of national accreditation criteria for engineering
programs in the United States, the United Kingdom and Australia. Engineering programs are now
required to demonstrate a set of outcomes and show industry relevance. The Engineering Council of
South Africa (ECSA) has revised its accreditation criteria to include a set of graduate attributes.
Traditional and technology universities are now required to indicate the exit level outcomes of the
programs they offer at the various levels. ECSA have stated generic exit level outcomes for different
qualifications where individual institutions have to design curricula to meet these standards. The Higher
Education Qualification Sub-Framework (HEQSF) policy revision provides the backdrop to curriculum
renewal at all higher education institutions (HEIs). Maintaining the accreditation profile of an academic
programme is a key activity in so-called professional degrees such engineering, commerce and law. The
complexity of accreditation implementations tends to rise over time as accrediting bodies require
quantitative evidence of competence of increasingly specific graduate attributes. Evaluation of graduate
attributes may therefore require complex logic processing which challenges the human capacity. These
days, higher education institutions (HEIs) are collecting more and more data than ever before, to
maximize strategic outcomes. Universities have to deal with the rapidly changing technologies that have
arisen with the entry of the digital age. In the course of this, institutions collected enormous amounts of
relevant data as a by-product. A computing system is better suited to such processing tasks since logic
processing is fundamental and well-established to such systems. On the other hand, the efficient
representation of the accreditation logic rule base then becomes the challenge. Accreditation maintains
the quality of a degree and sets a minimum guaranteed standard which facilitates the employment of

students across geo-locations.

2 LITERATURE

Virtually all fields of human endeavour are now accelerated by the application of computing systems.
Statistics, gamification and artificial intelligence offer new insights and facilitate automation of even
those processes traditionally considered to be the exclusive domain of human operation. As the field
academia evolved and new processes developed to aid the process of teaching and learning, the
complexity grew. Decision-making in an academic programme now requires the navigation of a
labyrinth of “hard” and “soft” rules. The latter refers to discretionary cases that once required the
application of human minds to gauge the likelihood of a break in the published rules, and which is now
being replaced by machine learning models. With the increasing popularity and importance of higher
education, degree cohorts are becoming larger and it is becoming increasingly difficult for lecturers and
advisors of studies to engage with students personally. As a result, students who are struggling with

course material are receiving feedback and advice too late or are being missed out altogether which
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increases the number of students failing or dropping out of higher education. The increase in research
into machine learning and advances in technology have made complex and computationally expensive
machine learning algorithms a viable solution to this problem (Bruce, 2019). The low academic
performance of students affects students, tutors, institutions and the society in varieties of ways. To deal
with this problem, researchers have applied several methods and most recently, researchers have
employed data mining methods (Ekubo, 2020). In Australia, the possibility of predicting final exam
performance in terms of high performance or low performance was investigated using 220 first year
university student records in a computer programming unit. The study used attributes such as: scores in
assignments, degree type, local or a foreign; and some demographic attributes. Experiments were
conducted with both standard decision tree (DT) and association rules (AR) classifiers and the
discrimination aware (DA) versions of the two. Results indicate that the standard classifier attained the
highest accuracy of 83.46% even though all the other three classifiers attained accuracies that were
nearly similar to the best classifier. In a different approach, study habits in programming were used as
indicators to predict whether college students will pass or fail a mathematics course (Vihavainen et al.,
2013). A total of 52 students participated. Modelling was carried out using Bayesian networks.
Accuracy, recall, precision and F-Measure metrics were calculated. The study was able to record an
accuracy of 84.6 % likelihood of a student failing their mathematics course only after five weeks of

programming lessons, giving time for possible intervention.

Engineering qualifications are primarily industry oriented where the knowledge emphasises general
principles and application or technology transfer. The qualification provides students with a sound
knowledge base in a particular field or discipline and the ability to apply their knowledge and skills to
particular career or professional contexts, while equipping them to undertake more specialised and
intensive learning. Programmes leading to this qualification tend to have a strong professional or career
focus and holders of this qualification are normally prepared to enter a specific niche in the labour
market. The purpose of educational programmes designed to meet this qualification are to build the
necessary knowledge, understanding, abilities and skills required for further learning towards becoming
a competent practicing engineer. They offer preparation for careers in engineering and areas that
potentially benefit from engineering skills, for achieving technological proficiency and to make a
contribution to the economy and national development. Engineering students completing this
qualification will demonstrate competence in all the Exit Level Outcomes (ELOs) contained in the
standard as prescribed by ECSA (ECSA, 2012). A key step in this process is the definition of the
engineering graduate profile, the skills and competencies s/he must possess to be successful as an
engineer. Engineers face problems as a way of life. Engineers must not only be knowledgeable about
science and technology but also have the skills, competencies and values to address problems and

opportunities in effective and creative ways (Morell, 2010). This international mobility of engineering
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graduates has compelled educational institutions to enhance the quality and standard by introducing
various quality assurance and professional accreditation processes. The educational institutions,
employers, and professional organizations have a keen interest in the quality of education received by
engineering graduates who aspire to be internationally mobile especially in today’s globalised economy.
This quality assurance and professional accreditation are more important for countries which rely on
human resources export and import. Quality assurance mechanisms for engineering education vary
considerably from country to country ranging from strong peer-run accreditation programs to large
government bureaucracies. The accreditation methods used by the Washington Accord signatory
countries (details are given later) are considered to be the best developed and most well-respected
systems for the accreditation of engineering education in the world (Chowdhury et al, 2013). ECSA has
been part of the international drive to globalise the curriculum and all new engineering curricula in

South Africa confirm to the prescribed standards.

Traikova (2019) developed a tool to supported performance management of engineering education.
This prototype was called the Graduate Attribute Information Analysis (GAIA) in collaboration with
the School of Electrical Engineering and Computer Science at the University of Ottawa, to support a
systematic approach for accreditation of three engineering programs. A systematic approach was
followed to develop tool that supports it, a set of related data transformations, and a tool-assessment
checklist. This approach addressed the system architecture, a common continuous improvement
process, a common set of key performance indicators, and identified the performance management

forms and reports needed to analyse graduate attribute data.

3 METHODOLOGY
3.1 Implementation of an accreditation system

A regulating body such as ECSA generally avoids the prescription of the method of accreditation
implementation, and instead defines the principles or attributes that the graduates of such a programme
should possess. It is then the responsibility by the programme management at the institution to propose
methods for evaluating whether a graduate exhibits such attributes. In modern academic programmes,
such evaluations must be quantitative and evidence based. The clearest method for accomplishing this
is through the assessments attached to the coursework delivered in that programme. A set of criteria
must therefore be defined which comprehensively tests the student knowledge. At the same time, these
criteria must be carefully balanced against the level of difficulty required to graduate from that
programme. If the criteria are too rigorous, the additional requirement may negatively influence the
graduation rate; if the criteria have too low a standard, the accreditation status may be negatively
influenced. This careful balancing act therefore requires criterion sets that draw on the results of
assessments across potentially multiple combinations of coursework. This results in deeply nested logic

criteria which are relatively complicated and onerous to administer. Accreditation therefore typically
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requires dedicated teams of academics spending many man-hours in debating accreditation criteria and
many more man-hours of administration to evaluate. Clearly, computing methods may be applied to

offer relief, but the complexity then shifts to the problem of accurately representing the criterion sets.

3.2 Representing accreditation logic

For automated advising of an academic programme, the accreditation rules and criteria must be

specified and encoded.

system: "DUT Eng EC54 accreditation programme™
criteria : {
"2014": {
"GAL": {
"label™: "GA1"
"range": {
“"Basic": {"label”:
"IntMed": {"label":
"Exitlvl": {"label”:

"criteri
"crit
"cri

"Problem solving Basic™
"Problem solving IntMed"
"Problem solving ExitLvl"
}
"GA2": {

"label™: "GA2"

"range”: {

"Basic": {"label":
"IntMed": {"label":

"ExitLvl": {"label”:

1
J

"GA3": {
"label”: "GA3"

"range”: {
"Basic": {"label”:
"IntMed": {"label”:

"Exitlvl®: {"label®:

}
"GAA": {
“"label”: “GA4™
"range”: {
"Basic": {"label™:
"IntMed”: {"label™:

"ExitLvl™: {"label":

1
J
“GAST:
"label™: "GA5"
"range”: {
"Basic": {"label":
"IntMed": {"label":
"Exitlvl®: {"label®

"Application of Knowledge Basic™
"Application of Knowledge IntMe
"Application of Knowledge Exit

"Engineering Design Basic”
"Engineering Design IntMed"
"Engineering Design Exitlvl"

"criterio
“criter
"crit]

"Investigations Basic"
"Investigations IntMed™
"Investigations ExitLwvl"

"cri

n

"Engineering Methods Basic™
"Engineering Methods IntMed"
: "Engineering Methods ExitLvl"

Figure 1: Framework of accreditation attributes

The criterion editor in the AutoScholar Advisor system makes it possible for staff to edit and maintain
the accreditation rules. The system borrows certain concepts from the field of Graph Theory and uses
an open-ended logic processor based on infinitely recursive tree structures. By accepting the result of

an assessment as the basic unit of operation, the criterion set may be assembled through the construction
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of a logic graph. This may be considered as a tree of potentially deeply nested AND and OR logic
operations. Before describing the logic encoding, we note that the accreditation attribute set must first
be embedded in a framework such as the one represented in the Figure 1. All graduate attributes are
recorded at the three stages of basic, intermediate and exit level. The criterion for each such range
statement is itself is represented by a JavaScript Object Notation (JSON) object. According to this logic
pattern, the criterion is for the student to pass [either TCHL101 OR TCLT101], together with [CSTN101
AND CEFA101 AND CEDS101]. It can be seen that the user may specify an arbitrarily deeply nested
logic pattern through this representation. More specific criteria can be imposed by specifying minimum

marks rather than requiring just a pass, or by setting criteria according to specific assessments.

3.3 Policy for evaluation with changing curriculum

Changes to accreditation structures due to changes in criteria or curriculum revision are not only
unavoidable but a sign of a healthy evolving academic programme. However, as the curriculum or the
accreditation criteria change with time, the evaluation of the accreditation must remain fair to all
students who are, in effect, trying to hit a moving target. This is complicated by the potentially
significant number of students undertaking various elements of the academic programme out of synch
with the cohort completing in minimum time. The algorithm, provides a suitable procedure for
maintaining the fairness and the accuracy of the process. Let’s assume that an accreditation criterion

system is defined at implementation of an accreditation system at an institution in year yj.

1. A new instance of the criterion set is defined in each year according to
a. For criteria unchanged by accreditation system changes or curriculum changes, that
criterion is simply inherited in the new instance of the accreditation object.
b. In the case of a change, the criterion is updated in the new instance only.

2. When a student’s profile is evaluated, the criterion instance for each year of the academic record
is evaluated against the criteria specified for that year. If the student satisfies any criterion, the
criterion is checked off and removed from further evaluation for that student.

3. In order to avoid a limitation of the rate of progression by students, there should be more than
one opportunity to pass a criterion in the programme. In other words, if a criterion is not passed
in one semester, there should be at least a second opportunity in a later semester. If the student
does not pass the criterion on the first opportunity, s’he cannot be made to re-take the course;
however, for the last opportunity, the criterion functions as a sub-minimum for progression

through the course.

This procedure has been found to accurately and fairly assess the accreditation position of students in
an academic programme. It has been used in real accreditation processes at three (3) South African

institutions.
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3.4 Previous experiences

The AutoScholar Accreditation sub-systems has been successfully applied in practice. The Figure 2
illustrates the accurate advice generated to a student which reports on accreditation compliance even in
the face of significant changes to both accreditation structure and curriculum during the lifetime of the

student at the institution.

Accreditation management system
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Figure 2: Student advice on accreditation compliance

This report illustrates the accreditation profile of an individual student. For reporting across an entire
academic programme, this process can simply be repeated for all students registered. The following
Figure 3 illustrates such a programme-level report. There are not any automated systems reported in the
literature on GAs for engineering students. Traikova (2019) implemented a system which and created
a database of statistics which included reports and forms filled in by the academics. The results showed
a statistical analysis of how the GAs were achieved at a given point in time for a course or program. In
contrast the Autoscholar program is able to trace an individual student’s progress together with course
and program information. The ECSA accreditation of all programs now requires proof that each student

has met the GA requirements for the whole program.
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Figure 3: Program level report

Among the observations made during the implementation of the system has been the unintended
gamification. When granting students access to the system, it was observed that the awareness of the
accreditation structure and the accreditation criteria was raised significantly. Even though student
awareness of the accreditation structure is an important principle to accrediting bodies, this is rarely
achieved or demonstrated by students. In practice, institutions will often groom students who are due
to be interviewed by accreditation panels, which defeat the purpose of the accrediting body. The
observed increase in awareness by students is thought to be due to be highly specific reporting which
shows the accreditation with reference to the progress by the student. Especially when highlight with
green and red colours, which have been associated with “good” and “bad” behaviour, there are powerful
motivators for the student to become implicitly engaged with the institutions implementation of the

accreditation system.

4 CONCLUSIONS
In the engineering profession the additional challenge is the accreditation process which requires HEIs

to track and provide evidence for the assessment of the GAs. A robust and reliable management system
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is vital to keep students, academics, administrators and the accreditation bodies with “live” data of every
registration. The system described here can represent arbitrarily complex and/or deeply nested logic
patterns as part of the criterion rule definitions. A method for managing the change in accreditation
rules was developed and found to be effective in the application of the implementation at the Durban
University of Technology (DUT). The system was used to generate the accreditation report at the
programme level as well as to generate detailed reports on the logic pattern down to the level of
individual students. The unintended positive outcome observed from previous releases of the system
for access by students was that a high level of awareness of the accreditation rules was developed. We
therefore consider the application of computing methods such as those facilitated by the AutoScholar
Advisor System to be effective means of operating a rigorous implementation of an accreditation

system.
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ABSTRACT

The world is at the advent of the Fourth Industrial Revolution (4IR). Several entities in South Africa
and abroad have recognized the need for curriculum content and delivery transformation to the
requirements of 4IR. Hence, a project was initiated by the Schools of Engineering and Education at the
University of KwaZulu-Natal, which aims at a fundamental curriculum transformation in engineering,
addressing sustainable development challenges. Transforming the engineering curriculum content,
structure, and delivery in preparation for 4IR is essential if Higher Education Institutions (HEIs) want
to continue providing quality education relevant to locally and internationally required engineering
practices. The project focuses on relevant 4IR skills of a future workforce and how these can be fostered
through teaching at HEIs. An integral part of engineering education is laboratory work. In this paper,
we discuss online experimentation as a possible alternative to physical laboratories, present selected
online laboratory platforms and focus on how online experimentation may foster the development of
4]R skills. A SWOT analysis of online laboratories shows that these allow for more flexibility to
conduct an experiment or work remotely, provide opportunities for HEISs to target other student groups
and generate additional revenue. However, a move to online laboratories may also come with challenges
related to the development of both novel pedagogies and student self-regulated learning, as well as to
threats concomitant with the necessary accreditation processes. Yet, if HEIs in South Africa and their
STEM graduates want to remain competitive, they need to embrace novel technologies such as online
experimentation to advance in the 4IR and remain relevant in a changing world.

Keywords: Fourth Industrial Revolution, 4IR, Chemical Engineering, Curriculum Transformation,
Virtual and Remote Laboratories

1 INTRODUCTION

The Fourth Industrial Revolution is defined as combining physical, digital, and biological spheres
through technology at a very fast pace and with a large scope (Schwab, 2016). It refers to the
dismantling of boundaries between these sectors as digitalization and automation increase within daily
life. Different terms for the revolution itself include: '4IR', 'FIR' 'Industry 4.0', 'Industrie 4.0', '14.0', '14'
and, according to a book of the same name, the 'Second Machine Age' or 2MA' (The Second Machine
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Age, 2021), herein summarily referred to as 4IR. As with any revolution, it is a step-change of
development, and it is instructive to analyze in which countries, disciplines, and years academic

scholars respond to the 4R in their publications.

2 LITERATURE

Web of Science was utilized to search for such publications on this topic. The terms '4th Industrial

Revolution, '4IR’, 'Industry 4.0, 'Industrie 4.0, '14.0' or '2nd Machine Age' were used in the search.
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Figure 1: Number of publications mentioning one of the terms related to 4IR (left) and top-20 publishing
countries (right); Web of Science, topics: '4™ Industrial Revolution', '4IR', 'Industry 4.0", 'Industrie 4.0',
'14.0' or 2" Machine Age’, as of 20. August 2021.

Figure 1 (left) shows that overall, over 14,000 publications exist worldwide using the terms indicated,
starting with the first publication in 1978. While a relatively low number of publications had one of the

keywords until 2014 (below 100 per year), an exponential increase is witnessed since then.

Figure 1 (right) shows the top-20 publishing countries in the arena, most of them considered to be
developed countries. It is noteworthy that not one country is from Africa. However, taking the
disparities in size, the total number of researchers and research expenditure of individual countries into
account, this finding does not mean that the topic receives no attention in Africa. A closer look at the
data reveals that African countries with at least ten publications in this area are South Africa (239),
Morocco (46), Egypt (29), Tunisia (24), Nigeria (17) and Algeria (11). It can hence be concluded that
compared to the research efforts conducted worldwide, African contributions are few. This highlights
the risk of developing countries not keeping up with technological advancements and not benefitting
from the advantages of a 4IR-transformed industrial activity, such as safer industrial working

conditions, higher processing efficiencies and lower environmental impact, to name but a few.

The Research Areas that featured most often were Engineering (29% of overall publications),
Computer Science (17 %) and Business Economics (7 %), highlighting the industrial relevance and

interdisciplinarity of the topic. Statistically, the publications were almost entirely written in English.
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Judging from the literature analysis, it is evident that developing countries such as South Africa are
yet to harness the 4IR and implement it in production processes. Many developing countries experience
challenges that render their citizens unable to enjoy even the benefits of the previous industrial
revolutions. For example, South Africa does not have a constant electricity supply, frequently
experiencing power outages, and many people do not have easy access to clean water and sanitation.
Regaining on the provision of services providing for basic needs requires capital, which is scarce.
Hence, it is difficult to simultaneously advance in high-tech areas at the same pace as developed

countries.

Furthermore, there is a severe lack of knowledge workers in 4IR-relevant subject areas. This has been
recognized by various South African universities and other organizations. Already in 1998, the
University of Pretoria formed a Computational (Artificial) Intelligence Research Group (Gleason,
2018). In more recent times, the University of Johannesburg has been adapting its curriculum to
incorporate 4IR relevant content by extending engineering education to encompass aspects of
humanities and social sciences, offering programs that involve specific 4IR topics such as Big Data
Analytics and considering bringing virtual reality into undergraduate programs. Specifically, they offer
the courses 4IR for Professionals in Business, Blockchain Technology for Professionals in Business
and Artificial Intelligence Perspectives for Professionals in Business (University of Johannesburg,
2021). A recent initiative, "Bringing Life to our Engineering Curricula" (2021), is an exciting
collaboration between several universities in South Africa and the United Kingdom in collaboration
with the South African Society for Engineering Education, showcasing curriculum strategies at South
African Higher Education Institutions. Also, certain local industries are currently moving towards 4IR,
such as the sugar industry, which has embarked on a private sector / DSI-funded programme (Sugar

Factory 4.0) to drive the competiveness of their business (Hancock, 2019).

At the University of KwaZulu-Natal (UKZN), an interdisciplinary team has embarked on a project
seeking to analyze the existing curriculum in chemical engineering and determine how to revise the
curriculum and foster relevant 4IR skills in future graduates to be able to meet the needs of the industries
when moving towards the 4IR. The project's overall aim is to lay the foundation for a knowledge-based
curriculum transformation, to equip today's students with knowledge, skills, and competencies for
tomorrow's engineering workspace. This will allow them to fully exploit their innovative and
intellectual capacity, technical skills and contextual understanding, and also impact the economic
advancement of South Africa. The outcome of this project can serve as a blueprint for other STEM
disciplines UKZN and other HEIs. This paper focusses specifically on laboratory experience gained in
STEM subjects, analysing skills and competencies gained in labs, and key findings presented in form

of a SWOT analysis.
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3 METHODOLOGY

As a first step of the overall project, the pre-COVID, ECSA-accredited curriculum for chemical
engineers is analysed to display which skills are trained, at what level of study, to what extent and by
which pedagogy to establish a baseline of analysis. A stakeholder workshop, including a consortium of
academic, industrial and governmental representatives, is planned to determine skill profiles of the
prospective workforce in chemical engineering in South Africa. This will then culminate in an analysis
of the current curriculum (remote teaching and learning under COVID-19 conditions) and determine

which further steps need to be made to prepare future graduates for the 4IR in South Africa.

The project is conducted by an interdisciplinary group from Engineering and Education and is
applying a mixed-method design (questionnaires to be distributed to stakeholders to determine and rank
relevant 41R skills, focus group discussions with stakeholders on finalizing the identification of relevant
41R skills of chemical engineers). The resulting 4IR-transformed chemical engineer skillset is compared
to pre-pandemic skills and competencies. As part of this analysis, pathways to use other forms of

teaching relevant skills are explored.

For this paper, the literature was analysed regarding skills and competencies gained in physical versus
online labs. Additionally, a large number of existing online labs were assessed regarding their scope,
user friendliness and adaptability to supplement or replace current physical lab offerings. A SWOT
analysis approach is applied to highlight key strengths, weaknesses, opportunities, and threats of

implementing online laboratories into the curriculum.

4 RESULTS AND DISCUSSION

There is a need for HEIs in South Africa to offer 4IR-transformed education and reimagine spaces.
Of particular importance for STEM subjects is experiences gained through physical laboratory
experimentation. This space can profit from 4IR-derived technologies, and exposure to these is essential
for the preparation of future graduates. A move away from physical laboratory work towards virtual
and remote laboratories seems pertinent. In this paper, we explore the advantages and disadvantages of

virtual and remote laboratories and their possible use in the teaching of chemical engineering students.

4.1 SKkills Gained in a Physical vs Online Laboratories

A comparison is presented between skills gained in physical laboratories in relation to alternative
forms of teaching laboratories. In modern times, three different types of laboratories can be
distinguished. A physical laboratory involves the user's physical presence in the space. It is the
traditional type of lab, while a remote lab is a physical lab operated by a user via a digital interface. A
virtual lab is a simulation existing only in cyberspace that does not physically exist, operated via digital
technology. Due to differences in operation, different skills may be gained from the different labs,

although overlap does exist.
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First, we focus on communication, problem-solving and team-working skills. Physical lab work very
often involves working in groups, where the skills of communication, solving conflict and teamwork
should be developed (Mackay and Fisher, 2014). These skills are often relatively easy to train in a
physical lab space due to sharing space and being exposed to interpreting social cues and reading facial
expressions. In many existing virtual or remote lab platforms, however, the possibilities to develop such
skills are limited due to video and audio restrictions. However, those that offer access of multiple user
teams can allow students from different countries and higher education organizations to work together
(Mackay and Fisher, 2014), which broadens student horizons and can help develop cultural awareness

and sensitivity in addition to communication, problem solving and team working skills.

Next, we focus on time management and the ability to work under stress. These skills can potentially
be gained from all lab types, although to varying extents. Whereas physical labs tend to be bound to
strict timelines, remote and virtual labs are more flexible, providing opportunities to adapt timelines,
pause or redo experiments. Another set of relevant engineering skills are making predictions,
performing calculations, interpreting and expressing results. Again, these skills are developed equally
in all labs. However, some technical skills are only gained through physical labs. The ability to set up,
handle and operate equipment can only be fully acquired in a physical lab. Despite some shortcomings,
a massive benefit of remote labs is that students gain remote working skills, which become increasingly
relevant. Mackay and Fisher (2014) also state that virtual and remote labs improve /T skills, crucial for

the 41IR.

Finally, certain skills link specifically to the 4IR. According to the literature, relevant 4IR skills
include (among others) creativity, originality and initiative, people management, emotional
intelligence, cognitive flexibility, analytical thinking and innovation (Gray, 2016 and Wessels, 2020).
Including these into laboratory teaching will be challenging, even in physical lab spaces. Many of these
skills relate to human interaction and creativity, which will be more difficult to replicate by machines
in online laboratories. In the next section, we focus on how existing platforms that can contribute to

developing such skills.

4.2 Lab Training in 4IR Transformed Curricula

The potential of virtual and remote labs is now examined in more detail. Various offerings are
available on the market, some may be used online, and others require software to be downloaded. Some
are free to use, but others require a license or subscriptions. Virtual labs can be divided into two broad
categories: those which seek to mimic physical labs and labs focusing on illustrating concepts. The first
category aims at providing a realistic set-up (glassware to be cleaned before the experiment, balances
to be tared, and titrations to be repeated multiple times). In these labs, visuals provided resemble the

physical experiment set-up. Labs focusing on illustrating concepts, on the other hand, eliminate some
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procedures, and visuals tend to be more simplistic, focusing on what result or process is being observed.

Several online labs are now compared, starting with virtual labs, followed by remote and virtual reality
labs. Labster offers virtual labs in the fields of Biology, Chemistry, Physics and Medicine. Beyond
common lab experiments, Labster also offers an engineering section that includes wastewater treatment,
silo design and concrete materials testing. These more specialized simulations could be of use to various
engineering students. A futuristic lab is presented with a lab assistant that offers instructions and advice,
making the software the most user-friendly of those sampled. The simulation was found to be very
thorough, and it covers various general safety aspects. Theory and lab quiz questions are presented as
the user proceeds, keeping one engaged and testing knowledge. Students can immediately determine
whether they understand the work. The software is enjoyable to use, interesting, and interactive, which
encourages students to engage with it actively. The flexibility of the simulation is impressive, and a
student can make mistakes and even cause accidents, rather than being confined to a set of forced actions
which many other simulations offer. This is extremely important for a student's learning. They should
be free to explore the consequences of their actions and improve their competence to the point where
they make safe decisions without being heavily guided. Such a procedure can help foster complex

problem-solving and analytical skills, which are relevant in the 4IR.

Labster is geared towards university students, offering an intellectually challenging and stimulating
environment, engaging students in lab work and contributing to creative thinking and innovation
(possible link to 4IR skills). This platform also offers benefits for HEIs using Learning Management
Systems (LMS). Labster can integrate with LMSs, facilitating its incorporation into a module. Labster
currently operates on computers, although they are exploring the use of tablets and smartphones. Once
developed, students at HEIs in South Africa who sometimes only have smartphones available can

actively participate in this lab.

PraxiLabs is another program that mimics a physical lab and offers simulations for Biology,
Chemistry and Physics. The simulation itself is quite thorough but does not offer the opportunity to
learn from mistakes, as only the actions aligning with exact experimental steps are permitted. These

labs can be run on various devices, but they are less user-friendly than Labster.

Other virtual lab offerings include those of the Royal Society of Chemistry, hhmi Biolnteractive and
LabXchange. For the Royal Society of Chemistry, only two labs were available on titrations and aspirin
synthesis (Royal Society of Chemistry, 2021). Although limited in number, the labs have thorough
procedures, are engaging and easy to use. A benefit of this software is that it forces the user to consider
economic, environmental and safety factors. Thus, not only is the user required to relate the experiments
to real-life situations but also to consider environmental factors, which is increasingly relevant in the

4IR. hhmi Biolnteractive is a website offering activities and videos that focus on biology (hhmi
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Biolnteractive, n.d.). The immunology lab was sampled and proved to be very user-friendly, with clear
instructions, theory and explanations provided as the user progressed through the lab. The steps were
also very thorough with the necessary repeats of tests and safety practices. LabXchange provides its
content as well as displaying content from various other sources and programs. The content types are
extensive, with various other offerings besides simulations, covering Physics, Chemistry, Biological
Sciences, Economics, and Science and Society (The President and Fellows of Harvard College, 2021).
This profile also offers the opportunity to establish skills in relevant 4IR domains, for example, by
focusing on the interface of Science and Society. The gel electrophoresis simulation was sampled and

found to be very extensive and easy to operate, mimicking a physical lab well.

Next, the focus is on remote labs. LabsLand responds in real-time to user instructions, whilst their
ultra-concurrent labs are real labs that have been recorded previously and display the appropriate results
based on what the user selects. The categories offered are Biology, Chemistry, Electronics, Physics,
Robotics and Technology. The titration lab was sampled, and a video explaining the lab was provided
beforehand. An advantage here is that real equipment is shown, which can assist students in correctly
identifying things in a physical setting. However, interactions are more limited than in the previous

programs mentioned. These labs are accessible via all devices.

A slightly different type of virtual lab involves Virtual Reality (VR) or Augmented Reality (AR), a
fully simulated environment presented as if it were real. A user may interact within, or virtual elements
are juxtaposed over the physical world, respectively. Recent advancements in VR and AR allow
students to experience physical sensations of touch through handheld devices, which simulate touching
and holding objects. An offering in this category is VRLab Academy. Both desktop and VR versions of
VRLab Academy's labs are available. Broad topics include Optics and Waves, Mechanics, Popular
Science, Chemistry and Biology (VRLab Academy, 2021). Over 100 experiments are available, with
more being added monthly; additionally, VRLab can create specific experiments for institutions. This
allows for a more personalized experience and can ensure that the specific needs of students at an HEI
are met. LMSs can also be linked to the lab software. A disadvantage, however, compared to the
alternative labs presented above, is that computers with specific requirements are needed, along with

VR headsets, the costs of which may be prohibitive in the South African HEI context.

4.3 SWOT Analysis of Online Labs

In a SWOT analysis, we summarize Strengths, Weaknesses, Opportunities, and Threats offered by
online labs, which were evaluated with a specific focus on the South African context. One of the major
strengths of online labs is their time availability which benefits students because they are not bound to
opening hours and time slots available in physical labs. With a virtual lab, access may be available any

day of the week and at any hour since no physical equipment, set-up or monitoring is required. Remote
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labs may still have limited hours and days, but flexibility is still offered to students compared to physical
labs. This allows students to choose a time slot that suits them and perhaps work with their natural
biorhythms or work around other obligations. Another strength is geographical availability. These labs
can be completed in a student's own home, work, or any location provided they have internet access. It
should be noted that certain labs may also be downloaded, which would then not require constant

Internet access to use.

Remote labs help prepare students for remote work. The ability to work remotely is a valuable skill
for the working world as it is becoming a more popular form of working with many companies using
it. Using both virtual and remote labs can also improve students' IT and computer skills (Mackay and
Fisher, 2014). Such skills are very important in a 4IR-transformed world and an asset to students and

future employers alike.

One of the main weaknesses of online labs is that students could suffer academically. They have to
rely on their self-discipline and time management much more when partaking in online labs. There may
be no set timetable and no lecturer monitoring students. Instead, each student is responsible for
completing the labs allocated to them within a given timeframe, which can be challenging for students
who need more structure. However, since a future 4IR-transformed workforce needs to be more flexible
and adaptive, such skills can be trained through this option — provided scaffolding is offered to develop
students as self-regulated learners. Online labs do not foster a student’s necessary sensory lab skills and
techniques due to interaction via a screen. However, as VR and AR technologies are refined and
advanced, such labs will increasingly benefit the training of techniques and physical lab skills through
virtual means, overcoming this weakness. Many virtual and remote labs do not allow students to make
mistakes, which impacts their learning (Mackay and Fisher, 2014). Thus, troubleshooting and problem-
solving skills may remain underdeveloped. The virtual and remote environments can also make
teamwork difficult (as not all software support this). Students can find it difficult to communicate, work
together and solve conflict when they are unable to read body language and see each other's facial

expressions.

Another threat is presented in the lack of adoption of new pedagogies fostering 4IR relevant aptitudes,
and educators must be institutionally empowered to do: Conventionally, physical labs are rather
restrictive in that they instruct to replicate data, minimise experimental errors, and reproduce methods,

leaving little room for creativity, originality, initiative and innovation.

A clear opportunity is presented to HEIs utilizing online labs, in that these may serve to attract new
types of students, increasing both, revenue and diversity of their student body. This may lead to the
development of new programmes and degrees. Students who find it difficult to study (care-takers, full

time employed, students with disabilities, pregnant students) could be able to complete STEM degrees,
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positively affecting student throughput and increasing the body of the workforce in scarce skill areas.
Overall, online platforms allow for an expansion of what is possible in physical labs. Experiments
deemed too dangerous, too expensive or difficult to visualise (e.g. microscopic processes and
observations) may be completed in virtual and remote settings. Such opportunities can extend skills, as
students can engage with more complex matter and understand theoretical concepts better than in

conventional settings.

Another opportunity of online labs lies in the fact that crises do not affect laboratory operability:
Protests, strikes and extreme weather conditions, which are adversely affecting the academic calendar

of some HEIs, would not prevent students to partake in the labs.

A significant threat is that many students, educators, and accreditation boards are resistant to making
the change to virtual and remote labs. Many view these as not being able to teach students the same
skills as physical labs. Mackay and Fisher (2014) specifically mention that numerous institutions do

currently not accept courses containing virtual labs.

5 CONCLUSIONS

In conclusion, a major transformation of STEM curricula must take place when moving towards the
4]IR. Both developed and developing countries are preparing for this. However, the analysis of the
literature has shown that the engagement with the topic predominantly stems from developed countries,
which drive the debate on the 4IR. It is clear that the country-specific context, in particular that of
developing countries, needs to be taken into account, both in terms of technologies and pedagogies

used.

In order to keep up with technological and educational developments in the transformation to the 4IR,
graduates at HEIs in South Africa need to be supported in developing relevant skills. A specific focus
must be on engineering and other STEM subject students, due to their relevance for the various
producing industries in the future. While some initiatives already exist, more innovation in offering 4IR
transformed curricula to engineering students is needed. One avenue for HEIs to develop relevant skills

of future engineers is through online experimentation.

Different platforms offering virtual, remote and virtual reality labs exist, and this field is still
expanding and changing. They offer major strengths such as allowing for flexibility to experiment or
work remotely, making them independent of travel or other constraints at South African HEIs. They
provide opportunities for HEIs to increase revenues, and target additional student groups by offering an
adaptive environment. This could contribute to equity in education and an increase of the much needed
highly skilled STEM workforce. However, students must be supported to succeed in self-regulated
learning (scaffolding). Threats lie in the accreditation of programs featuring online labs. HEIs need to

embrace novel technologies to advance in the 4IR and provide education that is relevant in a changing
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world. The question arises whether the skills trained in physical labs are actually those that engineering
graduates of HEIs require in the future, and which will become obsolete? It is evident that keeping up
with the developments of the 4IR requires a step change in mind-set of educators and students alike,

and an adaption to new pedagogies and ways of learning.
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ABSTRACT
This study proposes a novel approach for the synthesis of an optimal flowsheet for the Integrated
Gasification Combined Cycle (IGCC). The approach entails developing a superstructure that provides
options for the optimal gasifier design, and the degree of integration between the air separation unit and
gas turbine. The mathematical model based on the superstructure is used in the synthesis of an IGCC
plant while exploring three scenarios. Scenario 1 is the simulation of a standard IGCC plant. Scenario
2 is the synthesis and design of an optimal gasifier with a background IGCC process. The decision
variables in scenario 2 were the gasifier volume, reactor configuration, steam to coal ratio, and the
oxygen to coal ratio. The third scenario is the determination of the optimal flowsheet path for the IGCC
process. In addition to the decision variables in scenario 2, scenario 3 also determined the optimal
integration between the air separation unit and the gas turbine. The objective function for the example
is the maximization of the thermal efficiency of the plant. The results show that improvement of 6.79%
and 10.96% in the objective function relative to scenario 1 is achieved for scenario 2 and scenario 3

respectively.

Keywords: IGCC, optimization, flowsheet synthesis

1 INTRODUCTION

Access to modern energy has a close relationship with human development due to its effect on
national productivities, quality healthcare, quality education, production of safe drinking water,
agriculture, and modern communication services (Gaye, 2008). Electricity is the most useful form of
energy in the modern world. Thus, the efficient conversion of primary energy sources to electricity is
critical for human civilization (Majoumerd et al., 2012). Coal is one of the most widely used fossil fuel
for electricity generation. It is used to generate approximately 40% of the world’s electricity (IEA,
2019). However, the environmental impact of coal combustion for electrical power generation is
significant. The combustion process produces a range of pollutants such as nitrous oxides, Sulphur
oxides, fly ash, and heavy metals. In addition to the pollutants above, coal combustion is also a
significant contributor to climate change. Hence, there is a need for research into cleaner and more
efficient ways of generating electricity from coal. The Integrated Gasification Combined Cycle (IGCC)

plant is an alternative way of generating electricity from coal. The technology combines two
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technologies, viz. gasification and the combined cycle. IGCC power plants have several advantages
over conventional coal-fired power plants. The major advantages of the IGCC over competing
technologies include higher thermal efficiency, low pollutant emission, less water consumption, and
less solid-waste generation (Ratafia-Brown, 2002). The IGCC technology is still undergoing full
commercialization, and a further improvement of its efficiency will expedite the commercialization
process. The IGCC process comprises two main parts namely the gas-side and steam-side subsystems.
The gas-side of the IGCC plays a significant role in the efficiency of the process. This is because the
gas turbine generates 60% of the gross power produced, while the air separation unit is the highest
consumer of power in the IGCC plant. The gasifier is also responsible for the generation of the fuel-
gas, which is the main source of energy for the combined cycle. Hence, optimizing the gas side of the
IGCC will have a significant impact on the efficiency of the entire plant. A common approach in
optimizing the gas-side of the IGCC is the feeding of part of the nitrogen product from the air separation
unit (ASU) to the gas turbine, and the extraction of air from the gas turbine into the ASU. Several
studies have explored the interconnectivity between these units using sensitivity analysis (Frey and Zhu,
2006; Lee et al., 2007) and nonlinear programming (Wang et al., 2016). What these studies have
excluded is the effect of gasifier optimization on the flowsheet of the gas-side of the IGCC. Hence, this
study focuses on exploring the effect of optimizing the gasifier on the flowsheet of the gas side of the

IGCC plant and its impact on the overall efficiency of the plant.

Although there are different gasification technologies, the entrained flow gasifier (EFG) has several
advantages over other gasifiers. Approximately 75% of existing and planned IGCC plants worldwide
use EFG technology (Minchener, 2005). Consequently, this study focuses on the synthesis and design
of an EFG with a background IGCC process. The decision variables of interest in this study include the
feed conditions of the gasifier, the configuration of the gasifier, and the degree of integration between
the gas turbine and the ASU. This leads to the synthesis of the optimal flowsheet for the gas side of the
IGCC process.

The problem statement for the synthesis of an optimal IGCC flowsheet is as follows.

Given coal of known composition and flowrate, a set of reactions occurring in a gasifier and their
kinetic data, the enthalpy and density of reacting species, different process units and their
interconnections in the IGCC process, the operating temperature and pressure for the different process
units, the efficiency of the compressors and turbines and the source and target temperatures for various
process streams, we are to determine the optimal reactor network, the volume of reactor units, the
optimal steam to coal ratio, the optimal coal to oxygen ratio, the feeding strategy, optimal nitrogen

flowrate into the gas turbine and the optimal air extraction from the gas turbine.
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2  MODEL DEVELOPMENT AND OPTIMIZATION
The stages in the model development include developing a superstructure, formulating mathematical
equations from the described superstructure, and the choice of the objective function for the

optimization problem.

2.1 Superstructure development

Figure 1 shows the superstructure representation on which the proposed model is developed.

Reactor superstructure
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Air
Boiler feed water L
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Figure 1: A superstructure for the optimal synthesis of an optimal IGCC plant

The superstructure was developed via the introduction of design options into a baseline IGCC plant.
The main difference between the superstructure and the baseline IGCC plant includes replacing the
gasifier in the plant with a reactor superstructure. Another modification includes the introduction of
integration options between the ASU and the gas turbine. The decision variables in the reactor
superstructure include the type and volume of the reactors, the amount of oxygen and steam fed to the
gasifier, and the feed points into the reactor. These determine the composition, flowrate, and
temperature of the fuel-gas product. These outputs determine the power generated in the combined

cycle.

Other optimization options provided by the superstructure include the amount of nitrogen injected
into the gas turbine as part of its feed. This has the potential of increasing the power output of the gas
turbine. Another decision variable in the superstructure is the degree of air extraction from the gas

turbine to the ASU. The main air compressor (MAC) of the ASU has a lower efficiency than the
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compressor of the gas turbine. Hence, the extraction of air from the compressor of the gas turbine to the
ASU reduces the net power consumption but can also lead to a decrease in the gas turbine power output
(Frey and Zhu, 2006). Hence, there is the need to find the optimal extraction of air from the gas turbine
into the ASU. The approach is taken in this work, therefore, contributes to the field by determining the
optimal flowsheet for the gas-side of the IGCC process.

2.2 Mathematical formulation
This section explains the mathematical equations, describing the superstructure. The units include a

reactor superstructure, an ASU, the gas turbine, and the heat recovery steam generator (HRSG).

2.2.1 Reactor superstructure

The reactor superstructure consists of repeated units of reactor compartments connected with a
comprehensive feed distribution and product withdrawal network (Figure 1). From Figure 2, it is
observed that a reactor compartments consist of a Continuous Stirred Tank Reactor (CSTR) and a Plug
Flow Reactor (PFR). The equations used in describing the superstructure include reactor design

equations, equations for mixers and splitters.

fIJr:CSTR
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Figure 211: A reactor compartment

Equations (1) and (2) are design equations for the CSTR. Equation (1) states that the mass flowrate
of a component out of a CSTR, ﬁgthR , equals the algebraic sum of the mass flowrate into the CSTR,

ifZSTR , and the net consumption or generation rate of the component. Equation (2) states that the net

enthalpy change across the CSTR equals the net heat generated by the reactions when corrected for heat

losses. Equations (3) and (4) are the mass and energy balance of the PFR, which is the differential

form of Equations (1) and (2) due to dependence the mass flow, fl prr» €nthalpy, A, and the reaction

rate, 7; , on the normalized volume, &. The reactions in the reactors include pyrolysis and other

chemical reactions. The pyrolysis of coal is assumed to be an instantaneous process. This study uses a
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modified Merrick model to estimate the products of the pyrolysis process using the proximate and
ultimate data of coal (Merrick, 1983). The reactions used in the model were taken from literature (Jones

and Lindstedt, 1988; Westbrook and Dryer, 1981; Lee et al., 2014)
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Equation (5) states that the mass flowrate of the feed into a reactor compartment, Fnln , is the sum of

the mass flowrates of the fresh feed, i.e. £, £ and anZO , and the reuse streams, 1 *" , from the

n n n'n

other reactor compartments. Equation (6) states that the mass flowrate out of a reactor compartment,

F*, equals the sum of the mass flow of the fuel-gas product, £, and the mass flowrate to the other

reactor compartments, f

n,n

_ L . , , (5)
F" :fnc"”l +fno2 +an20 +fo’;”,Vn eNneN,n #n

n
n=l

V] , , (6)
Fo = fho +anf’n‘3”’,Vn eN.,neN,n #n

n'=1

Equation (7) states that the mass flowrate of the product fuel-gas, £’ g , equals the sum of the mass

fP Jout
n

flowrate from the reactor compartments that contributed to the formation of the fuel-gas,

L @)
FP :Zf;lp,out,vneN
n=l1

Other equations describing the reactor superstructure includes logical equations that ensure that a

reactor only receives feed when it exists, distribution equations for the CSTR and PFR a reactor

compartment.
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2.2.2  Air Separation Unit

This study employs a lumped model in the modelling of the ASU unit. This model was used in the
study of Jillson et al. (2009). The ASU model assumes a one-stage flash that produces an oxygen-rich

stream and a nitrogen-rich stream. The air entering the ASU unit is assumed to contain only nitrogen

and oxygen. Based on the composition of the oxygen-rich stream (7, ]\ZZNM), equation (8) is used to

predict the composition of the nitrogen-rich stream (7, J\Z arich ). Equation (9) states that the total airflow

ASU MAC
into the ASU, ™ 4" | is equal to the sum of the air from the MAC, ~ 4"  and the air from the gas

GT-ASU
turbine, ~ 4

0, ,rich 8
N,,rich __ aYNZ ( )
N, - 0, ,rich 0, ,rich
ayY, N, +7Y s
ASU _ pMAC GT-ASU 9
FAir - FAir +FAir ( )

Equation (10) states that the flowrate of the nitrogen-rich stream, F Narich equals the nitrogen used

to transport coal into the gasifier, FGﬁiiﬁer , injected into the gas turbine, 117GNT2 , and/or disposed of as

N, . N .
waste, [},” . For slurry-fed gasifiers, F,} 1s set to zero.

Gasifier °

FNzrich — FNz (10)

N N
Gasifier + F'GT2 + Fy.

Waste

2.2.3  Compressors and turbines

The power produced or consumed by all turbines and compressors is calculated based on isentropic

expansion or compression. Using the isentropic efficiencies, actual powers are calculated.

2.2.4  QGas turbine

GT

Equation (11) states that the total airflow into the compressor of the gas turbine, £, , equals the

sum of the flowrate of the air into the combustion chamber, £’ AC”C, and the flow of the air extracted,

F AC;T sV Equation (12) computes the temperature of the combustion chamber. Each of the reactions

occurring in the combustion chamber has an extent of reaction, €,, , and a heat of reaction, A, . -

GT _ 1~CC GT-ASU 11
FAir _FAir +FAir ( )

cc N M (12)
F hyy + Feghpg + Fof th = Zem(_ ARty ) =FerCpeg (TCOmb - TRef)
m=1

Xy
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2.2.5 Heat recovery steam generator (HRSG)
The configuration of the HRSG is taken from the work of Majoumerd et al. (2012). The HRSG is the

heat exchanger network (HEN) used to recover heat in the steam side flowsheet. The HRSG has two
heat sources namely, the raw fuel-gas and the gas turbine exhaust stream with flowrates and operates at

a minimum temperature of 10 Kelvin.
2.3 Objective function

The optimization problem presented in this study is focused on maximising the overall efficiency of the

IGCC process.

i i N| i P| ;P
Wer + lejzll Wactuarst,j — Zlnzll Weompn — Zl:=|1 W, ump (13)
FCoalHHVcoal

MaxZ =

2.3  Optimization

This section describes the use of the developed model in the synthesis of an optimal IGCC power
plant with a dry-fed gasifier. Three scenarios were explored. The base case or scenario 1 is the
simulation of a standard IGCC plant. The second scenario is the synthesis and design of an optimal
gasifier with a background IGCC process. The decision variables in scenario 2 were the gasifier volume,
reactor configuration, steam to coal ratio, and the oxygen to coal ratio. The third scenario is the
determination of the optimal flowsheet path for the IGCC process. In addition to the decision variables
in scenario 2, scenario 3 also determined the optimal integration between the air separation unit and the
gas turbine. In each of these examples, scenarios 2 and 3 were compared to the base case. The objective
function of both examples was the thermal efficiency of the IGCC plant. Table 1 shows the optimization

parameters considered. These include the flow interval of the steam and oxygen.

Table 1 also shows the optimization parameters for the gasifier and ASU-gas turbine. The maximum
air extraction ratio is limited to 0.5. The percentage of ASU feed extracted from the compressor of the
gas turbine is limited to 50% because a 100% supply of ASU air from the gas turbine will lead to start-
up and operability issues. Table 1 also contains data on the HRSG. The data includes the pressure levels
of the HRSG, the superheated temperatures, and the source and target temperatures of the heat sources.

The properties of the coal were taken from literature (Campbell et al., 2000; Ju and Lee, 2017).
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Table 1: Optimization parameters for the synthesis of an IGCC plant with a dry-fed gasifier
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Gasifier parameters HRSG HEN data
Fi (kefs) S0 | Ff (kgs) |0 | Stream Lo | o)
F2 (kg/s) 30 F% (kg/s) |15 | Fuel-gas 900 35
T (K) 2400 T, (K) 1511 | GT exhaust 577 100
Vi (@) 50 Pr (bar) 45 P,/ Pyl P, (bar) 140/45/4
ASU-gas turbine parameters TSH’HP , TRH’IP (°C) 500
alz\\;zzin 0 a}z\\fzax 1
axi sy 0 apiFisy |05

3  RESULTS AND DISCUSSION

Table 2 summarizes the result of the optimization processes. From Table 2, it is observed that both

Scenarios 2 and 3 lead to an improvement of the IGCC performance.

Table 2: Summary of the optimization results for the synthesis of an optimal IGCC plant

Base case Scenario 2 Scenario 3
Net IGCC efticiency (% LHV) 45.6 48.7 50.6
% increase - 6.79 10.96
Net power output (MW) 406.6 434.5 451.3
Gas turbine power (MW) 277 291.9 291.4
Steam turbine power (MW) 164.6 179.5 185
Gross power generated (MW) 441.6 471.4 476.3
ASU compression power demand (MW) 30.7 32.3 19.5
Gasification power demand (MW) 2.9 3 3
HRSG pumping power (MW) 1.4 1.6 1.6
Total auxiliary power demand 35 37 25

The main reason for the improvements observed is the properties of the fuel-gas produced. The fuel-

gas properties directly affect the amount of gas turbine power output and indirectly affect the steam
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turbines’ power output. The increase in the heating value and flowrate of the fuel-gas leads to an
increase in the gross power generated. Comparing Scenarios 2 and 3, it is observed that the integration
of the ASU and gas turbine leads to a further improvement in the efficiency of the IGCC plant. The
effect of ASU-gas turbine integration on the efficiency of the IGCC has been well documented in
literature (Frey and Zhu, 2006; Maustard, 2005). However, in this study, it has been performed
simultaneously with the optimization of the gasifier variables. From Table 2, it is observed that
Scenarios 2 and 3 have similar gross power outputs but a higher variation in their net power outputs.
This is due to the lower ASU compression power. From Table 3, it is observed that Scenarios 2 and 3
have similar oxygen flowrates. Hence, the reduced ASU compression power is due to 40% of the ASU
air supply is taken from the compressor of the gas turbine. The extraction of air from the compressor
leads to a marginal decrease in the gas turbine power generated; however, this is not observed in
Scenario 3. This is because the nitrogen injected into the gas turbine replaces the loss in mass due to air
extraction. From Table 3, it is observed that the oxygen to coal ratio for Scenarios 2 and 3 are higher
than that of the base case. The high oxygen rate keeps the high temperature of the fuel-gas. From Table
3, it is observed that both Scenario 2 and 3 consume a higher amount of steam compared to the base
case. The increase in oxygen and steam flowrates leads to an increase in the fuel-gas flowrate. Scenarios
2 and 3 have the same optimal gasifier design which is a CSTR followed by a PFR. However, they do

have different volumes.

Table 3: Optimal gasifier and ASU-gas turbine parameters for an IGCC plant

Base case Scenario 2 Scenario 3

(a) Gasifier properties

Oxygen: Coal ratio 0.80 0.84 0.85
Steam: Coal ratio 0.04 0.12 0.14
VGasifier (00°) 8.00 9.15 6.03

(b) ASU-gas turbine

ay, 0 0 0.64
Qpir,ASU 0 0 0.40

4 CONCLUSIONS
In conclusion, a novel optimization approach that leads to the synthesis of an optimal flowsheet of

the IGCC process has been explored in this study. The approach entails examining the effect of the
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gasifier design and the gas turbine-ASU integration on the efficiency of the IGCC plant. To achieve
this, mathematical equations were formulated based on a developed superstructure. The developed
model has been applied to an illustrative example. The results show that an improvement of 10.96% in

the objective function relative to the base case was achieved.
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ABSTRACT

A statistically designed study was conducted to ascertain kinetics of conversion of xylose to xylitol
using borohydrogentaion. Batch kinetic experiments were performed for the reaction of xylose and
sodium borohydride in the presence of sodium hydroxide solution. Analysis of xylose concentration-
time data showed that the reaction order kinetics with respect to xylose follows a first-order rate law.
This finding supports the mechanistic theory that the first hydride transfer is the rate-determining step.
The study shows rate constants to be 0.03437 1/s and 0.00976 1/s at 25 °C and 60 °C. Additionally, the
activation energy and frequency factor were 31.74442 kJ/mol and 19146.72164, respectively.
Furthermore, a two-level factorial design was utilised to determine the influence of initial xylose
concentration and temperature at certain reaction times. The analysis of these reaction factors indicated
that the most significant factor was temperature. Furthermore, interactions between time and

concentration and the three-way interaction were significant.
Keywords: reduction; HPAEC-PAD; xylose; aldehyde; sodium borohydride; factorial design; kinetics

1 INTRODUCTION

Xylitol is a platform molecule industrially obtained by the catalytic hydrogenation of xylose, a major
hemicellulose component in lignocellulosic biomass. Xylitol has gained significant importance in the
food and pharmaceutical industries owing to its low caloric content and anticarcinogenic properties
(Hyvonen et al., 1982). Furthermore, xylitol can be converted into polyethylene glycol and ethylene
glycol, making it a substitute fossil-based raw material. However, commercial processes involve the
hydrogenation of xylose using catalysts which have shown to be environmentally and economically
taxing. These methods lead to steep prices, and with smaller market volumes thus, a small portion of
the population has access to xylitol. Therefore, the study assesses alternative chemical methods that

reduce xylose with sodium borohydride (Equation 1) to shift away from commercial processes.
NaBH, + 4C5H,(y05 = 4C5H,,05 + H3BO; + NaOH 4

Sodium borohydride (NaBH4) is a commonly used reductant for organic synthesis on the industrial

scale due to its high chemical yields, practicality in handling, and relative safety (Periasamy and Kumar,
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2000). Xylose is reduced in sodium borohydride in the presence of sodium hydroxide to produce xylitol,
boric acid, and sodium borohydride. A further benefit of this reaction is the formation of boric acid,
which can synthesise various products (Briggs, 2001). Therefore, the rapid and selective reductions of
aldehydes generated by NaBH4 makes it suitable for synthesising xylitol. However, only two studies
have looked at reducing xylose using sodium borohydride. An early paper by Abdek-Akher, Hamilton
and Smith in 1951 provides evidence of its application with a reported reaction time of 5 min and an
acetylated product yield of 80 %. A patent by Nygren et al. in 1997 established several methods for
producing xylitol utilising sodium borohydride. However, these studies have not adequately established
the reaction kinetics, and this study provides a basis to determine the feasibility of this reaction for

industrial application.

2 MECHANISM

Sodium borohydride has complex structural characteristics in that it is a Lewis acid and electrophilic

at the metal centre.

&)

(solvent)

NaBHj reduction of aldehydes and ketones consists of two mechanistic steps. The first consists of a
nucleophilic attack by BH4 on the carbonyl group. The solvent protonates the resulting alkoxide anion
from the solvent to give the final alcohol product (Carey and Sundberg, 2007). However, it is speculated
that the alkoxyborohydrides produced can act as reducing agents by successive hydride transfers shown

below.

o 0—BH; O
Y

i + BHy —— | + (6)
R\\\‘ H R“\\ H
R R R R

Thus, the analysis of rate data becomes complicated due to the different routes available. In any case,
kinetic studies have all shown that the overall reaction rate is second-order, with the first hydride

transfer being the rate-limiting step (Yamamoto, 2003).

Early studies by Brown, Mead and Subba Rao in 1955 investigated suitable solvents for sodium
borohydride reductions. It was established that the reaction between aldehydes and ketones follow
overall second-order kinetics. The mechanism was considered to proceed by a stepwise hydride ion
transfer to the carbonyl carbon, which forms tetraalkoxyborate. This molecule contains the substrate,

which is reduced, forming the alcohol product (Brown et al., 1955).
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Consequently, they noticed the rate constant was altered in different solvents, demonstrating that
solvents play a role in the reaction mechanism. These effects were later re-examined to understand the
effects of solvents due to the discovery of iodometric determination of borohydrides (Brown and
Ichikawa, 1961). Houk et al. devised a model in 1991 which utilised a transition state geometry model
to describe the mechanism of sodium borohydride reductions. The study involved an investigation of
cyclohexanones and the remote electrostatic effects. The results make a strong case that the preferential
axial attack of hydride to cyclohexanone is caused by torsional strain in the transition state of equatorial
attack, and electrostatic effects were also shown to play a role (Wu et al., 1991). Furthermore, a study
investigated the concerted and stepwise pathways of the borohydride reduction of formaldehyde.

However, these models do not account for solvent and counterion effects (Eisenstein et al., 1982).

Wigfield suggested an alternative model that considers the role of solvents, yet it does not establish
the sodium ion (Na+) role. These studies assume the solvent alkoxy is contained in the alkoxyborate
anion intermediate rather than the product (Wigfield, 1979). Furthermore, isotope studies refuted the
initial concept that disproportionation of the intermediate reverts back into BH4 (Wigfield and
Gowland, 1977). Several years later, Glass and coworkers demonstrated the critical role of Na* by an
experimental study on the reduction of carboxylic acids in 2-propanol with NaBH4 (Glass et al., 1980).
The results showed that sodium ions are coordinated by oxygen atoms found in the alkoxy and carbonyl
groups. However, reductions are still possible without Na* present. This notion was also substantiated
by the work of Yadav, Jeyaraj and Balamurugan in 2000. The most recent study in 2018 was performed
by Patel et al. The study established kinetic and mechanistic insights by detailed calculations of the
electronic structure of the reduction of indophenol by sodium borohydride. Their work suggested that
the reaction occurs in three steps. The first step involves a nucleophilic attack on the carbonyl group
forming intermediates. This step is followed by intermediates undergoing proton abstraction assisted
by the hydroxyl ion, and the molecule is protonated. Finally, the reduction process is completed by a

hydrolysis reaction (Patel et al., 2018).

Despite the conflicting ideas on certain features of sodium borohydride reduction, all studies agree
that the rate-limiting step is the initial hydride attack. This assumption is based on the fact that transfers
of a hydride ion from relatively weak Lewis acids (alkoxyborines) must be easier than its transfer from
stronger Lewis acid borine. This theory is also supported by the potential energy surface constructed by
Patel et al., which describes the system's potential energy. The initial step of reduction is at the peak of

(PES) diagram, thus indicating it is the rate-limiting step (Patel et al., 2018).

3 MATERIALS AND METHODOLOGY
A granular form of sodium borohydride (98%) obtained from Merck is used in all experiments. Xylose

(= 99), sodium hydroxide (= 97) and hydrochloric acid (6N) were obtained from Sigma Aldrich. A
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sodium borohydride stock solution was prepared by diluting sodium hydroxide pellets in distilled water
until the solution reached a pH of 13. The solution must be alkaline to suppress the reaction between
the solvent and sodium borohydride (Lo et al., 2007). Both solutions' volume was held constant at 10ml
with initial concentrations of xylose and sodium borohydride were 0.4+0.05 mol/L and 0.28+
0.03mol/L, respectively. The moles of sodium borohydride was measured to be roughly three times the
amount of xylose to meet the assumption for the method of excess. The experimental set-up consisted
of a 500 ml three-neck round bottom flask equipped with a reflux condenser, temperature probe and a
50 ml dropping funnel. The three-neck round bottom flask is placed within a glycerol bath to ensure
even heating of the solution. Typical runs consisted of placing xylose solution into the flask and adding
the alkaline solution of sodium borohydride through the dropping funnel. The entire set-up was placed
on a hot plate combined with a magnetic stirrer providing heat and agitation to the reaction solution.
After a certain period, the reaction solution was withdrawn at different times and placed in an ice bath
while adding hydrochloric acid until the solution reached a pH of 2 to quench the reaction. The time
required for quenching was 2.8+0.2 seconds, and the overall concentration of the solution was assumed
to remain constant as a result of constant agitation. Analysis was conducted using High-Performance
Anion-Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) to determine
the concentration of xylose and xylitol in the solution. This experiment was then repeated, and samples
were withdrawn at different time intervals to improve the time resolution. The factorial design followed
the same experimental procedure at different conditions. The independent variables selected were:
initial xylose concentration, temperature, and reaction time. Table 1 below summarises the levels for

each operating factor.

Table 5: The experimental ranges and levels of independent variables

Levels [CsHioOs] (mol/L) T (°C) Time (s)
-1 0.4 25 50
+1 1 60 300
0 0.7 42.5 175

Time was selected as a factor in order to understand the optimal reaction time. The selected ranges
are based on initial trials and work that similarly reduce xylose (Abdek-Akher et al., 1951)(Nygren et

al., 1997). Both experiments were replicated three times to ensure accurate results were achieved.

4 RESULTS AND DISCUSSION
4.1 Kinetic Study

Measured concentrations as a function of time allow comparing their time dependence with the
appropriate integrated rate laws. The isolation method is employed, which is a technique for simplifying
the rate law to determine its dependence on a single reactant's concentration. The dependence of the

reaction rate on the xylose concentration is isolated by having all other reactants present in excess so
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that their concentration remains nearly constant throughout the reaction, as indicated in the following

equation set. (Fogler, 2016)

The purpose of nonlinear regression is to seek values of a and k that minimise S according to the
integral rate equation shown in equation 4. The sum of the squares of the deviations of the calculated
xylose or xylose concentration values from the observed ones. Nonlinear regression is an iterative
process; thus, suitable software such as Minitab® Statistical Software is used to conduct the regression
analysis. The fitting method selected was the least-squares method. The initial values are selected for

each parameter and then repeatedly changes those values to improve the 'goodness of fit'.

st =

-

N
(tmi = te)” = ) ftmi > = (Cayt, ™ = Coy )/ = @)KV ™
i=1 i=1

The parameter range is stipulated in table 2 and was selected as reaction order must range between 0-
3. The reaction rate constant (k') value ranges between 0,0001 and 1 because a negative reaction rate
would imply the reaction is reversed. Furthermore, rate data obtained from previous studies of
aldehydes show the rate constant to lie within the range of 1.9x10* (M 's™!) and 161x10* M 's™!)
(Brown, et al., 1957) (Brown & Ichikawa, 1957). Regression terminates when varying parameter values
results in negligible changes in the goodness of fit. If a solution provides convergence, it does not

guarantee that the model fit is optimal or that the sum of squared errors (SSE) is minimised. Therefore,

analysis of the residual plots is required to support the estimated result.

The experimental xylitol concentration data showed erratic behaviour and provided little information
regarding the reaction kinetics. This behaviour can be attributed to the complexity of the mechanism
outlined earlier. Therefore, the study focused on utilising the xylose concentration data shown below to

determine the reaction kinetics.

Figure 1 shows a more gradual rate of xylose consumption in batch 1. Additionally, batch 2 reaches
a conversion of 98.89% within 225 seconds, and the maximum conversion achieved in batch 1 is

81.47% in 223 seconds.

Batch 1 Xylose Replicates (25 C) Batch 2 Xylose Replicates (60 C)
0,5 0,4 _
&) o @®Replicate 1 a : ®Replicate 1
% ' Replicate 2 % 0.3 Replicate 2
g 02 Replicate 3 ,§ 02 Replicate 3
£02 5
8 fgéll 201 el
£ 01 X IS | g - % €T 1"
B L] [ ] 4 @] . 4 209 [ | 1 [ I
0 0 ot B ]
0 50 100 150 200 250 300 0 100 200 300
Time (sec) Time (sec)

Figure 12: Replicate Xylose Concentration Data
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Furthermore, the half-life is reached at 54 seconds at 25° C and 9 seconds at 60 °C. These values are
similar to previous studies that report a complete xylose conversion after 5 min (Abdek-Akher et al.,
1951). In batch 1 the concentration of xylose varies slowly and becomes linear past 253 seconds; this
is because the majority of xylose has reacted, and thus, the reaction rate has slowed significantly.
Nonlinear regression techniques were used to solve for both the reaction order and rate constants.
Minitab® Statistical Software was used to conduct the regression analysis. The fitted line plots (Figures
2) represent the replicate xylose concentrations at 15-second intervals. The regression line (bold red)
follows the curvature in the points relatively closely. The points sufficiently cover the entire range of
predictor values. The 95% confidence interval (CI) is stipulated in these tables, representing the
likelihood (95% confidence) of the results lying within the interval. The CI can be seen graphically as
the dotted green line in Figures 4-8 and 4-9. The prediction interval (PI) for the fit provides a range of
probable values that will fall within the interval with 95% confidence indicated by the purple lines
(Motulsky and Christopoulos, 2004).

Minitab's estimates show that the reaction order is 1.3702 and 1.251 for batch 1 and 2, respectively.
The estimates for the reaction rate constants are 0.03437 1/s and 0.00976 1/s in batch 1 and 2, as shown
in Table 2 below. Therefore, the following estimates for kinetic parameters are reasonable and indicate

the rate law can be represented as follows:
dCey1/dt = —K'Cyyiose T %7 k' (25°C) =0,03437 1/s ; k' (60 °C) = 0,00976 1/s (®)

The rate constants lie within the range of other aldehyde and ketone studied (Table 1). The rates
measured are faster than ketones which supports the chemoselective nature of aldehydes relative to

ketones.

Table 6: Summary of Key Results in NLR Analysis

Starting Values Parameter Estimates Summary
Parameter | Values Estimate | 95% ClI Iterations | S
Batch 1
a 0-3 1.25198 (0.7401; 1.6843) 7 31.9947
k 0.0001-1 | 0.00976 | (0.0040;0.0217)
Batch 2
a 0-3 1.3702 (1.1888; 1.4196) 18 55.8971
k 0.0001-1 | 0.03437 | (0.0247;0.0481)
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Fitted Line Plot Fitted Line Plot
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Figure 13: Fitted Line Plots for Batch 1 and 2

Comparisons between p values for the lack of fit test and a chosen significance level of 0.05 are
required to ascertain whether the model that the model correctly specifies the relationship between the
response and the predictors. The p values for batch 1 and 2, respectively, are 0.783 and 0.993, both
greater than the significance level; hence the test does not detect a significant lack of fit. The standard
error of the regression (S) represents how far the data values fall from the fitted values and are used to
determine the model's efficiency in describing the response. The S values calculated are 31.994 and
55.897, which are relatively large. However, a low S value alone does not indicate that the model
assumptions are met. Therefore, residual plots are used to assess the estimates. The residuals plots verify
that the residuals are randomly distributed and have constant variance. Figures 3(a) and 4(a) represent
the residuals versus fits plot; this is a scatter plot of residuals on the y-axis and fitted values (estimated
responses) on the x-axis. The residuals are randomly scattered around the x-axis on both figures and
form a rough horizontal band. This pattern supports the assumption that the relationship is linear and
the variance of error terms are equal. Furthermore, no one residual deviates significantly from the

residuals' basic pattern, which suggests no outliers.

Figures 3(b) and 4(b) display the residuals versus order plots for batches 1 and 2. The plot is used to
support the claim that the residuals are independent of one another. Patterns such as a cycle or shift

imply that residuals close to each other may be correlated and not independent.

Independent residuals show no trends or patterns when displayed in time order. Furthermore, residuals
exhibit normal random noise around the x-axis, suggesting no serial correlation. The activation energy
(E.) and frequency factor (A) were 31.74293 kJ/mol and 19146.72141 1/s using the Arrhenius equation.
The expected E, of bimolecular reactions lies typically in the order of 300 kJ/mol; therefore, anything

above this value would cause concern (Seoud et al., 2016).
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a) Versus Fits b) Versus Order

Fitted Value Observation Order

Figure 3: Residual Plots for Batch 1

50 s EY 25
Fitted Value Observation Order

Figure 4: Residual Plots for Batch 2

This claim supports the assumption that the first mechanistic step is rate-controlling and controls the
overall reaction rate. However, it cannot prove the assumption as this study only provides a pseudo-
order rate law. Previous studies of the reduction of vanillin and cinnamyl all follow first-order rates
with respect to the carbonyl compound with similar aldehyde conversions reported by Ward and Rhee
(1989), Yadav and Lande (2006) and Lecher (2007) According to reaction classifications set out by

Marin and Yablonsky (2011), the reaction speed can be categorised as moderate.

4.2  Factorial Design
The model coefficients were estimated using Stat-Ease Design-Expert software. This transformed

empirical model is represented below:

()3 =-0,195429+0,00247(x,)+0,237041 (x5)+0,000829(x3)+0,001464(x,) (x3)- )
0,000068(x,) (%) (x3)

The analysis of variance (ANOVA) results is tabulated in Table 3. The p-value for both the model
and curvature is < 0.0001, verifying that the model is statistically significant and no curvature exists.
The p-value for curvature in the ANOVA summary was given as 0,7628. The coefficient of
determination (R-Squared) is 0.9252 and verifies that the model provides an acceptable fit for the data.
Initially, the normal probability plot showed an S-shaped curve, and the plot displayed a megaphone
pattern. These trends suggest a case of expanding variance, and a transform is required. Referring to the
Box-Cox plot, the optimal lambda () value for the transformation was 3. Updated residual plots show

a random distribution of the residuals, indicating constant variance and no signs of lurking variables

i SAIChE "




that influenced the experiment's response.

Table 7: Summary of ANOVA Results
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Source Sum of Squares | df Mean Square F-value p-value Fit Results
Model 1,08 7 0,1548 27,72 < 0.0001 R? 0,9510
A- 0,2681 1 0,2681 47,99 <0.0001 Adjusted R | 0,9167
B- 0,2255 1 0,2255 40,36 <0.0001 Predicted R? | 0,8343
C-Time 0,5023 1 0,5023 89,90 <0.0001 Adequate 14,801
AB 0,0023 1 0,0023 0,4153 0,5338
AC 0,0080 1 0,0080 1,44 0,2584
BC 0,0458 1 0,0458 8,20 0,0169
ABC 0,0319 1 0,0319 5,71 0,0380
Curvature 0,0123 1 0,0123 2,21 0,1683
Pure 0,0559 10 0,0056
Cor Total 1,15 18

The Pareto plot depicted in Figure 5(a) visualises all components' main and interaction effects. The

chart shows the absolute values of the standardised effects from the highest effect to the smallest effect.

Time is not considered as a factor in this case as time cannot be varied.
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The Pareto plot indicates that the most influential factor is temperature then concentration.
Furthermore, the interaction between time and concentration and the three-way interaction are
significant, as shown in the analysis of variance. This observation is further supported by the interaction
plots depicted in Figure 5(b). Nonparallel lines signify that the time and concentration factors are the
most significant while the other interactions are negligible due to their parallel interaction plots.
Comparison of the available literature shows that reported conversion performance is similar to those
achieved by top-performing hydrogenation techniques (Table 4). However, sodium borohydride
reduction can achieve this conversion at temperatures 60 °C-90 °C below current commercial techniques
without a catalyst present. Additionally, this relatively simple technique produces similar conversions

in a much shorter period.

Table 8: Summary of Top Performing Hydrogenation Techniques Reported

Catalyst T (°C) P (Hz) (MPa) Conversion (%) Xylitol Yield
Ru/TiO2 ? 120 2.0 100 98
Ru/C® 100-110 4.0-6.0 99.7 98.1
Raney Ni © 120 5.5 96.6 93.7
Ru/NiO-TiO ¢ 120 5.5 99.9 99.7
Co/SiOs © 150 5 100 98

“(Hernandez-Mejia et al., 2016) °(Pham et al., 2016) *(Mishra et al., 2013) ¢ (Yadav et al., 2012) *(Audemar et al., 2020)

The advantage of hydrogenation is that catalysts can last for many cycles showing little degradation,
whereas large quantities of sodium borohydride are required to reduce xylose on a commercial scale.
However, further analysis is required to determine whether the use of sodium borohydride would be
more cost-effective despite lower operating conditions and no catalyst present. Other viable xylitol
producing methods have been studied extensively, such as the biotechnological conversion of xylose to
xylitol. These methods provide an environmentally friendly and low-cost route to produce xylitol from
hemicellulosic hydrolysates. Yeasts and filamentous fungi reduce xylose in a single step by a xylose
reductase (XR) enzyme to produce xylitol. They can be based on sugar mixtures such as lignocellulosic
hydrolysates to save energy and substrate purification costs (Dasgupta et al., 2017). However, current
literature shows that this technique is still not commercially competitive due to process bottlenecks;
only a selected number of microorganisms can significantly reduce xylose, hindering optimisation space
significantly (Zhao et al., 2020) (Buijs et al., 2013). Additionally, glucose present in many
microorganisms represses xylose metabolism through carbon catabolite repression (Park et al., 2012).
Consequently, this leads to poor xylose conversion efficiency coupled with high reaction times.
Therefore, comparisons with other xylitol production techniques indicate that reducing xylose with a
metal hydride offers a high xylose conversion with milder operating conditions, making it a promising

technique in xylitol production.
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5 CONCLUSION

This research initially aimed to determine reaction kinetics for conversion of xylose while
simultaneously determining yield results of xylitol. Despite the limitations of the analysis, a pseudo-
order rate law was deduced based on xylose concentration data. Through nonlinear regression
techniques, the reaction is shown to be first order with regards to xylose. This observation correlates
with literature regarding reducing carbonyl compounds with metal hydrides and supports the theory that
the first hydride transfer is the rate-determining step. Furthermore, the factorial design provided an
empirical model to assess xylose conversion over chosen reaction parameters. A maximum conversion
of 98.8% was achieved at conditions significantly milder compared to hydrogenation techniques. Thus,
the results obtained provide a basis for further study and indicate that the reduction of xylose with

sodium borohydride shows the potential to compete with hydrogenation techniques.
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ABSTRACT

Sonochemistry has been discovered to influence the rate of chemical reactions that experience a lot
of mass transfer resistance in slurry phase reactions. Applications of sonochemistry have been
developed in virtually all areas of chemistry and related chemical technologies and the hydrogenation
of alkenes, which occur in the presences of a metal catalyst such as nickel, palladium, platinum or
rhodium is one such reaction of vital industrial importance. In this study, the influence of ultrasonic
irradiation on the reaction rate and catalyst deactivation for the hydrogenation of 1-octene using a
commercial nanosized Pt/Al,Os catalyst was investigated. A three phases slurry reactor was used to
allow for adequate contact between the solid, liquid and gas phases. To enhance reactor performance
and intensify the process, ultrasonic irradiation was used. It is believed that the technology improves
contact between the solid, liquid and gas particles in aiding the transfer of materials across phase
boundaries. This is done via the generation of cavitation microbubbles, where the growth and collapse
of these bubbles generate localized regions of high temperature and pressure. The experimental design
was divided into two parts in which the first part investigated both sonicated and unsonicated
hydrogenation reactions at varying temperatures. The second part involved sonicated and unsonicated
hydrogenation reactions at a fixed temperature for different reaction times whilst reusing the Pt/Al,O3
catalyst. The products of the reaction were analysed using a Shimadzu (2014) gas chromatography
system to determine the conversion of 1-octene and the yield of hydrogenated products. Octene
conversions of varying proportions were observed and conversions of approximately 97% were realised

especially at higher temperatures.

Keywords: Process Intensification; octene hydrogenation, nanocatalysts; ultrasonic irradiation.

1 INTRODUCTION

Hydrogenation of alkenes is an important industrial reaction which optimally occurs in the presence
of metal catalysts. The overall reaction is however often hindered due to significant mass transfer
limitations between the three phases and catalyst poisoning during the reaction. A possible way of
mitigating these hindrances can be through the application of ultrasonic irradiation, also known as
sonochemistry. The ultrasound assists in improving the contact between the interacting phases and

enhancing the transfer of material across the phase boundaries. Additionally, the ultrasonic waves can
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aid in prolonging the catalyst lifetime by reducing the coke laydown on the catalyst surface resulting in
the unwanted effects of catalyst deactivation. Ultrasonic irradiation uses acoustic cavitation which is
the formation, growth and sudden collapse of bubbles in a liquid. Cavitation produces large amounts of
energy which improves physical and chemical processes. This work focused on investigating the
influence of ultrasonic irradiation on reaction rate enhancement and catalyst deactivation for the
heterogenous hydrogenation reaction of 1-octene over a commercial supported platinum catalyst. The
study was aimed at looking at the possibility of using process intensification in commercial octene
hydrogenation reactions and many other applications. Process intensification provides a pathway that
can replace large expensive energy intensive equipment or processes with ones that are smaller, less
costly and more efficient. It usually brings about process miniaturization, reduction in capital costs,
enhanced safety and energy efficiency and often improved product quality. It also encompasses
improvement in process chemistry, process steps, and gives rise to multifunctional reactors, membrane
reactors and the use of more intensified methods of processing such as the use of microwaves and

magnetic fields in chemical processing.

2 LITERATURE

Multiphase reactions consist of gas, liquid and/or solid reacting simultaneously with one another and
can be categorised according to the phases. These reactions are generally more difficult to perform than
homogenous reactions, due to the low interaction efficiency and poor mass transfer rate between the
reacting phases therefore resulting in reduced reaction rates. Commercially, these reactions usually
conducted in huge slurry or trickle bed reactors. A trickle bed reactor is a continuous packed bed reactor
where the liquid phase flows downwards through a packing medium, where gas is applied in either a

co-current or counter-current direction (Wu and Tu, 2016).

Slurry reactors on the other hand consist of a solid catalyst suspended within the liquid through which
a soluble gas phase is bubbled. A fine solid phase is usually dispersed in the bulk liquid phase to
significantly enhance the gas-liquid mass transfer rate (Brilman et al., 2000). The three phases are
brought into contact with each other with the aid of mechanical agitation such as stirring. Techniques
such as stirring have been developed to accelerate the reaction rate of multiphase catalytic reactions but
these are only limited to the macroscopic level. The vigorous stirring energizes the reacting phases
causing the phases to interact more, thereby increasing the interfacial area for mass transfer, hence

increasing the reaction rate (Kobayashi et al., 2004).

The reaction mechanism for multiphase catalytic reactions occur in various steps consisting of
processes such as diffusion, adsorption and desorption. Heterogenous catalytic reaction occurs on the
surface of the catalyst, however the reactants are present in the bulk fluid phase that surrounds the solid

particles. The catalytic reaction begins by the gas phase reactant externally diffusing through the
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boundary layer surrounding the solid in a process known as film diffusion. Once the reactant passes the
boundary layer, it diffuses internally through the catalytic pores to reach the active site of the internal
catalytic surface. Within the internal catalytic surface, the reactant is adsorbed onto the inner catalytic
surface and reacts with the active sites of the solid. A certain contact time is required for this reaction
to result in the formation of a product that is then desorbed from the inner surface of the solid. Diffusion
takes place once again, through the catalyst pores and boundary layer to transfer the product to the bulk
fluid (Klaewkla, Arend and Holderich, 2011).

Hydrogenation reactions in organic processes which involve the addition of elemental hydrogen to
the unsaturated bonds of an alkene or alkyne to produce a saturated product are examples of reactions
that suffer considerable mass transfer limitations and as a result catalytic hydrogenation reactions
typically occur in the presence of a finely divided metal catalyst such as nickel, palladium, platinum or
rhodium. The reaction involves either connecting two atoms of a molecule by adding hydrogen or may
result in the dissociation of the molecule, known as destructive hydrogenation. These hydrogenation
methods are used in multiple industries such as the food industry for the production of edible fats from
liquid oils, or in the petroleum industry to manufacture gasoline and petrochemical products. During
the alkene hydrogenation reaction, two hydrogen atoms are added to the double bond which results in
a saturated alkane. The hydrogenation of alkenes typically forms a more stable product and is therefore
a thermodynamically favourable reaction. However, in order for the reaction to reach completion, the

addition of a catalyst is needed for the reaction.

As stated above, catalysts that are commonly used for hydrogenation reactions comprise of nickel,
palladium, platinum or rhodium. Platinum metal hydrogenation catalysts exists as two types, namely
supported and unsupported catalysts. Suitable catalyst supports consist of silica or alumina, whereby
the catalyst is attached to the support material pores thereby increasing the surface area of active catalyst
(Rylander, 1979). The unsupported catalysts are less likely to be used in hydrogenation due to low
efficiency and significant loss of recoverability. Supported platinum metal catalysts offer greater
advantages as the support provides a higher efficiency of the metal by increasing the active metal
surface area and facilitating metal recovery. Furthermore, supported catalysts have a higher resistance

to poisoning which leads to catalyst deactivation (Rylander, 1967).

Catalyst deactivation is the decrease of catalytic activity or selectivity over time and this ultimately
decreases the rate of the heterogenous catalytic reaction. Catalyst deactivation occurs due to multiple
reasons such as newly formed products or by-products attaching to the active catalyst sites causing pore
blockage or sometimes undesired materials such as coke is formed and deposited onto the catalytic
surface resulting in lowering the catalyst activity. The catalyst deactivation mechanisms are categorised

into groups and have significant effects on the rate of reactions.
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The application of ultrasonic irradiation to reacting species which is also known as sonochemistry
involves the use of powerful ultrasonic waves in a slurry medium that contains the reacting species.
Ultrasound has been known to accelerate dissolution, improving the reaction rate as well as regenerating
surfaces of solid reactants or catalysts. This is all achieved through acoustic cavitation (Qiao, Liu and
Max Lu, 2017). Acoustic cavitation results in the formation and rapid growth and sudden collapse of
bubbles in liquid mixtures which are under the influence of high-intensity ultrasonic irradiation. The
collapse of the bubbles (vacuum bubbles) generates a large concentration of energy due to the
conversion of kinetic energy from the motion of the liquid into heat and localised pressure. The collapse
of the bubbles produces temporary regions of high pressure and high temperatures known as localized

hot-spots. These hot-spots act as ‘microreactors’ that drive the chemical reactions (Suslick et al., 1999).

All chemical reactions require a significant amount of energy to occur and this energy can be made
available in several forms. Ultrasonic irradiation provides an alternate source of energy for chemical
reactions to occur, as compared to traditional methods such as the addition of heat. The concentrated
localized pressures and temperatures coupled with the heat generated from cavitation provides suitable
conditions for chemical reactions. In ultrasonic irradiation, the collapse of the bubbles provides a unique
mechanism for the generation of high-energy chemistry (Suslick et al., 1999). However, the cavitation
bubbles are largely dependent on the intensity of the ultrasonic waves which rely on various operating
parameters such as wave frequency as well as the physicochemical properties and compressibility of

the liquid.

Ultrasonic irradiation can be utilised to play various roles in chemical reactions. This may include
prolonging the catalyst activity, the breakage of chemical bonds to form highly reactive species as well
as providing the necessary activation energy required for reactions to occur. Once applied to a reacting
mixture, the concentrated ultrasonic waves result in interesting physical and chemical effects such as
emulsification, luminescence and chemical transformation. According to Shibata et al, the application
of ultrasound has been widely used in the synthesis of organic reactions due to its improvement of the
overall reaction rate and the ability to alter the catalyst selectivity (Shibata et al., 1990). Furthermore,
ultrasonic irradiation is a popular technique used in chemical reactions as it is simple to control, reduces
the reaction time, minimizes waste material and reduces the energy consumption required thereby
enhancing the chemical reactivity (Schiel et al., 2015). Currently, ultrasound is applied in large scale

industrial processes to increase selectivity and yield as well as to reduce impurities and side reactions.

3 EXPERIMENTAL PROCEDURE
The experimental procedure was divided into two parts. Part one included performing sonicated and
unsonicated hydrogenation reactions at varying temperatures, whereas part two included performing

sonicated and unsonicated hydrogenation reactions at a fixed temperature whilst reusing the Pt/Al,O;
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catalyst. The purpose of part one of the study was to investigate the effect of ultrasonic irradiation on
the conversion of 1-octene and yield of octane, at various reaction temperatures. It entailed performing
sonicated and unsonicated hydrogenation reactions at varying temperatures of 40°C, 50°C and 60°C.
The hydrogenation reaction proceeded for 2 hours, thereafter the reactor was cooled to 25°C. The
hydrogenated product was then analysed utilizing a Shimadzu (2014) GC/FID to determine the
conversion of 1-octene and yield of the hydrogenated product. Part two entailed performing sonicated
and unsonicated hydrogenation reactions at a fixed temperature of 50°C, whilst varying the reaction
time from 0,5 hours, 1 hour and 1,5 hours; and reusing the spent catalyst in each run. The spent catalyst
was collected from part one and analysed using SEM-EDX to determine the extent of in-situ catalysts

regeneration using ultrasound. It was also used to ascertain the extent of catalysts coking.

Prior to performing the hydrogenation reaction, the commercial Pt/Al,O; catalyst was ground using a
pestle and mortar, and thereafter sieved into a fine powder. For the hydrogenation reactions to run
smoothly, a 300ml Parr autoclave reactor fitted with an impeller was used. The reactor along with the
temperature controller and ultrasonic probe were all submerged a water bath. The reactor was then
heated to the desired reaction temperature with the aid of the water bath and temperature controller
within the unit. The temperature of the reactor was monitored via a temperature probe, that was inserted

into the reactor vessel.

A hydrogen gas line was connected directly to the reactor and the hydrogenation reaction occurred at
a pressure of 20 bar. Once the reaction was completed, the cooling water unit was connected to the
reactor jacket and utilized to quench the reactor with cold water to ensure the reactor rapidly cools to
room temperature. Both the reactant and catalyst amount fed into the reactor, remained at fixed values
throughout the experiment. For all the reactions, the reactor contained 30ml of 1-octene and 1g of

ground commercial Pt/Al,O; catalyst.

4 RESULTS AND DISCUSSION

Mass transfer limitations have a significant role on the performance of a chemical reaction,
specifically the overall conversion of a reactant and product yield. The purpose of this study was to
investigate the influence of ultrasound on reactant conversion, product yield and catalyst deactivation.
Several parameters were varied throughout the experimentation such as reaction temperature, reaction

time and catalyst usage.

4.1 Part One: Effect of ultrasonic irradiation on the conversion of 1-octene and yield of octane
using a fresh catalyst.

In the first part of the study where 30ml of 1-octene and 1g of freshly ground Pt/Al,Os catalyst was

added into the reactor vessel, the reactor was allowed to heat to the desired temperatures of 40°C, 50°C

and 60°C for the different experimental runs and thereafter hydrogen fed into the reactor for
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hydrogenation to occur and the ultrasonic probe was switched on for the sonicated reactions. Figure

1(a) and (b) below show the results that were obtained from these experiments.
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Figure 1: (a) — Conversion of 1-octene to octane at 40 °C, 50 °C and 60 °C; (b) — Yield of octane at 40 °C, 50
°C and 60 °C; (c) — Conversion of 1-octene using a fresh Pt/Al20sz at 50 °C for 0.5 hour, 1hour and 1.5 hours;
(d) — Conversions using a 1x Recycled Pt/Al:0; catalyst at 50 °C for 0.5 hr, 1hr and 1.5 hrs.

From Figure 1(a), it can be observed that an increase in the reaction temperature resulted in an increase
in the conversion for both sonicated and unsonicated reactions. This is expected as higher temperatures
increase the reaction rate, resulting in better reaction performance. At 60°C, a 100% conversion of 1-
octene for both sonicated and unsonicated reactions was observed. This can be attributed to the fact that
at the higher temperature, the Pt/Al,Os catalyst reaches maximum catalytic activity in converting the 1-
octene to octane. The substantially high conversion indicates the platinum catalyst to be highly active.
Additionally, hydrogen is fed into the reactor at a relatively high pressure of 20bar. This high pressure
causes the hydrogen gas to diffuse into the reacting liquid phase at a faster rate and collide with the
reacting molecules, thereby increasing the hydrogenation reaction rate hence an increase in conversion.
Similar reasons can be applied to the high conversions observed at 50°C. At 50°C, the conversion for
the sonicated and unsonicated reactions were determined to be 98,25% and 88,10%, respectively. The
data obtained for 50°C and 60°C were deemed statistically acceptable, as the associated error bars did
not overlap. It was however noticed that as the reaction temperature decreases from 60°C to 40°C, the
conversion of 1-octene decreased but the effect of ultrasound became more noticeable for the sonicated

reactions. As the temperature decreases, the activity of the Pt/Al,O; catalyst declines significantly

SAIChE




435

therefore the effect of ultrasound is more prominent. At the higher temperature of 60°C and higher, the
platinum catalyst is extremely active and drives the chemical reaction to completion with noticeably
high conversions. Therefore, at 60°C, there is no significant difference in effect of ultrasound observed
in Figure 1(a). At 40°C and 50°C, the conversions of the sonicated reactions and unsonicated reactions
are 62,66% and 53,10% as well as 98,25% and 88,10% respectively. There are large differences in
conversions and this was attributed to the catalyst having lower activities at the lower temperatures of
40°C and 50°C. The ultrasonic irradiation compensated for the low catalyst activity by providing energy
through cavitation. This energy is used to overcome mass transfer limitations existing between the three
phases, thereby increasing the reaction rate. It was therefore observed that as the reaction temperature
decreases, the ultrasonic effect increases resulting in a higher conversion for the sonicated reactions.
This is advantageous to industries utilizing ultrasonic irradiation in chemical processes, as the ultrasonic
device can be operated at lower temperatures thus reducing operating costs and increasing profitability.
In any reaction, an optimal reaction temperature is required to obtain an appropriate selectivity but
sometimes conversions may be low. It can therefore be noted that by applying ultrasonic irradiation at
an optimal temperature, an appropriate selectivity as well as a high conversion can be achieved for most

reactions.

The yield of the hydrogenated product was determined for both sonicated and unsonicated reactions
as seen in Figure 1(b). As expected, the trend for the product yield correlated to the trend for the

conversion of 1-octene. As the reaction temperature increased, the yield increased.

4.2  Part two: Effect of ultrasonic irradiation on reducing catalyst deactivation at 50 °C.

From the second part of the study which consisted of performing sonicated and unsonicated reactions
at similar conditions to part one with 30ml of 1-octene and 1g of freshly ground commercial Pt/Al,O;
catalyst added to the reactor or recycled catalysts. The reactor was heated to a fixed temperature of 50°C
whilst varying the reaction time between 0,5 hours, 1 hour and 1,5 hours. The purpose of part two was
to investigate the effect of ultrasonic irradiation on the catalyst deactivation, essentially to study how
the Pt/Al,O; catalyst deactivates over time by reusing the spent catalyst and measuring conversion with

time. Figures 1(c), 1(d) and Figure 2 below show the results that were observed from these experiments.
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Figure 2: Conversions using a 2x Recycled Pt/Al:0; catalyst at 50 °C for 0.5 hr, 1hr and 1.5 hrs

For both sonicated and unsonicated reactions, it can be seen that as the Pt/Al,Os catalyst is being
reused, the overall conversion of 1-octene decreases. This is evident for all three reaction times of 0,5
hours, 1 hour and 1,5 hours. This is a result of catalyst deactivation due to coking. Coking is a form of
catalyst deactivation where compounds rich in carbon are deposited onto the catalytic pores therefore
resulting in pore blockage and reducing the catalyst activity. Coking is common for reactions involving
hydrocarbons. Therefore, as the platinum catalyst is being reused, the carbon content present on the
catalyst increases. From Figures 1(¢), it is noticed that the conversion for the sonicated reactions for all
three catalyst types are higher than those for the unsonicated reactions. This is expected as the ultrasonic
irradiation assists in prolonging the catalyst lifetime and reduces the effect of coking. The effect of the
ultrasound is largely evident for the catalyst that was recycled once at a reaction time of 1,5 hours, the
maximum conversion for the sonicated and unsonicated reactions are 77,60% and 63,94%, respectively.
However, in Figure 2, the conversion for the sonicated and unsonicated reactions at 1 hour are equal.
This is a result of the Pt/AL,O3 catalyst reaching complete deactivation as it was used in two reactions
prior to this run. By taking a closer look at the 1,5-hour reaction, the unsonicated reaction produced a
higher conversion than the sonicated reaction. This result is unpredicted and should be further
investigated, as ultrasound should produce a better conversion. A possible reason for this result could
be the frequency setting on the ultrasonic device which might have dropped to lower values and
therefore having little impact on the conversion. A higher frequency will have a greater impact on the
collapse of the cavitation bubbles, resulting in more energy provided to drive the chemical reaction.

Hence, increasing the reaction rate and conversion.
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From the above results, it can be observed that the ultrasonic irradiation had a significant effect on
the catalyst deactivation, specifically through reducing coking on the catalyst. From the analysis of part
one, it showed that at lower temperatures the conversion increased due to the effect of the ultrasound
on the hydrogenation reaction but as evidenced by Energy Dispersive X-ray spectroscopy (SEM-EDX)
that was utilised to analyse the coking on the spent catalyst obtained from run one of part one, at 40°C,
50°C and 60°C, sonication was also found to have a profound effect on the insitu catalyst regeneration

for those reactions that involved the use of ultrasound. This is depicted in Figure 3 below.
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Figure 3: SEM micrographs and corresponding EDX mapping of spent Pt/Al:0; catalysts after reaction for 2
hours. (a) — Pt/Al:03 with sonication, (d) — Pt/Al>:03 without sonication.

From Figure 3 (b) and (e), it can be observed that the amount of catalyst coking was more significant
on (c), the unsonicated reaction as the amount of elemental carbon that was present on the surface of
the spent catalysts was more than that on the sonicated reaction. The elemental carbon on the sonicated
spent catalyst was 13,79wt% while for the unsonicated reaction was 20.22wt% as shown on Figure 3.
The same trend was also observed for the recycled catalysts but these had significantly more carbon

deposition as analysed by EDX.

5 CONCLUSIONS

It was observed that it is possible for a reactor employing sonication to achieve greater conversions
and yields whilst operating at lower temperatures, thus reducing operating costs. Catalysts deactivation
had an impact on the reactor performance in part two of the study since the recycled catalysts showed
a decrease in 1-octene conversion obtained for a specific run but when comparing the sonicated versus

unsonicated reactions for a particular catalyst in this work, it was observed that the sonicated reactions
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achieved higher conversions thus showing the impact of cavitation on the reaction rate. Therefore,
cavitation can prevent excessive laydown of coke whilst also aiding its removal from the catalyst surface
and in the process prolonging catalysts life. The achievement of even better conversions at lower
temperatures implies that process intensification is possible in octene hydrogenation and even other

heterogenous reaction when using ultrasonic irradiation and nanocatalysts at lower temperatures.
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ABSTRACT

There has been growing concern about the depletion of the world’s oil reserves as well as the negative
environmental impacts fossil fuels pose. Biodiesel is a renewable substitute for petrodiesel used in
compression ignition engines. This study investigated the simultaneous esterification and
transesterification of various low-cost feedstocks using bifunctional catalysts. Four catalysts
(Ca0:Al,Os ratios of 80:20, 70:30, 60:40, and 50:50) were synthesised via co-precipitation and calcined
at 600 °C. Catalysts were characterised using BET. The synthesised catalysts exhibited adequate
morphological and catalytic characteristics (pore sizes >209 A; surface areas >11 m*g; pore volumes
>0.072 ¢cm’/g). High free fatty acid feedstocks (waste palm oil and neem oil) contents were 2.47 to
3.25% respectively and a low FFA feedstock (virgin palm oil) content was 0.67%. Feedstocks
underwent simultaneous esterification and transesterification under optimised reaction conditions of 65
°C, 1200 rpm, 2.5 wt% catalyst loading and a methanol to oil molar ratio of 12:1 at a reaction time of 4
hours under reflux conditions. Optimum biodiesel yields of 97.85, 99.51 and 97.63% were obtained
from virgin palm, waste palm and neem oil using 80%Ca0:20% Al,O3, 70%Ca0:30%Al,03 and
60%Ca0:40%A1,03 bi-functional catalysts respectively.

Keywords: Biodiesel; Bifunctional catalyst; Heterogenous catalyst; FAME; Esterification;
Transesterification; Waste cooking oil; Non-edible oil; Free Fatty Acid; CaO/ Al,O; Catalyst

1 INTRODUCTION

Energy is the most lucrative and precious resource since the dawn of humanity itself. There is
increasing energy demand with an exponentially increasing population. Moreover, the depletion fossil
fuels has contributed to the strain on energy production. Climate change has become a major factor in
the sense that it has motivated and perpetuated the importance of environmentally friendly and

renewable energy sources (Rehan and Arabia, 2017).

Biodiesel, also known as FAAE (Fatty acid alkyl esters) can be produced from virgin, waste and non-
edible oils. Biodiesel produced from triglycerides containing feedstock, via the transesterification
process, has attracted immense attention over the past decades as a biodegradable, renewable and

sustainable fuel (Alaba et al. 2016). Currently, biodiesel production faces several limitations, and the
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main production route is arguably expensive. For example, the most common production method is via
base catalysis such as sodium or potassium hydroxide. One of the major advantages of using

homogeneous base catalysts is that they are relatively easy and inexpensive to procure.

However, due to the inevitable saponification reaction associated with using an alkali the presence of
a feedstock with high FFA, solid catalysis has become increasingly popular as it eliminates this side
reaction. Therefore, special attention has been directed to applying heterogeneous catalysis for biodiesel
production due to the green and recyclable catalytic properties of heterogeneous catalysts (Ramli et al.,
2016). Heterogeneous catalysts have the ability to alleviate the above-mentioned challenges and,
furthermore, reduce reactor corrosion, decrease FFA as well as simplify separation and purification

downstream (Ramli et al. 2016).

The use of supported solid catalysts such as calcium oxide or magnesium oxide ensures the eradication
of saponification reactions (Yadav, Singh & Sharma, 2017). The most prominent advantage is that the
transesterification and esterification processes occur simultaneously. Other than that, such catalysts
have proved to be reusable while still producing high yields of biodiesel (Frost and Sullivan, 2016). Bi-
functional solid catalysis involves the use of catalyst possessing both acidic and basic active sites to
mediate biodiesel production. Bi-functional catalysts are associated with efficient biodiesel production
from a variety of feedstocks. Consequently, with the aid of these catalysts, simultaneous esterification
of free fatty acids and transesterification of triglycerides take place. This results in higher yields and

more economical processes for biodiesel production.

2 LITERATURE
2.1 Fatty Acid Methyl Esters

FAME (biodiesel from methanolysis) has a structure that contains a long carbon chain and an ester
functional group. Diesel engines can burn biodiesel fuel with no modifications (except for some rubber
tube replacement to combat oxidation and corrosion). This is possible because biodiesel is chemically
very similar to conventional diesel from petroleum. The only difference in structure is the lack of an
active ester group in perodiesel. Furthermore, the sizes of the molecules in biodiesel and petroleum
diesel are about the same, but they differ in chemical structure (Devi ef al., 2017). Biodiesel molecules
consist almost entirely of fatty acid alkyl esters, which contain unsaturated “olefin” components. Low-
sulphur petroleum diesel, on the other hand, consists of 95% saturated hydrocarbons and 5% aromatic

compounds (Devi et al., 2017)

2.1.1 Advantages of FAME

e Less production costs compared to petroleum diesel.
e Less emissions such as CO,, CO, SO, and particulate matter.

e Prolonged engine performance due to high lubricity and cetane number.
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e No mining/ drilling needed, therefore there is a decrease in environmental pollutants.

e Less volatile compared to fossil diesel.

e Engine modification is not required for blends up to B20 (20% biodiesel: 80% fossil diesel).
e Its nontoxic and non-flammable nature reduces fumes, emissions and unpleasant odours.

e Higher combustion efficiency compared to petroleum diesel (Altaie, 2020; Hassan and Kalam,

2013).

2.1.2 Disadvantages of FAME

e A higher cloud point and pour point proves not to be ideal in cold weather which causes
challenges in vehicle and ignition start-up.

e Biodiesel has a slightly higher level of NOx emissions.

e Decreased oxidation stability causes degradation in storage over prolonged periods of time.

e Biodiesel has a viscosity up to 17 times greater than fossil diesel. This leads to difficulties and
problems in injector systems, atomisation, pumping as well as combustion in the engine.

e Long-term high viscosity operation effects include the formation of injector deposits, rig
sticking, filter plugging, gumming formation and incompatibility of standard conventional
lubrication oils (Altaie, 2020; Hassan and Kalam, 2013).

2.2  FAME Production Technologies

There are numerous accepted procedures employed in the synthesis of biodiesel that have been well
established over the years with the preference for vegetable oils and animal fats as the main source of
feedstock. These feedstocks can be modified to rectify properties such as viscosity in order to produce

biodiesel consisting of physical properties suitable for diesel engines (Abbaszaadeh et al., 2019).

2.2.1 Transesterification of Triglycerides

Transesterification otherwise known as alcoholysis is the reaction between an alcohol and triglyceride
(Meher et al. 2016). It has been widely used to decrease the viscosity of triglycerides. In biodiesel
production, these triglycerides are reacted with a basic alcohol, usually methanol to produce FAME and
glycerol as a by-product. Transesterification takes place in three successive and reversible intermediate
reactions (figure 1) which are highly influenced by the amount of alcohol introduced to the reaction.
Even though excess alcohol proves to drive the forward reaction, in some conditions where the
operating temperature is higher than the alcohol’s boiling point, a lower biodiesel yield is observed

(Meher et al., 2016).
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Figure 14: Intermediate reactions in the transesterification process adapted from Rehan et al., (2017)

2.2.2  Esterification of Free Fatty Acids (FFA)

Apart from the presence of triglycerides, many oils contain free fatty acids (FFA). FFA content varies
depending on the source of oil as well as whether it has been used or not. Waste cooking oil (WCO)
usually has a high FFA content due to their exposure to animal fats and high temperatures. Non-edible
plant-based oils such as neem, castor, coconut, Karanja and jatropha also contain higher levels of free
fatty acids (Bankovi¢ et al., 2012). A high FFA content poses a great disadvantage to this process as
they undergo a saponification reaction in the presence of a basic catalyst. This side reaction is highly
undesirable as a lower yield of biodiesel is achieved (Ramadhas, et al., 2015). The by-product (soap)
also proves to be tedious and costly to separate from the biodiesel. However, the presence of an acid
catalyst aids in the conversion of FFA into methyl esters in the presence of methanol. This process is

known as an esterification process (Antolin ef al., 2015).

2.3 Catalysts

Catalysts can be mainly classified into two main groups namely homogenous and heterogeneous,
where the heterogeneous catalyst can be either mono, bi-functional or bio catalysts. The choice of
catalyst in FAME production depends on numerous parameters that include among others the type of

oil as well as the alcohol to oil molar ratio used to synthesise biodiesel.

2.3.1 Homogenous Catalysts

Homogenous catalysts, which can be basic or acidic, are catalysts that exist in the same phase as the
feedstock and reactants (Hanif et al., 2017). Homogenous base catalysts are extensively used for
biodiesel production because of their high rate of reaction as they favour the transesterification of
triglycerides due to their reduced mass transfer effect which facilitates faster reaction efficiency (Mansir
et al., 2018). The most commonly used homogenous catalysts on an industrial scale are alkoxides and
hydroxides of alkali metals such as sodium hydroxide (NaOH), potassium hydroxide (KOH) and
sodium methoxide (CH3ONa) (Mansir ef al., 2018). However, a problem arises when the feedstock has
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a high FFA content (>1 wt%) (Chuah et al., 2016). An elevated FFA content results in the formation of
soap which is undesirable. The use of an acid catalyst hinders this saponification reaction as it favours
the esterification of free fatty acids. Acid catalysts have a much slower rate of reaction compared to
basic catalysts (Leung et al., 2015). Moreover, the use of homogenous catalysts proves to be expensive
as the separation process is very extensive and difficult. Although conventional homogeneous catalysts
offer high yields, they are associated with several drawbacks such as an extra neutralisation step, tedious
purification process and wastewater generation which result in increased production costs of biodiesel

(Guldhe et al., 2017).

2.3.2  Heterogenous Catalysts

Heterogenous catalysts are defined as catalysts that are in different phases from the reacting medium
in a reaction process (Gaurav et al., 2019). In the production of biodiesel, the feedstock and reaction
medium are in liquid phase and the heterogenous catalyst for the reaction in solid phase (Gaurav et al.,
2019). These catalysts could be acidic or basic in nature and can be utilised in the alcoholysis process
depending on the feedstock’s FFA content (Mansir et al., 2018). Heterogeneous catalysts are gaining
interest for conversion of oils to biodiesel due to their advantage of easy separation from the reaction
mixture and reuse (Ramli ef al., 2016). However, the use of heterogeneous catalysts comes with a fair
share of disadvantages. One of the major hurdles associated with the use of solid heterogeneous
catalysts for biodiesel production is their very high cost (Tabatabaei et al., 2019). The cost of most solid
heterogeneous catalysts is significantly higher than that of homogeneous catalysts. Therefore, the use
of solid heterogeneous catalysts at an industrial scale is limited. Furthermore, heterogenous catalysts
require some preparatory processes for their synthesis which can be time-consuming. In addition,
atmospheric exposure for a prolonged period of time might deter the activity and stability of the catalyst

(Mansir et al., 2018).

2.3.3 Bi-functional Catalysts

Bi-functional catalysts exhibit both acidic and basic characters. Consequently, under such catalysis,
simultaneous esterification of free fatty acids and transesterification of triglycerides take place
(Sanchez-Bayo et al., 2019). More importantly, a bi-functional catalyst can easily be modified and
altered to introduce the desired properties and yield so that the presence of FFAs or water do not affect
the reaction steps during the transesterification process (Rehan et al., 2017). This flexibility proves to
be advantageous as the catalyst can be tailor-made according to the FFA content of the raw material in
order to achieve a high yield. For example, any oil with a high FFA (> 2 wt. %) content will require a
larger acid to base ratio in order to favour the esterification reaction (Sanchez-Bayo et al., 2019).
Whereas for any oil with a relatively low FFA content (< 1 wt. %) a higher conversion to biodiesel will
be achieved if a higher ratio of basic to acidic catalyst is used (Sanchez-Bayo ef al., 2019). Furthermore,

heterogenous bi-functional catalysts can be reused, recycled and regenerated with minimal energy
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consumption and inhibit soap formation during the synthesis of methyl esters (Elias et al., 2020). This
process requires simple purification and does not require catalyst recovery or aqueous treatment stages
(Elias et al., 2020). Solid bi-functional catalysts, due to their heterogenous nature, give better FAME
yields as they are more tolerant to feedstocks containing high FFA and water content (Elias ef al., 2020).
Moreover, they are not soluble in the feedstock which facilitates easy and cheap separation (Elias et al.,

2020).

3 EXPERIMENTAL PROCEDURE
3.1 Materials

The feedstock for FAME production included methanol, virgin palm oil (VPO), waste palm oil
(WPO), and neem oil. The virgin and waste oils were procured from an oil manufacturing company
SupaOil (Cape Town, South Africa). Methanol (>99.9% purity) was procured from Merk Millipore.
Catalyst synthesis required the use of Calcium nitrate Ca(NO3),.4H,O (98%, AceChem), aluminium
nitrate, AI(NO3)3.9H>0 (98%, AceChem) and sodium hydroxide (NaOH) pellets (Merck, 98%), as the
initial reagents for co-precipitation. Calcium oxide (99%, Merk) and recalcined aluminium oxide (98%,

Merk) were utilised in the impregnation method for catalyst preparation.

3.2 Catalyst Preparation and Analysis

The heterogeneous bi-functional catalyst of choice was a mixture of calcium oxide (CaO) and alumina
(Al>O3) providing basic and acidic sites respectively. The basic to acidic ratios were 50:50, 60:40, 70:30
and 80:20. Respective to these ratios, on a weight basis, the corresponding amounts of calcium nitrate
(Ca(NO3)2.4H,0) and aluminium nitrate (AI(NOs); 9H,0) were, in a 2L flask, mixed well in enough
deionised water to dissolve the salts. The solution was then heated with the use of a hot plate.
Separately,4M NaOH solution was heated until slight bubbling was visible. The two solutions were
mixed under a stirrer and instantaneous precipitation took place. The very viscous suspension/solution
was then continuously stirred for 45 minutes at 1500 rpm and was kept at a temperature of 100 °C to
promote the nucleation dissolution process. The milky solution was then taken off the hot plate and was
allowed to cool down for 30 minutes. The precipitate was then filtered and oven dried overnight.
Thereafter, the dried precipitate was ground up using a pestle and mortar and calcined (600 °C, 5 °C/

min, 13.3 h).

The samples were then characterised via BET where they were dried via nitrogen purging or vacuum
applied at elevated temperatures. The volume of the gas absorbed to the surface of the particles was
measured at the boiling point of nitrogen (-196 °C). Thereafter, the amount of absorbed gas was
correlated to the pores and surface area of the sample. Nitrogen was used as the adsorbate gas which
enabled the determination of volume and size distribution of the catalyst micropores between the

measurements of 0.35 — 2.0 nm. The catalyst samples were degassed at a temperature of 200 °C and
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p/p0 ranged between 0.05 and 0.3. This was done to determine catalyst pore size, pore volume and

surface area.

3.3 FAME Production

The trans(esterification) reaction was carried out in a 200ml flask using a 12:1 methanol/oil ratio and
catalyst loading of 2.5 wt%. the temperature was maintained at 65 °C under continuous mixing at an
agitation rate of 1200 rpm (Zabeti et al., 2009). The reaction apparatus was then turned off and the
flasks were allowed to cool down for 5 min. This was followed by the sieving out of the catalyst and
the decanting of the now synthesised FAME and by-product mixture into a separating funnel. The top
layer consisted of methyl esters whereas the bottom layer predominantly consisted of glycerol with
visible traces of unreacted methanol and water. These by-products were drained out after 1 h. The
biodiesel was then subjected to centrifugation (6000 rpm) for further separation of intermediates and
glycerol present. Further purification was achieved by cleaning the biodiesel with hot distilled water.
This was done to dissolve any remnants of glycerol or methanol in the crude biodiesel. This washing
procedure was repeated until the water drained was colourless which indicated that the various
impurities were completely removed. To ensure minimal water content, the biodiesel was subjected to
a drying agent (Na,SO4, >90%, Sigma-Aldrich) and was heated up until no bubbling was present,
indicating complete water absorption and evaporation. Thereafter, the biodiesel was allowed to cool for

15 minutes and yield was calculated using equation 1

. Masspjodi .
% Yield = ——2iediesel 100 Equation 10
Massfeeddstock oil

4 RESULTS AND DISCUSSION

4.1 Catalyst Characterisation

The catalyst surface areas were in the range of 11 — 13.5 m2/g. An adequate surface area required for
good catalytic activity on a heterogeneous catalyst in the transesterification of oils is >8 m2/g
(Chingakham, Tiwary and Sajith, 2019). Hence the catalyst surface areas were adequate and effective.
Pore diameters of >209.5 A were measured. Similarly, a high pore volume is crucial in the activity of a
catalyst as it assists in the efficient diffusion as well as an increased rate of absorption of reactants
(Tshizanga, 2015). High pore volumes (0.72 to 0.91 cm3/g) were observed (Table 1). The catalysts are
considered to be very porous as a high pore diameter and volume are reported to be above 100 A and
0.07 cm3/g respectively (Chingakham, Tiwary and Sajith, 2019). High surface area, porosity and pore
volumes are crucial as they enhance overall catalytic activity and catalyst performance. Good catalytic
activity might reduce catalyst loading, improve biodiesel yield and ultimately, biodiesel production

costs (Ngoie et al., 2019)

Table 1: Catalyst Pore Diameter, surface Area and Pore Volume
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Ca0:AlLOs ratio Surface Area (m%g) Pore Diameter (A) Pore Volume (cm?/g)
80:20 13.47 227.09 0.090
70:30 13.30 233.82 0.091
60:40 11.11 231.76 0.076
50:50 11.04 209.51 0.072

4.2  Overall Biodiesel Yields

Three feedstocks (virgin palm, waste palm and neem oil) with FFA contents of 0.67,2.47 and 3.25 wt%
respectively, underwent trans(esterification) catalysed by 80%Ca0:20%Al1,03, 70%Ca0:30%Al,0s,
60%Ca0:40%Al1,03 and 50%Ca0:50%Al1,0s. Virgin palm oil (VPO) had the lowest FFA content
amongst the three feedstocks and achieved its highest yield of 97.9% with the use of
80%Ca020%A1,0s. Due to its low FFA content, minimal esterification was required and consequently,
less acidic sites (Al,Os3) (Sanchez-Bayo et al., 2019). Moreover, the basic catalysed transesterification
reaction was dominant and therefore the catalyst with the highest ratio of basic sites (80%CaO) was
most efficient. This is further elaborated by the steady decline in VPO FAME yield as CaO content in
the catalysts decreased (Figure 2).

Waste palm oil had a high FFA content ( >1wt%) (Mansir et al., 2018). The lowest yield was produced
with the use of 80%Ca0:20%A1,0s. This is attributed to the lack of sufficient acidic sites to facilitate
optimal FFA conversion. Moreover, the high amount of basicity in 80%Ca0:20%Al,03 produced
glycerol in the presence of FFA which consequently lowers the yield (Bhoi, Singh and Mahajani, 2017).
In contrast, 70%Ca0:30% Al>O; produced the highest yield at 99.51% (Figure 2). The presence of FFA
in conjunction with an acid catalyst accelerates the formation of biodiesel (Bhoi, Singh and Mahajani,
2017), as an increase in acid ratio facilitated the esterification of FFA (Sanchez-Bayo et al., 2019).
Moreover, FFA enhances solubility in the oil phase under acid catalysed conditions (Bhoi, Singh and
Mahajani, 2017). 60%Ca0:40%Al1,03 and 50%Ca0:50%A1,0; produced yields of 94.08% and 89.88%
respectively. This decline in yield is attributed to the amount of alumina beyond the 70:30 ratio, which
hindered the main transesterification reaction as the number of basic sites were not sufficient for optimal

triglyceride conversion.

Neem oil had the highest FFA content and therefore a catalyst with more acidic sites would be more
favourable. This is evident as 60%Ca0:40%Al1,03 produced the highest yield (97.63%). The poorest
performing catalyst however was 50%Ca0:50%A1,0;3, which had the highest amount of alumina and
therefore acidic sites. The initial calcium oxide to alumina ratio plays a major role in the microstructure

as well as the physical properties of the catalyst where the more the calcium particles are dispersed in
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the alumina matrix, the more porous the structure (Salomao et al., 2017). A decrease in CaO content
therefore results in a decrease of catalyst porosity and surface area. Due to this, there is inadequate mass
transfer as the conversion of large triglyceride molecules are hindered (Ljupkovi et al., 2014). This is

seen in the decline of neem FAME yield beyond the 60:40 ratio (Figure 2).
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Figure 2: Overall Biodiesel Yields

5 CONCLUSIONS

This study showed that catalysts synthesised via co-precipitation proved to be highly effective in
improving FAME yield (99.51%) through the simultaneous esterification and transesterification of low-
grade high FFA feedstocks (2.47-3.25). Under optimum conditions, the FAME yield obtained using
low-cost waste feedstocks was higher to what was obtained (97.85) using edible oil. The four catalysts
were characterised with large pore sizes (>209 A), high surface areas (>11 m?%g) and pore volumes
(>0.072 cm®/g). The most basic catalyst (80%Ca0:20%A1,05) was most effective for the feedstock with
least FFA content while the counterpart catalyst (60%Ca0:40%Al,0O3) which had a higher alumina
loading and resultantly more acidic sites, achieved an optimal biodiesel yield in the feedstock with the
highest FFA content. Hence, the higher the FFA content, the more amenable it is to a higher acidic
content catalyst. This emphasises the need to synthesise tailor-made catalysts according to FFA content

of raw material in order to achieve high yields.

REFERENCES
Abbaszaadeh, A., Ghibadian, B., Omidkah, M. R., Najafi, G. (2019) ‘Current biodiesel production
technologies: A comparative review’, Energy Conversion and Management, 63, pp. 138—148.
Alaba, P., Sani, Y. and Ashri Wan Daud, W. (2016). Efficient biodiesel production via solid superacid
catalysis: a critical review on recent breakthrough. RSC Advances., 6(82), pp.78351-78368.
Antolin, G.Tinaut, F. V., Briceo, Y., Castao, V., Perez, C., Ramirez, A. 1. (2015) ‘Optimisation of
biodiesel production by sunflower oil transesterification’, Bioresource Technology, 83(2), pp.

111-114.

 SAIChE "




449

Bankovi¢-Ili¢, 1. B., Stamenkovié, O. S. and Veljkovi¢, V. B. (2012) ‘Biodiesel production from non-
edible plant oils’, Renewable and Sustainable Energy Reviews, 16(6), pp. 3621-3647.

Bhoi, R., Singh, D. and Mahajani, S. (2017) ‘Reaction Chemistry & Engineering simultaneous
esterification and transesterification’, Reaction Chemistry & Engineering. Royal Society of
Chemistry, 2, pp. 740-753.

Chingakham, C., Tiwary, C. and Sajith, V. (2019) “Waste Animal Bone as a Novel Layered
Heterogeneous Catalyst for the Transesterification of Biodiesel’, Catalysis Letters. Springer
US, 149(4), pp. 1100-1110

Chuah, L. F., Yusup, S., Aziz. A. R. A., Klemes, J. J., Bokhari, A., Abdullah, M. Z. (2016) ‘Influence
of fatty acids content in non-edible oil for biodiesel properties’, Clean Technologies and
Environmental Policy, 18(2), pp. 473—482.

Devi, A., Das, V. K. and Deka, D. (2017) ‘Ginger extract as a nature based robust additive and its
influence on the oxidation stability of biodiesel synthesized from non-edible oil’, Fuel. Elsevier
Ltd, 187(September), pp. 306-314.

Elias, S. Rabiu, A., Okeleye, B. 1., Okudoh, V., Oyekola, O. (2020) ‘Bifunctional heterogeneous
catalyst for biodiesel production from waste vegetable oil’, Applied Sciences (Switzerland),
10(9).

Frost, A. and Sullivan, G. (2016) Innovation earns company biofuels award.

Gaurav, A. Dumas, S., Mai, C. T. Q., Ng, F. T. T. (2019) ‘A kinetic model for a single step biodiesel
production from a high free fatty acid (FFA) biodiesel feedstock over a solid heteropolyacid
catalyst’, Green Energy and Environment, 4(3), pp. 328-341.

Guldhe, A. Singh, P., Ansari, F. A., Singh, B., Bux, F. (2017) ‘Biodiesel synthesis from microalgal
lipids using tungstated zirconia as a heterogeneous acid catalyst and its comparison with
homogeneous acid and enzyme catalysts’, Fuel. Elsevier Ltd, 187(January), pp. 180—188.

Hanif, M. A., Nisar, S. and Rashid, U. (2017) ‘Supported solid and heteropoly acid catalysts for
production of biodiesel’, Catalysis Reviews, 59(2), pp. 165—188.

Leung, D. Y. C., Wu, X. and Leung, M. K. H. (2015) ‘A review on biodiesel production using
catalyzed transesterification’, Applied Energy. Elsevier Ltd, 87(4), pp. 1083—-1095.

Ljupkovi, R. B. Mi, R> D., Tomi, M. D., Radulovi, N. S., Aleksander, L. J., Zarubica, A. R. (2016)
‘Significance of the structural properties of CaO catalyst in the production of biodiesel : An
effect on the reduction of greenhouse gas emissions’, Hemijska Industrija, pp. 399—412.

Mansir, N., Teo, S. H., Rashid, U., Saiman, M. L., Tan, Y. P., Alsultan, G. A., Taufig-Yap, Y. H.
(2018) ‘Modified waste egg shell derived bifunctional catalyst for biodiesel production from
high FFA waste cooking oil. A review’, Renewable and Sustainable Energy Reviews,

82(October), pp. 3645-3655.




450

Meher, L., Vidyasagar, D. and Naik, S. (2016) ‘Technical aspects of biodiesel production by
transesterification—a review’, Renewable and Sustainable Energy Reviews, 10(3), pp. 248—
268.

Ngoie, W. L., Welz, P. J., Ikhu-Omoregbe, D., Oyekola, O. O. (2019) ‘Heterogeneous nanomagnetic
catalyst from cupriferous mineral processing gangue for the production of biodiesel’, Catalysts,
9(12).

Ramadhas, A. S., Jayaraj, S. and Muraleedharan, C. (2015) ‘Biodiesel production from high FFA
rubber seed oil’, Fuel, 84(4), pp. 335-340.

Ramli, A., Farooq, M., Naeem, A., Khan, S., Hummayun, M., Igbal, A., AHmed, S., Shah, L. A.
(2016) ‘Bifunctional Heterogeneous Bifunctional Heterogeneous Catalysts Catalysts for for
Biodiesel Biodiesel Production using Low Cost Feedstocks : A Future Production using Low
Cost Fe’. World ’ s largest Science , Technology & Medicine Open Access book publisher

Rehan, M. and Arabia, S. (2017) ‘Influence of homogenous and heterogeneous catalysts on biodiesel
production’, Renewable Energy Sources.

Sanchez-Bayo, A. (2019) ‘Biodiesel production (FAEEs) by heterogeneous combi-lipase biocatalysts
using wet extracted lipids from microalgae’, Catalysts, 9(3), pp. 1-15.

Sebastian, J., Muraleedharan, C. and Santhiagu, A. (2016) ‘A comparative study between chemical
and enzymatic transesterification of high free fatty acid contained rubber seed oil for biodiesel
production’, Cogent Engineering. Cogent, 3(1), pp. 1-12.

Tabatabaei, M., Aghbashlo, M., Dehhaghi, M., Panahi, H. K. S., Mollahosseini, M., Soufiyan, M. M.
(2019) ‘Reactor technologies for biodiesel production and processing: A review’, Progress in
Energy and Combustion Science, 74, pp. 239-303.

Tshizanga, N. (2015) ‘A study of biodiesel production from waste vegetable oil using eggshell ash as
a heterogeneous catalyst', South African Journal of Chemical Engineering

Yadav, M., Chavan, S. B., Singh, R., Bux, F., Sharma, Y. G. (2019) ‘Experimental study on emissions
of algal biodiesel and its blends on a diesel engine’, Journal of the Taiwan Institute of Chemical
Engineers. pp. 160-168.

Zabeti, M.; Daud, Wan, M.A.W.; Aroua, M.K. Activity of solid catalysts for biodiesel production: A
review, Fuel Process. Technology. 90(6), 770-777




451

Performance Evaluation of Activated Carbon Derived from Macadamia Nut
Shells and Multiwalled Carbon Nanotubes for Effective Removal of BTEX
Compounds from Industrial Wastewater using Adsorption Process: Comparative
Study

K. Melaphi!, 0.0. Sadare'”, K. Moothi'! and G.S. Simate?
! Department of Chemical Engineering, Faculty of Engineering and the Built Environment,

Doornfontein Campus, University of Johannesburg, P.O. Box 17011, Johannesburg, 2028, South
Africa

2 School of Chemical and Metallurgical Engineering, Faculty of Engineering and the Built
Environment, University of the Witwatersrand, Johannesburg, Wits 2050, South Africa.

*Corresponding author: wumisadare@gmail.com

ABSTRACT

Benzene, Toluene, Ethylbenzene and Xylenes (BTEX) compounds are aromatic compounds present in
common groundwater and potable water as pollutants. The negative health effects that result from
exposure of these pollutants have necessitated research in this direction. This study investigated the
adsorptive performance of multiwalled carbon nanotubes (MWCNTSs) and macadamia nuts-derived
activated carbon (MACs) for the removal of BTEX compounds from synthetic industrial wastewater.
The adsorbents were characterised using Fourier Transform Infrared Spectra (FTIR) to check the
surface functional groups of the adsorbents, the textural properties were obtained by Brunauer-Emmett-
Teller (BET) and Scanning Electron Microscopy (SEM) was used to check the surface morphology of
the adsorbents. Adsorption capacitiies for activated carbon were calculated to be 17.59 mg/g, 57.59
mg/g, 55.59 mg/g and 51.59 mg/g for benzene, toluene, ethylbenzene and xylene removal, respectively.
The adsorption capacities of carbon nanotubes were at 17.46 mg/g, 41.63 mg/g 35.23 mg/g and 37.98
mg/g for benzene, toluene, ethylbenzene and xylene removal, respectively. The adsorption mechanisms
of the adsorbents were comprehensively described using Langmuir and Freundlich isotherm isotherms.
Experimental data showed that Langmuir isotherm model best described the adsorption mechanism of
MWCNTs and MACs adsorbents. Pseudo first -order and Pseudo second —order kinetic models were
used to describe the adsorption kinetic studies. MACs proved to be a better adsorbent precursor than
MWCNTs based on high surface area and large pore volume.

Keywords: Adsorption; BTEX; multiwalled carbon nanotubes; macadamia nut activated carbon,
wastewater.

1 INTRODUCTION
The scarcity of fresh water is continuously increasing due to the increase in water pollution. The
release of untreated pollutants to surface water and ground water by industries is affecting the livelihood

of aquatic animals and human health. BTEX compounds are common ground water and surface water
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pollutants especially from petroleum industries (Hackbarth et al., 2014). These compounds have many
applications such as manufacturing of thinners, adhesives, inks, and many pharmaceutical products
(Almedia et al., 2012, Saha et al., 2011).They are often not treated or detected in municipal treatment
systems. An example of this is seen in a study conducted by Makhathini et al., 2015, which stated that
BTEX compounds limits were not reported in the effluent trade acceptance document at the EThekwini
municipality, thus, the wastewater treatment plants are unable to adequately remove all BTEX
pollutants from industrial wastewater. As a result of this, exposure of BTEX compounds has led to
many health problems such as drowsiness, cancer, respiratory problems and sensory irritation. Due to

the health problems caused, removal of BTEX is essential.

2 LITERATURE

BTEX compounds are introduced to the environment through leakages from underground storage
tanks, pipelines, accidental spillages and improper waste disposal practices, causing contamination of
surface soils, sea water and groundwater environment (Chriac et al., 2007). The United States
Environmental Protection Agency (USEPA) categorized BTEX as pollutants that are highly toxic
(Fadaei et al., 2017; Mohammadi et al., 2017). According to the World Health Organization, benzene
is the most toxic among the BTEX, as it is a strong carcinogenic (Mathur, 2007, Njobuenwu et al.,
2005). Various techniques have been applied to remove BTEX from aqueous solution such as
bioremediation (Toth et al., 2015), phytoremediation (Dhankher et al., 2012), air stripping (El-Behlil et
al., 2012) and adsorption (Makhathini et al., 2017; Hackbarth et al., 2014). However, these techniques
have limitations such as, fouling, high operational costs, and they are time consuming (Toth et al., 2015,
Godambe et al., 2017). Among these, adsorption techniques have been considered to be the most
effective technique for removing BTEX compounds because, it can incur low cost while showing high
efficiency and it is easy to operate (Fayemiwo et al 2017, Agarwal et al.,2017). Various adsorbents such
as polysterine resin, tannin based-adsorbent, natural zeolites, carbon nanotubes and activated carbons,
have been used to remove BTEX compounds from wastewater through adsorption processes. The
Macadamia nut shells are agricultural waste materials which are abundant. In the world, South Africa
is the third largest producer of macadamia nutshells (Edokpayi et al., 2020). Activated carbon derived
from Macadamia nutshells are promising adsorbent precursors for the removal of various pollutants
(Pakade et al., 2016, Wongcharee et al., 2017). Dao et al. (2020) reported the removal of Cu2+ and
Zn2+ using activated carbon derived from macadamia nut shells. Pezoti et al. (2014) also reported the
adsorptive capability of activated carbon derived from macadamia nutshells for the removal of
methylene blue. Activated carbons from macadamia nutshells are known for their microporous and
mesoporous structures with high surface area between 700-1100 m2/g (Rotocarb activated carbon,

2020). Therefore, they have reactive sites on their surface, which make them have high adsorption
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capacity. However, as far as it can be ascertained, there are limited studies in literature on the treatment

of BTEX contaminated water using activated carbon derived from macadamia nutshells

Carbon nanotubes (CNTs) have gained popularity as effective adsorbents because of their physical
and chemical properties (Pillai et al., 2011). They are used in various industrial applications such as
water treatment plants as membrane structures, energy storage as well as sensor applications. Simate
et al., (2012) reported the removal of heavy metals and inorganic pollutants using CNTs. Carbon
nanotubes have high adsorption characteristics for adsorption of BTEX (Fadaei et al., 2017; Bina et al.,
2014). This is because they have surface functional groups, porous structure and have large surface area
(Simate et al., 2011). These attributes are essential for adsorption process. For the first time, in this
study, activated carbon obtained from Macadamia nut shells was used for effective removal of BTEX
compounds from water, and compared to the adsorption performance of carbon nanotubes. Effect of
operating variables such as contact time, adsorbent dosage and adsorbate concentration were also
studied. In order to study and provide information about the nature of interactions between the adsorbent
and adsorbate, the Langmuir and Freundlich isotherm models were used in this study. Furthermore,
Pseudo first-order and Pseudo second-order kinetic models were used to give information about the

adsorption rate, path way and mechanism of the adsorption process.

3 EXPERIMENTAL PROCEDURE
3.1 Materials and Methods

The macadamia nutshell activated carbons (MAC, 250 microns) used in this study were donated by
Rotocarb Activated Carbons, Olifantsfontein, South Africa. As-received multi-walled carbon nanotubes
(MWCNTs, 95 % purity), with pore size of 263.717 nm were purchased from Sigma Aldrich Pty (Ltd),
Johannesburg. Benzene (purity: 99.7%), toluene (purity: 99.7%), ethylbenzene (purity: 99.7%), and
Xylene (purity: 99.7%) were also purchased from Sigma Aldrich. The macadamia nut activated carbons,
MWCNTs and chemicals were used as received without any further purification. The laboratory
glassware used were washed with 5 % v/v nitric acid and rinsed thoroughly with distilled water. All

experiments were carried out at room temperature.

3.2 Characterization of macadamia nut shell and multiwalled carbon nanotubes

The surface morphology of the adsorbents was checked using Scanning Electron Microscope (SEM),
the samples were initially coated with carbon to obtain good images. Brunauer-Emmet-Teller (BET)
was used to check textual properties such as specific surface area, pore volume, and pore size
distribution. The samples were determined by physical adsorption of nitrogen at 77 K using a Nova
3200e instrument. The samples were degassed at 150 °C up to 4 hours before measurement. The surface
functional groups of the nanomaterials were checked using Fourier-Transformed Infrared (FTIR)

spectroscopy Perkin Elmer Two ATR-FTIR equipment A portion of KBr powder was combined with
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MACs and MWCNTs. The combination was pulverized for 5 minutes in a mortar to fine powder. The
pellets were placed on the FT-IR sample holder for analysis. The spectra for MAC and MWCNT were

obtained in a frequency band range from 500 to 4000 cm™.

3.3 Removal of BTEX using MACs and MWCNTs

The adsorption of BTEX onto MACs and MWCNTSs was conducted by using batch adsorption
experiments. The synthetic wastewater was prepared by dissolving 100 mg/L of each of the compounds
(Benzene, Toluene, Ethyl benzene and Xylene) in distilled water in a 250 mL volumetric flask to
prepare the stock solution The adsorption experiments were performed by varying the adsorbent dosage
(20 mg — 65.5 mg) and adding to 100 mL BTEX synthetic wastewater at different BTEX initial
concentrations (50, 100, 150, 200, and 250 mg/L) at contact times between (2 — 60 min. The flasks were
enclosed with a cap and placed in the orbital shaker incubator running at 180 rpm at room temperature
for 60 minutes to allow dissolution of BTEX compounds (Fadaei et al., 2017). The samples solutions
were filtered after specific time intervals (2-60 mins) of agitation using 0.45 microfiber filter. The
concentration of the filtrate left was then determined and recorded using the UV- Vis between 215 nm
and 261 nm. The percentage removal of the BTEX compounds was calculated using Equation 2. All
experiments were done in duplicates, to ensure accuracy of the results and only the mean values were
reported. Blank experiments, without the addition of adsorbents, were also conducted to ensure that the
decrease in BTEX concentration was not due to adsorption on the wall of the glass bottle or

volatilization.

%Q = ((C%OC)) x 100 Equation 1

Where %Q is the BTEX removal with respect to initial concentration, C, is the Initial concentration
of BTEX in the flask in mg/L, C.is the concentration at equilibrium in mg/L. To determine the

percentage removal of BTEX, the expression in Equation 2 was used;

Co_ce

Removal efficiency, % = x100 Equation 2

o

Results from Equation 1 were used to determine the Langmuir (Equation 3) and Freundlich (Equation
4) isotherms. The adsorption kinetics were modelled using pseudo first order (Equation 5) and pseudo

second order ( Equation 6) equations.

1 1 1 1 N
— = + X— Equation 3
de Omax KLOmax Ce

Ing, = Inye + %lnCe Equation 4

(e —qv) = lrlqe — kit Equation 5
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4 RESULTS AND DISCUSSION
4.1 Characterization of MACs and MWCNTs

Table 1, presents the textural properties of the MACs and MWCNTSs adsorbents. The Brunauer-
Emmett-Teller (BET) technique was used to check the textural properties of MACs and MWCNTs.
From Table 1, it is shown that MACs has higher specific surface area compared to MWCNTSs. This
might be due to its micro-pore size of 24.189 nm and the temperature employed during synthesis which

determine the specific surface area (Kemp et al., 2015).

Table 1: Textural properties of the adsorbent from BET analysis

Surface area Pore Volume
Adsorbent Pore Size (nm)
(m*/g) (cm¥/g)
Activated Carbon 405.56 0.2051 24.19
Carbon nanotubes 56.86 0.0057 263.72

Figure 1, shows the SEM surface morphology of MACs and MWCNTs. The MACs shows a surface
structure which has high porosity, with elongated pores this confirms that MAC has plant based
lignocellulose structure which indicates that during activation process non carbon materials were
removed (Phele et al., 2019). The presence of mesopores and macropores is observed which explains
the high surface area from the BET results. The structure also appeared to be glossy and smooth. Similar
results were obtained by Wongcharee et al. (2018). Moreover, multiwalled carbon nanotubes had large
agglomerations which were packed tightly with a rough surface. This might be due to structural defects

during their growth and interactions of van der Waals forces (Alig et al., 2012).
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Figure 2. Illustrates the surface functional groups on the surfaces of MACs and MWCNTs. The
infrared spectrum of the MACs shows more intense bands than MWCNTs, although some bands are
visible. The adsorption band at 3455 cm-1 represents the OH stretching vibration of hydroxyl functional
groups for MAC. The decreasing intensity of OH for MWCNTs could be associated with the water used
and the stretching of the carbon nanotubes (Azri et al., 2017). The bands at 1634 cm -1 to 1119 cm-1
are ascribed to C-O and C=0 which attributes to the presence of carboxylic acids (Wongcharee et al.,
2018; Sadare and Daramola, 2019). The presence of carboxylic groups can be attributed to partial
oxidation during purification by the manufacturer (Azri et al., 2017). The adsorption band at 1351 cm-
1 is ascribed to C=C stretching of the aromatic rings, which indicates the presence of carbon in the
macadamia nut activated carbon and multiwalled carbon nanotubes (Mopoung et al., 2015). The results
observed in this study are comparable to literature (Tsolele et al., 2019, Phele et al., 2019, Azri et al.,
2017)

MWCNTS

Transimittance %

0.86 T T T T T
4000 3500 000 2500 2000 1500 1000 500

wavelength cm™

Figure 2: FTIR spectra of MWCNTs and MACs

4.2 Performance Evaluation of MAC and MWCNT for Adsorptive Removal of BTEX
Compounds from a Synthetic BTEX Solution
4.2.1  Effect of contact time

The results for the effect of adsorbent contact time are shown in Figure 3. The contact time was varied
from 2 to 60 minutes. The removal percentage of BTEX increased with increase in contact time. The

gradual increase from 0O to 20 minutes for MACs might be due to the large adsorption sites that are
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available at the beginning of the adsorption. However, they subsequently decreased with an increase in
contact time as the adsorption sites become saturated (Sadare and Daramola 2019 b; Sadare et al., 2020).
The equilibrium contact time was achieved after 20 minutes for MACs whereas for MWCNTs it was

achieved after 40 minutes. This might be due to the increase in pore volume from BET results.
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Figure 3: Effect of contact time on the adsorption of BTEX compounds from synthetic aqueous solution
using (a) MACs, (b) MWCNT. (m=0.025g, Co=100 mg/L, speed= 180 rpm, temp=25°C)

4.2.2  Effect of adsorbent dosage
Figure 4a and Figure 4b depict the effect of adsorbent dosage 0.02 g — 0.0655 g at 100mg/L. MACs

and MWCNTs, respectively. The percentage removal of BTEX compounds increased when the amount
of dosage increased. This might be due to the increase in active adsorption sites (Godwa et al., 2012,
Phele et al., 2019). It can be seen that increasing the adsorbent loading beyond 0.025g has little effect
on the equilibrium loadings of the BTEX compounds of the adsorbents. This could be as a result of

accumulation of BTEX compounds onto the surfaces of the MACs and MWCNTs (Rodrigues et al.,
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2013).Therefore, 0.025g was used as the optimum dosage. As observed, removal percentage using
MACs was higher than MWCNTs with approximately 30 %. The removal percentage of BTEX
followed the order B<T<EB<X.
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Figure 4: Effect of adsorbent dosage on the adsorption of BTEX compounds from synthetic aqueous solution
using a) MACs, b) MWNTs (contact time= 60 minutes, Co= 100 mg/L, speed: 180 rpm, temp 25 °C)

4.2.3 Effect of initial concentration of BTEX compounds

The effect of initial adsorbate concentration on the removal of BTEX compounds by MAC and
MWCNTs is shown in Figure 5a and Figure 5b, respectively. The initial concentration of BTEX was
varied from 0 to 250 mg/L while all other adsorption parameters were kept constant. The adsorption
removal of BTEX increased from 0 to 100 mg/L for MAC while for MWCNTS there was increase from
0 to 150 mg/L. The results indicate that at lower concentrations, there was reduction in adsorption rate
while at higher concentrations there was depletion of active sites. However, decrease in percentage
removal of BTEX was observed at increased initial concentration. Similar results were obtained by

Tsolele et al. (2019) and Sadare and Daramola (2019a).
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Figure 5: Effect of initial concentration on the adsorption of BTEX compounds from synthetic aqueous
solution using a) MACs, b) MWCNTSs. (Contact time = 60 minutes, Mass of adsorbents = 0.055 g, Stirring
speed: 180 rpm, Temp = 25°C).
5 CONCLUSIONS

This study successfully evaluated the performance of macadamia nut activated carbon (MACs) and
multiwalled carbon nanotubes (MWCNTSs) for the removal of BTEX compounds from a synthetic

BTEX-containing water. The following conclusions were drawn from the study;

According to the results MACs performed better than MWCNTs, this might be due to the larger
surface area and larger pores (Table 1). Results obtained from this study indicate that MACs and
MWCNTs are good alternative adsorbent materials for effective removal of BTEX compounds, from
wastewater. They can be regenerated and have good adsorption capacities, making the adsorption
process a cheaper technique compared to other conventional techniques of treating BTEX-contaminated

water (Makhathini et al., 2017; Dehdashti et al., 2017).
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