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ABSTRACT

Effluents containing dyes have become a big problem because of the ineffective and uneconomic
treatment methods used by industries. There is no single treatment system that is adequate for the
degradation of dyes. Currently, several chemical and physical degradation protocols for the
remediation of dyes in wastewater are being used. Also, researchers have detected nitro-aromatic
compounds in wastewater and these toxic compounds are detrimental to flora and fauna present in
water bodies. Our aim was to prepare new materials and assess their potential as adsorbents as well

as synthesis of new catalysts for the reduction of selected dyes and nitro-aromatic compounds.

Two new composites were synthesised from starting materials lignosulphonate, humic acid, maleic
anhydride and Kraft lignin. The novel nanocomposites were characterized by various
spectroscopic techniques such as Fourier-Transform Infra-red Spectroscopy (FTIR), X-Ray
Powder Diffraction (XRD), Brunauer-Emmett-Teller (BET), Scanning Electron Microscopy
(SEM), Energy Dispersive X-ray Spectroscopy (EDS) and Transmission Electron Microscopy
(TEM). Furthermore, the synthesized nanocomposite material was used either as an adsorbent for
the dyes such as Reactive Blue 222 (RB), Reactive Red 195 (RR), and Reactive Yellow 145 (RY)
or as a heterogeneous catalyst for the reduction of several nitro-anilines and selected dyes. UV-vis
spectroscopy was used to assess the potential of the composite as adsorbents or be reductants.
Adsorption isotherms, and adsorption kinetics of the new composite were studied. The overall
advantage of this investigation is the raw material of the composite is cheap as it is obtained as

waste material and is easily available.
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CHAPTER ONE: INTRODUCTION

1.1.Problem Statement

Several industries, such as textile, pharmaceutical, paper-printing, leather, food, and cosmetics,
use synthetic and natural dyes. Because of their mass production and varied applications, dyes
have become ubiquitous and have become an environmental concern. Many of these dyes find
their way into the environment via wastewater facilities. These compounds retain their color and
structural integrity under exposure to sunlight and are persistent in wastewater treatment systems

and other water bodies.

Effluents containing dyes have become a big problem because of industries' ineffective and
uneconomic treatment methods. There is no single treatment system adequate for degrading the
various dye structures. Currently, enterprises use chemical and physical degrading protocols to
remediate dyes in wastewater. These methods include chemical oxidation with reagents such as
hydrogen peroxide and carbon dioxide. Chemical oxidation is also coupled with UV light to
increase color removal. Other techniques involve electrochemical or wet oxidation, activated
carbon adsorption, reverse osmosis, or coagulation/flocculation (Edwards, 2000). Furthermore,
nitro- aromatic compounds have been detected in wastewater and they are of concern because they
are toxic to flora and fauna present in water bodies. One strategy used is to decrease the toxicity
of the nitro-aromatic compounds to less toxic compounds such as the amines via

oxidation/reduction reactions.

The conversion of discarded biomass to value-added chemicals and products is a topical because
of the monetary and environmental rewards. Hence more extensive investigations are being made
into waste materials. In the last decade, valuable materials from lignin biomass have been
produced. Currently, sodium lignosulphonate and calcium lignosulphonate are vital lignin

1



derivatives produced from black liquor is a by-product of the cooking process in the paper industry.
The lignin obtained from black liquor shows different structures due to the origin and the industrial
process from which it is received; for instance, specific industries produce different qualities and
grades of black liquor. For example, industries that produce black liquor with a pH range 8-10 are
considered kraft lignin, whereas black liquor with an acidic pH is referred to as lignosulphonate
(LS). This lignosulphonate is a waste liquor and can be obtained cheaply in large quantities.
Currently, many industries use lignosulphonate is as a dispersant to reduce viscosity in slurries,
generate electricity in plants, and produce fine chemicals. Its structure consists of different
functional groups, including the hydrophilic and hydrophobic groups, and is used in various
applications.

Minimal studies have focused on using lignosulphonate as a raw material to synthesize a new high
valued material with other readily available organic compounds. Furthermore, these new
composites have not been adequately investigated for their use as an adsorbent to remove textile

dyes or reduce nitro-aromatic compounds.

1.2 The Scope of Research

Worldwide, a million tons of waste and pollutants from households, industries, transport, mining,
and agriculture are discarded into the aquatic surroundings. These wastes are produced frequently
with no adequate treatment. The ever-increasing industrial activities have caused the discharge of
large amounts of inorganic and organic pollutants into aqueous systems. Therefore, polluted water
bodies not only pose health risks to human and animals, they are also an ecological threat. Pollution
of water sources is an environmental dilemma because many substances are not biodegradable,
and most are highly toxic. In addition to aquatic life, human and terrestrial animals that depend on

water bodies are at risk because of pollutants such as textile dyes and nitro-anilines (NAs), which



are highly carcinogenic and are becoming ubiquitous. Hence there is a need to develop simple and
effective processes for the removal of these pollutants. The present work involves the study of
adsorption of textile dyes and the reduction of nitro-aromatics using various adsorbent materials
derived from Kraft lignin, lignosulphonate and humic acid. These low-cost industrial waste
materials can be converted into adsorbents that are effective and efficient for the removal of dyes

and nitro-aromatic compounds from laboratory simulated wastewater.

1.2.1 Aims and Objectives

This study aims to synthesize and characterize the new composites from humic acid,
lignosulphonate, maleic anhydride and kraft liquor, and evaluate their potential to adsorb textile
dyes and reduce nitro-aromatic compounds.
The objectives of this study were to synthesize and characterize:

e humic-lignosulphonate composite

e humic acid-lignosulphonate-maleic anhydride composite

e humic-based kraft composite

and
e cvaluate the composites for the adsorption and reduction of nitro-anilines and

textile dyes



1.3 Structure of the Thesis

This thesis consists of three chapters; each chapter presents different aspects of the study as given
below:

Chapter One: This chapter exposes the problem, scope, aims, and objectives of the study. Also,
a summary of each chapter is enunciated.

Chapter Two: This chapter presents a detailed literature review. Topics such as types of dyes,
nitro-compounds, different methodologies used for pollutant removal from wastewater, and the
reduction of aromatic compounds are discussed. We also focus on adsorption, the various
isotherms, and the oxidation-reduction process. Finally, an extensive literature search is presented
on the synthesis of humic acid and derivatives of lignosulphonates and their utility in chemical
fields.

Chapter Three: The materials and instruments used in this study are presented.

Also, the experimental procedures for synthesizing the three composites, viz., humic
lignosulphonate, maleated humic lignosulphonate, and humic kraft lignin, are detailed. Finally, the
protocols used for adsorption studies and the reduction of nitro-aromatics, and the kinetic
evaluations are presented.

Chapter Four: This chapter is divided into two parts.

The first part comprises the adsorption studies using the humic acid-lignosulphonate-maleic
anhydride composite. Herein, the synthesis and characterization of the composite is discussed.

Thereafter, the data gathered for the adsorption and kinetics are interpreted and discussed.



In the second part, the humic acid-based kraft lignin composite is characterized, and the reduction
of 4 nitro-aromatic compounds and 5 dyes is discussed. Also, a plausible mechanism for the
reduction reaction is described. Finally, the conclusion is drawn, and a recommendation is made

for further investigation.



Chapter Two: Literature Review

2.1 Types Of Pollutants and their Impact on the Environment

The survival of humanity depends on some critical sources such as clean and adequate water,
fertile land, air with the correct proportion of gases. Unfortunately, presence of pollutants in the
environment: air, water, land adversely affects the health of humans and organisms that resides in
habitats. Some industries responsible for generating pollutants include textile, mining, agriculture,
refinery, chemical, and pharmaceutical industries. When these industries produce and discharge
toxic gases and untreated or poorly treated effluents, human and animals are exposed to harmful
compounds with chronic toxicity (Rieger et al., 2002). Some pollutants also exhibit an unpleasant
color and offensive odor, while others display biochemical and physiological properties that can
cause tissue and organ damage to animal and plants. Thus, the continuous disposal of municipal,
industrial, and agricultural effluents into the environment can caused a substantial increase in toxic

pollutants, which are dangerous to all life forms.

2.1.1Types of Water Pollutants

Water is an essential resource to plants and animals and hence needs to be safeguarded. Water
pollution is one of the most severe problems affecting the world today as it results in the reduction
of freshwater supplies. Water pollution can arise from an increase in the population, depletion of
natural habitat, and development of industrialization. It is, therefore, imperative to treat effluents
and wastewater with low-cost and efficient techniques to remove both organic and inorganic
compounds. Over the years, many scientists have conducted extensive research to highlight and
investigate the effects of different pollutants and how to reduce them in the environment(Yu et al.,
2019, Aguilar et al., 1999, Bilal et al., 2018, Subramaniam et al., 2019, Crini, 2006, Gupta and

Suhas, 2009, Pan et al., 2009, Kowsari, 2014, Gangadhar et al., 2012)



Water pollutants can be placed into various categories such as organic contaminants (Nie et al.,
2019), pathogens (Strokal et al., 2019), nutrients and agricultural runoff (Nsenga Kumwimba et
al., 2018), suspended solids and sediments (organic and inorganic) (Riigner et al., 2019), inorganic
and metals (Hlongwane et al., 2019), and radioactive materials (Mahmoud et al., 2019). However,
the most common types of pollutants in the environment are persistent organic pollutants (POPs)
such as polychlorinated biphenyls (PCBs) (Ontiveros-Cuadras et al., 2019), industrial dyes (Bilal
et al., 2018) and nitro-aromatics (NArs). Persistent organic pollutants pose a health hazard because
of their mutagenic and carcinogenic nature (Yazdi et al., 2009; Khalid et al., 2009; Sun et al., 2007,

Singh et al., 2019).

Industrial dyes and toxic NArs are the most common pollutants among the several classes of
organic pollutants. These organic compounds are produced by many industries, including paper
and pulp, textile, plastic, leather, cosmetics, pesticides, pharmaceuticals, and allied food industries.
In addition, several pollutants are stable compounds and illustrate low biodegradability with
cumulative effects (Gu et al., 2018; Khalid et al., 2009; Crini, 2006). The growing concerns over
the harmful effects of dyes in aquatic surroundings caused researchers to find new ways to remove
them from the marine surroundings. It includes chemical, physical and biological techniques,

photocatalytic degradation, and adsorption.

2.1.2 Impact of Wastewater Effluent Contaminants

Over the century, the massive increase in organic chemicals has inevitably caused an upsurge of
organic pollutants in aquatic bodies. Organic contaminants can become accumulative in marine
mammals, body fat of humans, and other animals that come into contact with them. Also, they can
easily be moved to different regions and transported by wind or water bodies, and they can be

passed from mother to fetus. Even in small dosages, organic pollutants can cause the following:



e Damage to human and animal tissues

e Trigger nervous system damage

e Severe physiological or neurological damage to the human body

e The disease of the immune system and cancer

e Reproductive disorders

e Damage to the liver and cause hemolytic anaemia

2.1.3 Lignin

Lignin is the second most abundant organic compound present in the world. The annual production
of lignin is estimated to be 36 x 108 tons (Gellerstedt and Henriksson, 2008, Bajwa et al., 2016,
Bajwa et al., 2019, Dessbesell et al., 2020). The enzymatic polymerization of the monomers p-
coumaryl alcohol, coniferyl, and sinapyl creates the amorphous polyphenolic structure in the lignin
(Maziero et al., 2012; Fratini et al., 2006; Yadav et al., 2018; Santos et al., 2014; Dos Santos et al.,
2014). Lignin is a polyaromatic macromolecule made up of 70% carbon content and contains
functional groups such as phenolic, aliphatic hydroxyls, and carboxyls (Fig 1). In addition, lignin
can be used as a neutralizer or inhibitor in oxidation processes, thus stabilizing reactions induced
by oxygen radicals and their derived species (Dos Santos et al., 2014, Garcia et al., 2010). The
pulp, paper, and biofuel industries are the primary lignin producers. In the Pulp and Paper

industries, it is treated as a waste liquor and burnt off for steam or electricity generation.

The partial chemical structure of lignin is shown in Fig. 1. Lignosulphonate can be used to produce
different phenolic products such as resins and chelating agents. The transformation of lignin into
profitable products is one way to show lignin's potential (Fierro et al., 2008, Fierro et al., 2006,
Guo and Rockstraw, 2006, Shu et al., 2020, Shi et al., 2013, Faba et al., 2015). Lignin can also be

used as an alternative to non-renewable coal resources. Due to the high carbon content, lignin can



be used as an alternative to commercial activated carbon. Lignin could be transformed into
activated carbon either by chemical or physical activation methods. Chemical activation is
preferable since it requires a lower activation temperature and produces higher product yields.
Also, lignin-derived from chemical pulping processes is a renewable alternative to many chemicals
derived from petroleum refining. Both Kraft lignin and lignosulphonate (LS) are valued by-
products of pulp industry. LS is one of the significant by-products of the pulp and paper processing

industry.

Generally, sulfite pulping produces L.S. as a by-product of de-lignification of Wood (Sjostrom,
1993). Lignosulphonate are water-soluble anionic polyelectrolytes which contains sulfonate
group. The degree of sulfonation occurs at approximately 0.5 per phenylpropane unit (Sjostrom,
1993). Lignosulphonate has a comparatively high molecular weight with a wide distribution and
relatively high ash content (Vishtal and Kraslawski, 2011). Therefore, it is usually obtained as dry
solids (Hu, 2002, Hu and Hsieh, 2016). Lignosulphonate is produced commercially by many
industries; Borregaard LignoTech is one of the largest producers with more than a million tons per
annum (Vishtal and Kraslawski, 2011). The carbon gained from biomass components is cheap,
primarily spherical, micron-size, contains a sp? hybrid carbon skeleton, and contains many oxygen-

containing functional groups.



Figure 1. The partial structure of lignin

Owing to its low cost, biodegradability, and non-toxicity, L.S. is a good material for various
industries. Hence, a new method of synthesis of L.S. was developed to improve its quality and
production quantity (Hao et al., 2016, Tan et al., 2012, Won and Borden, 2016, Hao et al., 2017).
It 1s used in the degradation of explosives in soil, to enhance the perfoninance of zinc batteries, as
a composite superabsorbent polymer, a water reducer, and dispersant for gypsum paste (Matsushita
and Yasuda, 2005, Tan et al., 2012, Hao et al., 2016, Won and Borden, 2016). However, although

L.S. has been used as an adsorbent, it has not been adequately utilized as a carbon adsorbent.

2.1.4 Humic Acid

Humic acid (HA) 1s a natural macromolecular structured material found abundantly on the earth's
surface. It has formed from the decaying of organic matter and can be easily obtained from the
environment (Zhang et al., 2013). It constitutes a significant component of huinic substances that
originate from the organic matter of soil, peat, and coal. HA is an amorphous powdered material

that enhances its reactivity and allows for a broad framework of polycyclic aromatic hydrocarbons
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(Fig. 2) within the structure (Huang et al., 1996; Yang et al., 2005). It contains aliphatic and
aromatic units (Fig 2) crossed linked by different types of oxygen comprising functional groups

(Xing et al., 2017).

Furthermore, HA contains predominantly a large amount of surface functional groups in its
structure, namely hydroxyl, carboxyl, and phenolic groups. These groups are the main
coordination sites for bentonite, metal ions, and organic matter (Catrouillet et al., 2014). HA
strongly likes hydrophobic organic compounds, but unfortunately, removing them from water
systems is quite troublesome. It was reported that the combination of HA and iron oxide with
magnetic separation could improve the removal of contaminants from water (Liu et al., 2008). In
addition, Liu reported that HA coated with a Fe3O4 effectively removed the heavy metals present

in contaminated waters (Liu et al., 2008).
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Figure 2. The Partial Structure of Humic acid

HA 1s well known for binding a large variety of metalloids, metals, and toxic elements
(Thanabalasingam and Pickering, 1986). In addition, HA acts as a regulator of metal mobility and
influences its bioavailability in the environment (Sposito and Weber, 1986). The binding ability 1s
due to the oxygen-containing functional groups. High reactivity would possibly cause different
types of contamination in water. Also, HA can freely bind with metal i1on species and organic
compounds, thereby contributing to their movement within water bodies (Deng and Bai, 2004).
HA also harnns the environment by changing watercolour and taste. It can also promote bacterial
growth 1n water. Carcinogenic compounds arise when HA undergoes chlorination (Deng and Bai,
2004). However, HA is a green, inexpensive, renewable biomass material and a natural polymer
and could be used for vanous essential applications; hence more extensive research is encouraged.
2.1.5 History of Dyes

Historically, many ancient civilizations used natural dyes, such as the Indians, Chinese,
Mesopotamians, Egyptians, Greeks, and the Aztecs. In early culture, most dyes were obtained by
physically crushing and grinding roots, leaves, and barks of plants and fungi (Adrosko, 2012), and

these molecules were classified as natural dyes. The oldest dye recorded in history was Indigo,
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whereas red colors were used for over fifteen thousand years at burial sites. The practice of dyeing
material cloths began around 3000BC in China (Har Bhajan and Bharati, 2014). However, the dyes
obtained by crushing selected plant organs were of low yield, and it was a time-consuming task.
As industrialization developed, it resulted in a higher demand for dyes for various plastic, textile,
leather, and paper applications. Hence dyes were synthesized: they are categorized as disperse,

azoic, direct, vat, acidic, basic, and reactive.

2.1.6 Types of Dyes

There are several categories of dyes. The classification is based on chemical structure and color
index (Benkhaya et al., 2020). They are ionizing, aromatic, colored compounds. The color comes
from groups that can absorb specific wavelengths of visible light and diffuse other wavelengths.
These groups are called chromophores and auxochromes (Benkhaya et al., 2020). The
chromophores are made up of delocalized electron systems with conjugated double bonds. The
function of the chromophores is their ability to impact color. The auxochromes consist of electron-
withdrawing or electron-donating substituents. The auxochromes are functional groups attached
to the chromophore. It alters the capacity of the chromophore to absorb light (Vankar, 2000;
Benkhaya et al., 2020). Chromophores are carbonyl, azo, nitro, quinoid, carbon-nitrogen groups
while the —NH3, -COOH, -HSO3s, -O.H., -NHR and -NR» groups are auxochromes. For the

classification of dyes, the auxochromes are very important.

The different classes of dyes are further grouped based on their color, such as black, blue, red,
yellow, brown, orange, green, and violet (Vankar, 2000). According to the chemical classification
of dyes, they are grouped based on the chromogen group, for instance, azo dyes (-N=N- azo
structure), nitro dyes (2 nitro functional group), and thiamin dyes (derivatives of thiamin)(El Harfi

and El Harfi, 2017, Benkhaya et al., 2020).
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2.1.6.1 The Azoic Dyes

These dyes are produced by reacting coupling compounds with either di-azo, diazo base, or diazo
salts (Panda, 2013). These dyes have excellent coloring properties, mainly from the red to yellow
range. They do not degrade upon oxidation and are considered stable in a range of pH values.
Certain azo dyes can release aromatic amines; this occurs by breaking down the azo dyes under
reductive conditions (Zhang and Ma, 2013; Zhang et al., 2013). The aromatic amines are
carcinogenic, toxic, and mutagenic and affect the cellular response in humans (Zhang and Ma,
2013, Leo et al., 2018). Their presence can significantly affect water bodies and suirounding

environments. The following Fig. 3 shows the two important dyes in the azo dyes family:

03Na
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O \ N=N—C— c'l.
0
3C4i
(a) O O.Na

Figure 3. The structure of azoic dyes a). Congo Red b). Allura Red

2.1.6.2 The Direct Dyes

Direct dyes have been widely used for the dyeing of textiles (Koh, 2011). Direct dyes interact with
cellulose under an alkaline medium to form covalent bonds with the fiber (Hawkyard, 2006).
Direct dyes are made up of four parts: the chromogen is the reactive system that allows the dye to
mteract with the substrate. This linking system provides for the formation of a link for the reactive
system to the chromogen part. Also, a solubilizing group is present that aids water solubility

(Chattopadhyay, 2011). Direct dyes come in a wide variety of shades, allow for easy application,
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and can be easily removed by bleaching. During bleaching, the azo moieties can stop or slow down
this process. They are water-soluble amonic dyes and can be applied directly to cellulose fibers
without a mordant. However, saline dye wastewater is produced in this process, adversely affecting

aquatic life, water potability, and agriculture (Sekar, 2011; Lefebvre and Moletta, 2006).

2.1.6.3 Reactive dyes

Reactive dyes were synthesized in 1950. These dyes have a much simpler chemical structure than
direct dyes. The series of dyes and their applications as shown i Table 1. Reactive dyes also have
more good absorption bands in their absorption spectra and reflect a brighter colour during dyeing.
Reactive dyes are anionic; they can occur in different forms such as granules, and solutions and
are also water-soluble dyes. The dyeing process can happen m a single step, and they have lower
dyeing temperatures:1000° C. The following are examples of reactive dyes: Remazol Black B,
(Fig. 4) Remazol Red (Fig. 5) and Remazol Golden Yellow (2) (Jahan Ara et al., 2013, Norsita et

al., 2016, Chattopadhyay, 2011).
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Figure 4. The structure of Remazol Black B dye
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Figure S. The structure of Remazol Red

2.1.6.4 Sulphur Dyes

Sulfur dyes contain sulfur linkages. They are non-ionic, reasonably cheap, and insoluble in water
(Chakraborty, 2011). The dyeing process requires high temperature and excess salts for the color
to penetrate the fiber. Also, oxidation must occur either by chemicals or air is required after the

dyeing process (Chakraborty, 2011). (Fig. 6)

Figure 6. Sulphur Blue 7 structure

2.1.6.5 Vat Dyes

Vat dyes are water-insoluble and are applied to cellulosic fibers. These dyes contain the carbonyl
group with a co-planar aromatic skeleton (Fig. 7). The aromatic rings are responsible for the Van
Der Waal forces between the substrate and the molecule. These dyes are used in soluble form to

infuse the fibers.
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Figure 7. The structure of Vat Black 7

2.1.6.6 Cationic or Basic Dyes

They are used for dyeing acrylic fiber but were mitially used in silk dyeing when the brightness of
the color was more important. In an aqueous solution, basic dyes forin positively charged 1ons that
mteract with the negatively charged groups in the fiber to produce a salt. Some of the ionic dyes,

as shown in Fig. 8.
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Malachite Green (C.l. Basic Green 4) Crystal Violet (C.I. Basic Violet 3)

@Q

Figure 8. The structure of selected basic or cationic dyes
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2.1.6.7 Classification of dyes and their use

Table 1 presents a summary of the classification of dyes and their use

Type of | Type of dye applied | Applications of the dyes | Name of the chemical
dye material moiety present
Vat Cotton, wool, leather, | Water-insoluble and | Anthraquinone and
and rayon solubilized by reducing | Indigoids
with sodium hydrogen
sulfide
Reactive Cotton, wool, silk, and | The reactive site on the | Basic, azo, oxazine,
nylon dye responds to the | phthalocyanine and
functional group on the | anthraquinone
fiber molecule to link the
dye covalently
Sulfur Cotton Aromatic substrate vatted | Unspecified structures
with chemicals and further
re-oxidized to  form
insoluble sulfur-
containing products on the
material.
Azoic Cotton, rayon, | Material infused with Azo
cellulose and | coupling element and
polyester reacted with a stabilized
salt
Basic Paper, Added into dyebaths Azo, azine, xanthene,
polyacrylonitrile, acridine and
nylon and inks anthraquinones,  cyanine,
hemicyanine and
diazahemicyanine.

18




Direct Cotton, paper, and | Added from solutions | Azo, phthalocyanine and
leather containing excess | Stilbene
electrolyte

2.2 Introduction to Nitroaromatics

The release of organic effluent water into water bodies poses grave risks to marine life and human
beings and produces a carbolic scent in the water. One of the notorious organic pollutants is nitro
compounds, which are well known for their carcinogenic properties and dangerous nature (Wan et
al., 2019). The nitro compounds that are commonly found in effluent wastewater are aniline,
phenol, p-nitroaniline (p-NA), o-nitroaniline (0-NA), m-nitroaniline (m-NA), o-nitrophenol (o-
NP), m-nitrophenol (m-NP), p-nitrophenol (p-NP). Nitroaniline, although with high toxicity, is
used in preparing other organic compounds that are used as pharmaceuticals, antioxidants, azo
dyes, pesticides, corrosion inhibitors, and fuel additives (Orelup, 1980, Wood et al., 2008,

Arumugam, 2018, R. Rajesh and Venkatesan, 2012, Chen et al., 1997, VanVliet et al., 2005).

In many first world and developing countries, N.A.s are considered priority pollutants (Bakhsh et
al., 2019). The United States Environmental Protection declared 2-NA as a priority harmful
pollutant and toxic waste product (Dong et al., 2015; Dong et al., 2014b). The nitro anilines are
soluble in water, causing them to permeate throughout soil into surrounding water bodies freely.
Therefore, it is vital to find effective methods and techniques to remove and dispose of N.A.s from
wastewater and other water sources. Different researchers reported various techniques for the
removal of N.A.s. Technologies such as catalytic reduction, electrochemical degradation,
biological degradation, photocatalysis, adsorption, and modification can be found in the literature.
The reduction method is the best-opted technique as catalytic reduction converts N.A.s into o-
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phenylenediamine (0-PDA) (Naseem et al., 2017) which can be helpful in many different types of
applications such as antiseptic agents, dyes, in chicken products (Dayan et al., 2015, Liu et al.,
2014). However, better protocols are required to convert the N.A.s to less toxic and more valuable
products. One such methodology is to use catalysts that could be used in ambient reaction
conditions and preferably in an aqueous solution (Bakhsh et al., 2019). Such a method is based on
reducing N.A.s to their corresponding amine derivatives (Santhosh et al., 2016, Wang et al., 2013,
Baran, 2018). There are many derivatives of N.A.s, but aniline and N.A. isomers that the focus of

this thesis are shown in Fig.9.

2.2.1 2-Nitroaniline

2-Nitroaniline (2-NA) is currently used in anthropogenic activities, pharmaceuticals, and
explosives (Bano et al., 2017). However, 2-NA is regarded as an environmental pollutant. Even a
low concentration of 2-NA is detrimental to marine, animals and human life since it is
carcinogenic, toxic, and mutagenic (Abay et al., 2017; Wang et al., 2012; Singh et al., 2014). The
best method to produce 2-NA is by reacting ortho nitro chlorobenzene with ammonia, but multiple

other reactions can produce 2- nitroaniline.

2.2.2 3-Nitroaniline

The toxic effect of 3-NA damage (Bakhsh et al., 2019; Abay et al., 2017; Wang et al., 2012) on
mammals are many, some of which include: liver damage, anaemia and convulsions, seizure,

damage to respiration organs, mutations and DNA alterations.

2.2.3 4- Nitroaniline

4- nitroaniline (4-NA) is currently used as an intermediate in the synthesis of dyes in

manufacturing drugs, gasoline, medication for livestock, and corrosion inhibitors (Booth, 2000,
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Williamson and Masters, 2010). 4-NA can be highly toxic in ways that include inhalation,
adsorption, and ingestion (Emmrich, 1999; Bradley and Chapelle, 1995). In addition, research has
shown that 4-NA is exceptionally harmful to aquatic animals, and lab-based studies have shown
that it can be detrimental to rats (Maté et al., 1967; Degawa et al., 1998, Espinosa-Aguirre et al.,

1991, Emmrich, 1999).

NH, NH, NH, NH,
O O™ G
NO,
NO,
(a) (b) (c) (d)

Figure 9. The structure of a) Aniline b) 2-nitroaniline c¢) 3-nitroaniline and d) 4-nitroaniline

2.3.1 Catalytic Methods for the Reduction of Nitroaniline

Nitro aniline is usually reduced to less harmful compounds in the presence of a mild reducing
agent. The reduction process is slow and not kinetically feasible. Hence, there is a search for new
materials or catalysts to speed up the entire process. These are grouped into supporting systems

and nanoparticles containing a metal.

2.3.2 Supporting systems

Graphene 1s a versatile material used in many different applications. Graphene is a carbon structure
made up of multiple functional groups such as hydroxyl, carbonyl and carboxylic groups that are
found on its surface and thus contribute to its hydrophilic characteristics and adhesive properties
(Naseem et al., 2017, Khoa et al., 2014). The graphene compound demonstrates unique features
such as light in weight, electronic, magnetic, excellent electron mobility, and large surface area

(Schwierz, 2010). Nanotechnology generally uses different forms of graphene due to its stability.
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The high surface area and electronic structure make graphene a good support material for
harnessing and enhancing catalytic propertiesof metal nanoparticles (Khoa et al., 2014; Salam,

2015; Ersan et al., 2017; Tang et al., 2018, Kyzas et al., 2018, Huang et al., 2010).

Silica has the following desirable properties: high surface area, low density, and thermal and
chemical stability (Naseem et al., 2017). They also show good catalytic activity. Nanoporous silica
material excellent supporting material for metal nanoparticles. Silica nanoparticles are synthesized
using various reagents (Gade et al., 2018, Kyzas et al., 2018, Fernandes and Jonas, 2018, Dong et
al., 2014, Le et al., 2014). One of the disadvantages of using silica as a supporting system is the
small pore size which can restrict access to metal nanoparticles that are inside pores due to size

exclusion of large substrates

A hydrogel has a 3-dimensional network frame of hydrophilic polymer units for secure attachment.
A hydrogel contains multiple functional groups; these include alcohols, carboxyl's, and sulphonic
acid, which contribute to its hydrophilic properties and make it easy to absorb water (Sanyang et
al., 2013). Hydrogel has numerous applications - extraction of precious metals, removal of
solvents, and chemical catalysts (Mathur et al., 1996). Hydrogels are used as a supporting system
in a catalytic reduction of poly(acrylamide)-chicken biochar's hydrogel composites for the removal
of phenol (Sanyang et al., 2013), biochar embedded with hydrogel for removal of 4-nitrophenol
(Sahiner et al., 2013) and silver nanoparticles-fabricated hybrid microgels for reduction of 2-

nitroaniline (Farooqi et al., 2015).

2.3.2 Nanoparticles Containing a Metal Ion

Gold nanoparticles (AuNPs) have been extensively used in catalysis (Corma et al., 2007; Gu et al.,

2013; Shi et al., 2012). They have desirable electronic, optical, and excellent surface properties.
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Another commonly used catalyst is silver nanoparticles (AgNPs), which had been used to reduce
2-nitroaniline (Gnanaprakasam and Selvaraju, 2014; Dong et al., 2014; Zeng et al., 2012). Silver
is a cheaper noble metal compared to Pt and Au (Farooqi et al., 2016). Furthermore, AgNPs are
easy to prepare and the particle size can be controlled. In addition, AgNPs possess excellent
stability in the presence of an appropriate stabilizing agent. These factors make it a suitable

candidate for use as a catalyst (Naseem et al., 2017; Gnanaprakasam and Selvaraju, 2014).

2.3.3 Polymeric Compounds for Wastewater Treatment

The first macro reticular polymeric adsorbent was produced in the 1970s (Kunin, 1977). They
displayed excellent physical properties, making them an eligible candidate for adsorption and
filtration techniques (Pan et al., 2009). They were initially used in gel permeation chromatography.
It is currently used to remove both organic and inorganic pollutants from effluent wastewaters.
Some of the various organic contaminants adsorbed are phenolic compounds, organic acids,
aromatic or polyaromatic hydrocarbons, alkanes, and their derivatives. These polymers were
modified and functionalized to intensify and increase their adsorption toward selected
contaminants (Pan et al., 2009). Polymeric adsorbents can undergo efficient regeneration under
mild conditions using diverse desorption reagents depending on the adsorbed pollutants (Ferrari,
2014; Pan et al., 2007; Pan et al., 2005). The key polymeric adsorbents currently used for
wastewater treatment are polyacrylic ester or polystyrene matrixes. They are used in their pristine
or modified form, and their preparation is intensively discussed in the literature (Pan et al., 2009).
Some examples of the type of organic molecules that were removed with a polystyrene matrix are
phenol, p-chlorophenol, amino acids, salicylic acid, p-hydroxybenzoic acid, 1-naphthol, 2-
naphthol, 1-naphthylamine, 2-naphthylamine, 4-nitrophenol, aniline, and dyes (Yang et al., 2003,

Abburi, 2003, Deosarkar and Pangarkar, 2004, Zhaoyi et al., 1997, Pan et al., 2007, Azanova and
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Hradil, 1999, Zhang et al., 2006, Pan et al., 2009, Ferrari, 2014). Hybrid polymeric adsorbents are
currently attracting attention for the removal of pollutants. They are made by infusing fine non-
toxic natural particles that can be either inorganic or metal and organic particles on the support of
larger particles (Ferrari, 2014). The main reason for developing these hybrid adsorbents depends
on the fine particles, as they show a strong affinity for the specific pollutants in the effluent
(Ferrari, 2014). Therefore, they had to be infused into porous supports of bigger particle sizes to
overcome this issue. Due to the modifiable chemical-physical properties, natural polymeric

compounds appeared to look very promising compared to activated carbon, cellulose, and sand.

2.3.4 Adsorption Technique Used for Remediation of Pollutants

Since the first industrial revolution, fast expansions in industrialization and population growth
have greatly accelerated with the pollution of the environment. As a result, different technologies
have been developed to regulate pollution levels (Wang et al., 2013). The adsorption technique is
seriously used by the available technology and is known for being a simple process to remove
various pollutants efficiently. Furthermore, adsorption ensures no further pollution from the
production of harmful substances during its technique(Wang et al., 2013). The adsorption capacity
of an adsorbent is a function of its porosity and surface area. Nowadays, various porous materials
have been on the market; these include activated carbon, clay, and polymers, illustrating various

abilities to remove pollutants from water.

Adsorption is the method where dissolved particles are adhered to the exterior of an adsorbent due
to either physical or chemical influence. Adsorption is a well-established process for the treatment
and action of industrial effluent water containing toxic organic and inorganic impurities (Foo and

Hameed, 2009). An adsorbent substance can be obtained from synthetic materials or freely
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available agriculture wastes. Agriculture wastes such as sawdust, nutshell, macadamia nuts,
coconut shell, walnut shells, char, camphor wood, and palm shell can be made into activated
carbons (Kassim et al., 2004, Wongcharee et al., 2019, Li et al., 2009, Benedetti et al., 2018, El-
Shahat and Shehata, 2014, Dong et al., 2019, Di Natale et al., 2013, Hajialigol and Masoum, 2019).
The following are adsorbent materials: inorganic oxides, eggshells, silica, and bentonite (Banat et
al., 2000; Banat et al., 2003; Rauf and Malik, 2001, Huang et al., 2017, Zulfikar et al., 2012). In
addition, humic acid cryogel based monolithic adsorbent, nanographene, hyper-cross-linked
polymeric adsorbent, and amine-epoxy based polymers are also used (Raghunath et al., 2016,
Huang et al., 2009, Narimani and Mansour Lakouraj, 2015, Wang et al., 2018, Salam, 2015, Senlik
et al., 2017). These adsorbents are currently used to remove and recover organic and metal
pollutants from wastewater sewage (Rajasulochana and Preethy, 2016). The process involved in
the adsorption technique comprises selecting an ideal adsorbent based on the surface area, porosity,
and particle size. However, this technique has problems that include the inability to have complete
removal, low adsorption capacity, high material costs, lack of the availability of material,
regeneration of the adsorbent material, and problems arising from discarding of the adsorbent after

1ts use.

2.4.1 The Process of Adsorption

Of all the wastewater treatment processes, adsorption is regarded as the superior process,
considering that it is a very efficient and affordable method for treating industrial effluent water
containing dyes and nitroaromatic compounds. Adsorption can be classified as chemisorption and
physisorption. The two types occur when the molecules are in a liquid phase and are then attached
to the adsorbent surface, which is the solid phase. Attractive forces on the adsorbent's surface

overpower the adsorbate particles' kinetic energy.
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In physisorption, the adsorption is due to weak Van Der Waal forces. As a result, the adsorbate
molecules become physically fastened to the surface of the adsorbent. Physisorption permits single
or multiple adsorbate layers on the adsorbent surface, and the process is characterized by low
enthalpy of adsorption. In chemisorption, the process occurs when a chemical reaction takes place
between the adsorbed molecule and the adsorbent, resulting in the formation of a chemical bond.

It is characterized by a high enthalpy of adsorption (Dargo Beyene, 2014).

2.4.2. Adsorbent for the Removal of Dyes and Nitroaromatics

Practically all solids have the potential to adsorb the sorbate. However, the efficiency of a specific
solid in the effluent's treatment process is a function of its structure, porosity, degree of polarity,
and specific surface area. The nature of the adsorbate can either be inorganic or organic; but, the
most common adsorbents are activated carbon, organic polymers, and silica-based compounds
(Muhi Mohammed, 2011). Among the adsorbent materials studied previously, activated carbon is
the most commonly used to remove pollutants from wastewater. Its utility is its porous texture,
structural characteristic, and large available surface area (Khattri and Singh, 2000). However,
activated carbon poses some disadvantages, including high cost, non-selective, and poor removal
of disperse and vat dyes removal. Another disadvantage is the loss of adsorbent during the
regeneration process. Hence there is an urgent need to use an alternative, environmental surplus,
low-cost materials with excellent adsorption capacity to answer the environmental issues
experienced over the past few decades (Khoo and Ong, 2011). This study seeks to convert waste

into materials that are suitable for use as an adsorbent.
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2.5.1 Adsorption isotherm

Absorption isotherm provides mathematical relationship to determine the amount of solute that
would be adsorbed by a material (Steve et al., 1998). The adsorption isotherm is interpreted as a
graphical depiction illustrating the association between the amount adsorbed and the amount of
absorbate in the solution at equilibrium. It represents the dispersal of an adsorbable solute with
different phases, such as liquid and solid, at different equilibrium concentrations (Ng et al., 2002).
The most used isotherms are the Freundlich, Langmuir, and BET adsorption isotherm (Desta,

2013).

2.5.2 The Freundlich Isotherm

It is a model that defines the relationships between the concentration of adsorbates and the amount

adsorbed. The Freundlich isotherm is represented by
X = KzC'/™ (1)

X- the amount of adsorbate adsorbed per mass of adsorbent (ng/g) K.F.- Freundlich constant C- is

the concentration of adsorbate in the solution at equilibrium (M or mg/L)

2.5.3 The Langmuir isotherm

The Langmuir isotherm assumes that all sorption sites on the surface are the same, indicating the
same adsorption strength for a given solute molecule. Also, a significant assumption is that not
more than a monolayer of adsorbate onto the surface is allowed. The Langmuir isotherm is

determined by using
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K;C
X = Xinax 1+IL<LC (2)

Where X- the mass of adsorbate adsorbed per mass of adsorbent (ng/g). Xmax - maximum
adsorption capacity (empirical constant) K.L. -the binding constant related to the energy of
adsorption (L/pg) C -concentration of adsorbate in the solution after adsorption at equilibrium (M

or mg/L)

The Langmuir isotherm takes an L-shaped curve and is characterized by a decreasing slope as the
concentration increases. This adsorption characteristic is due to the high affinity of the adsorbent
at a low concentration, which then decreases as the concentration increases. This isotherm suggests
strong adsorbate-adsorptive interaction, which includes inner-sphere complexes. The Langmuir
isotherm resembles an S-shaped isotherm. Here the slope firstly increases with adsorptive
concentration as time progresses. It eventually decreases and becomes zero since the empty, vacant
adsorbent sites are occupied. This isotherm occurs when the surface contains a low affinity at a
low concentration and increases when the concentration gets higher (Sparks, 2003). The final C-
type isotherm (Fig. 10) suggests a separating mechanism where adsorptive molecules are separated
amongst the interfacial and bulk solution phases. There is no specific bonding between the

adsorbent and adsorbate.
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Figure 10. The four overall classes of adsorption isotherms.

2.5.4 The BET isotherm

The BET isotherm describes and characterizes the pore area of material with N> adsorption at
pressure 77K. The two distinctive traits of porous materials are surface area and pore volume. An
inert material such as nitrogen is used since it is high purity and found as cryogenic fluid, which
allows it to be a perfect candidate for physically examining these two material traits. Furthermore,
nitrogen's boiling point is 77.3K and determined at atmospheric pressure (P/Po) < 1), thus

accommodating the vapor-liquid equilibrium on the surface. The BET technique contains five

assumptions; these are as follows.

e A single molecule can adsorb on individual distinct adsorption sites, which creates an entire

monolayer
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e The adsorbed molecule can behave as an adsorption site for further molecules to join as added
layers

e The highest layer will act as a liquid phase and shall be in equilibrium with the vapor phase

e The amount of heat that is needed for the adsorption/desorption process is determined using
the Arrhenius-type rate equations. The desorption energy of a molecule within the layer at the
solid surface is equal and represented as E;. All further layers are equal E>= E3 = E, = EL, the
heat of liquefaction

e The number of layers reaches infinity as P/Po reaches unity.
— P (=1 (E)4+ L
RN >

where,
¢ =exp(E, — E, /RT)
and v -volume, vm -monolayer volume, P/Po- relative pressure, ¢ -the BET constant, R -ideal gas

constant and T- absolute temperature
2.5.5 The Linear Isotherm

The linear isotherm is the easiest adsorption isotherm and is employed when the graph C; plotted

against Cy has a linear form.
Cs = KpCy 4)

where Kp-the adsorption coefficient (L/m2) and the slope of the trendline, C.W.- concentration of

adsorbate in the solution after adsorption at equilibrium (M or mg/L).

30



2.6 Raw Agricultural Solid Waste

The agricultural waste materials such as sawdust, black liquor, and bark from paper, pulp mills,
and forestry industries can be potentially used as adsorbents. These agricultural wastes are
available in large quantities and have possible use as sorbents considering that they are cheap and
possess suitable physicochemical characteristics. Moreover, they are of little or no value and their
disposal is often a problem. In some cases, the waste material is burnt off to generate electricity
for the plant, so finding suitable applications for the waste materials will add value to them and
constitute wealth exercise. (Khoo and Ong, 2011). There are some reports on using waste materials
such as mangrove wood, wheat straw, orange peel, and rice husk to remove dyes from aqueous
media at varying conditions (Bharathi and Ramesh, 2013, Tan et al., 2010, Wong et al., 2014).
Scientists have studied the appropriateness of multiple waste by-products to remove pollutants.

The waste materials included diverse groups of synthetic dye.

2.7. Composites

A composite comprises two or more compounds with different functions that merge to form a
material. Together, each compound's physical and chemical properties become more recognizable
in the new material. The cooperation of the two materials contributes to enhancing the properties
compared to the individual compounds. In 3400 B.C., composites were used in the production of
plywood. It involved physically gluing together Wood at different angles. These civilizations also
combined mud and straw to produce stable dwelling structures (Todd, 2018). In the 1940s,
composites were used to reinforce the strength of materials and reduce their brittleness by forming
fiberglass-enforced polymers. The composite was made by incorporating a polymer fiber into a

lightweight material to produce a more durable material previously used in an airplane wing. The

31



polymer fiber itself is very fragile but, with the addition of the lightweight material, results in

stronger interfacial bonds. Table 4 shows some of the current composites used for pollutant

removal and the variety of uses of lignin-derived composites.

Table 2. Some Current composites and their uses in the removal of selected dyes and

contaminants
Composite Uses Reference
Ag>COs-halloysite Removal of water-soluble dyes (Nyankson et al.,
2019)
The membrane of sepiolite with | Removal of textile dyes and | (Zhu et al., 2020)

coated polysulfone

inorganic salts

The thin-film composite membrane
containing a high perm-selectivity

Removal of anionic dyes (methyl
blue, reactive red and Congo red)
and the enhanced anti-dye-
deposition

(Wu et al., 2020)

palygorskite clay waste

Aerogel polymer composite that | Removal of organic dye (Reactive | (Bober et al.,
also had exhibited magnetic | Black 5) 2020)

properties

The composite containing | Removal reactive blue in an | (Nga et al., 2020)
chitosan/mg aqueous medium

Mesoporous silicate/carbon | Removal of organic contaminants | (Wang et al.,
composites produced using 2019)

Polyvinyl-alcohol/melamine-
formaldehyde composite

Removal of Congo red dye

(Bhat et al., 2020)

Lignin

As biocatalysts for the generation
of renewable chemicals from
biomass

(Bugg et al., 2020)

Lignin catalyst

Application in green synthesis

(Zhu et al., 2019)

Lignin activated carbon

Application for supercapacitor
electrode

(Zeng et al., 2019)

Lignin material

Wound healing application

(Ravishankar et

composites

performance and good reusability

al., 2019)
Graphene oxide adsorbent | Adsorption of cationic dyes | (Abd-Elhamid et
composite (Methylene blue and crystal violet) | al., 2019)
Novel  lignin-based  phenolic | Demonstrated excellent catalytic (Chen et al., 2020)
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Adsorbent  containing
cellulose nanocrystal

lignin-

Removal of cationic organic dyes

(Maet al., 2019)

Composite made up of alginate and
sugarcane bagasse biochar

Removal of methylene blue dye in
an aqueous medium

(Biswas et al.,
2020)

Graphene  oxide/lignosulphonate | Humidity sensor (Chen et al., 2018)
thin film
Lignin Reduction of iron oxide (Wei et al., 2020)

Hydroxypropyl sulfonated lignin

For the preparation and in the
mechanism of Nano disperse dye

(Qin et al., 2020)

Lignin For the preparation of light-resistant | (Pandian et al.,
azo-lignin colorant for coating use | 2020)

Pd nps@Fe304 lignin For the reduction of Cr (VI) and (Nasrollahzadeh et
Suzuki-Miyaura reaction in an eco- | al., 2020)

friendly method

Thin films of celery nanocellulose
and lignin/hemicellulose

Dye removal

(Luo et al., 2020)

Lignin-hydrogels

Developing the absorption capacity

(Morales et al.,
2020)
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Chapter Three: Experimental

3.1 Materials

Sodium lignosulphonate was obtained from ABA Tech CC in Kwa-Zulu-Natal, South Africa,
without any prior processing. Mondi Richard Bay provided different variants of black liquor.
Humic acid, sulphuric acid, sodium hydroxide, sodium borohydride, dimethyl sulfoxide (DMSO),
triethylamine, azoisobutyronitrile, acrylonitrile, maleic anhydride, acryloyl chloride were
purchased from Merck and Sigma Aldrich. The dyes used, viz., Reactive Blue 222, Reactive Red
195 and Reactive Yellow 145, Congo Red and Methylene Blue were purchased from Colchem
Chemicals and Dyes South Africa. Double deionized was used to prepare solutions and was
obtained from a MilliQ Millipore system. Whatman filter paper no 1 was used for all filtrations.
All the glassware was thoroughly washed using double deionized water. For the pH studies, the
adjustments were made using either 0.1 M HCI or 0.1 M NaOH solutions. All the analyses were

performed in triplicate, and the mean was used for the calculations.

3.2 Instrumentation

The Perkin Elmer Spectrum 100 FT-IR Spectrometer, CPU 32 main with a Universal ATR
(attenuated total reflection), was used to determine the functional groups present. The samples
were analyzed in the scanning range of 4000 cm™ to 380 cm™, with a resolution of 1 cm™. The
ZEISS EVO 15 Environmental Scanning Electron Microscope analyzer coupled with the Energy
Dispersive X-ray Diffractometer D8 Advance from Bruker functioned in a nonstop 9-9 scan in
sealed coupled mode with Cu-K radiation was used for the surface morphology analysis. HR-TEM
JOEL JEM 2000EXII transmission electron microscope was used to determine the diffraction and
lattice fringe images. A Brunauer-Emmet-Teller (BET) surface analyzer- Micromeretics Tristar II

was used. A Mettler Toledo TGA system and a Differential Scanning Calorimetry model 1
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SF/1346 with STARe system software were used to determine the thermal stability of the
developed adsorbents. A Shimadzu UV 1800 UV/Visible Spectrophotometer was used to
determine the absorbance readings with quartz cuvettes. All the samples were scanned in the 800—
200 nm region, at a scanning rate of 0.5 nm/s. The SPL 15 MP Labcon Platform Shaker was used
for agitating the conical flasks at a speed of 150 rpm. The Hettich Universal II Centrifuge was used

at speed at 4000 rpm. The Metrohm 691 pH meter was used for the pH measurements.

3.3  Experimental

3.3.1 The synthesis of humic acid-lignosulphonate composites (HLC)

11g HA and 26g LS were dissolved in 100 mL deionized water and then transferred into a round
bottom flask. After that, an excess of sulphuric acid was added slowly, with stirring. The mixture
was refluxed for 24 hr at 90 °C. The reaction was cooled to room temperature and poured into ice

water. The contents were filtered, washed with water, and dried for 24 hours in an oven.

3.3.2 The synthesis of humic acid- lignosulphonate-maleic anhydride composites (HLMAC)
In a round bottom flask, 5g HLC and 10g maleic anhydride (MA) was dissolved in DMSO.
Catalytic amounts of triethylamine were added, and the mixture was refluxed in an oil bath for 5
hr at 100 °C. The resultant product was washed with acetone to remove unreacted MA. The
material was dried for 48 hr at 60 °C. Thereafter, 3 g of the material and 7 g of acrylonitrile were
dissolved in 35 g of DMSO, followed by 0.1 g of azoisobutyronitrile (AIBN). The reaction was
conducted under a nitrogen atmosphere at 60 °C for 22 hr. The product was filtered, washed, and

dried at 60 °C for 24 hr.
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3.3.3 Preparation of the humic-based kraft composite (HKLC)

A mixture of 10g of kraft lignin and humic acid was added to 50mL concentrated sulphuric acid
for 24 hours. Thereafter, the solution was washed several times with deionized water and left to
dry in an oven at 110 °C for 96 hr. It was then transferred into a furnace at 250 °C for 2 hr. The
material was washed with deionized water several times and treated with aqueous KOH at a mass
ratio of 1:3 mixed thoroughly for 24 hr till a high viscous liquid was obtained. It was washed with
deionized water, dried in an oven for 48 hr at 100°C, cooled, and finally infused in concentrated
HNO:s; at 75°C for 36 hr. The material was washed with deionized water and air-dried at 60°C for

24 hr.

3.3.4 Preparation of Sodium Borohydride Solution

A 0.01000 M of sodium borohydride solution was prepared by dissolving 3.784mg of NaBH4 into
a 10 mL volumetric flask and bringing the solution to mark with deionized water. For all reduction

experiments, a freshly prepared NaBH4 solution was used.

3.3.5 Method for the preparation of textile dye standard for the adsorption studies

A 1000.0 mg/L stock solution of mixed dye was prepared by weighing 0.5000 g of each reactive
dye into a 500 mL volumetric flask. The dye standard mixture was dissolved in deionized water
and the solution was accurately made up to 500 mL. An aliquot of 10 mL, 20 mL, 30 mL, 40 mL,
50 mL and 60 mL were quantitatively transferred separately into 100 mL volumetric flasks and
each of the solutions was accurately diluted to 100 mL with deionized water to yield a 20, 40, 60,
80, 100 and 120 ppm solutions, respectively. These solutions were required to generate the
calibration curves and kinetic and equilibrium studies. UV-Vis Spectroscopy determined the A max

of each dye solution and a calibration graph was plotted to find molar absorptivity constants.
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3.3.6 Kinetic and Equilibrium Studies

3.3.6.1 The Adsorption of textile dyes - The Effect of Quantity HLMAC on Dye Adsorption
A fixed quantity of (0.5g — 2.0g) adsorbent was weighed and transferred into a separate 100 mL
conical flask. The 60 mL of 80ppm mixed dye was added separately into each conical flask, and
each flask was shaken in a shaking incubator at 180 rpm for the fixed time interval of 15 to 120
min. The mixture was transferred into a centrifuge tube and centrifuged for 10 min, decanted, and

analyzed by UV-Visible spectroscopy.
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3.3.6.2 Variation of parameters: batch adsorption method for the dyes.
The Effect of Initial Dye Concentration on Adsorption

1.500 g of HLMAC, presented in Table 3.1, was added to the eight conical flasks. After that 60
mL of 40ppm, 60 ppm, 80 ppm and 100ppm of mixed dye, were added to each flask and
simultaneously shaken at 180 rpm for 15 to 120 min. Next, the mixture was transferred into a

centrifuge tube and centrifuged for 10 min, decanted, and analyzed by UV-Visible spectroscopy.
The Effect of pH of the Dye Solution on Adsorption

An aliquot of 60 mL of an 80 ppm mixed dye was quantitatively transferred separately into eight
individual 100 mL beakers. The pH was then adjusted by using 0.1 M HCI or 0.1 M NaOH
solution. The pH of the studied dye solutions was 2.00, 5.0, 7.0, 8.0, 10 and 12. Once the desired
pH had been reached, the dye solution was quantitatively added to the 100 mL conical flask. These
eight solutions containing the respective adsorbents were simultaneously shaken at a fixed time
interval of 120 min at 180 rpm. Next, the mixture was transferred into a centrifuge tube and
centrifuged for 10 min, decanted, and analysed by UV-Visible spectroscopy. The UV-Visible
results were documented to find the optimum pH that can be used for the adsorption process.

The different parameters, such as effects of dye concentrations, adsorbent dosage, and pH were
varied. All analysis was done using the UV-visible spectrophotometer scanning at the 250 — 800
nm region. Lambda maximums were obtained for each dye. The experimental data were calculated

to find the adsorption isotherm using the Langmuir and Freundlich models.
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3.7 Reduction studies on nitroaromatics and dyes using humic-based kraft composite
Preparation of dye and nitroaromatic solution

The respective solutions (Table 3) were prepared accordingly. The solutions were prepared for
each of the solutions used by dissolving the particular masses into a 100 mL volumetric flask using
deionized water. The solutions were made up 100 mL with deionized water.

All solutions were diluted to give their respective concentrations of approximately 1.000 x 10~ M.

Table 3. Quantities of different dye and nitroaromatic solution used.

Solution used Concentration /M Mass/g
Congo red 0.0017 0.0544
Methylene blue 0.0001 0.0032
2-nitroaniline 0.007 0.1005
3-nitroaniline 0.0013 0.0180
4-Nitro-o-phenylenediamine 0.0001 0.0015
NPDA

The UV-Visible spectroscopy analyzed each solution prepared in Table 3 to determine the starting
peak prior to the reduction studies. 1.9 mL of the prepared solution (Table 3) were separately added
into a quartz cuvette and a fixed quantity (between 50- 250 mg) of HKLC and then analyzed by
UV-Visible spectroscopy. Thereafter, 0.10 mL of 0.01M NaBH4 was added to the cuvette, and
this solution was analyzed at time intervals. In reducing NAs and dyes, the colored solution turned

colorless, thus demonstrating a visual confirmation of the reduction process.
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Chapter Four: Results, Discussion and Conclusion

In this study, we synthesized two composites viz., humic acid-lignosulphonate-maleic anhydride
composites (HLMAC) which was utilized for the adsorption of three reactive dyes and humic-acid

based kraft composite (HKLC) for the reduction of nitroanilines and five selected dyes.
PART A

In the first synthetic part of the study, we focused on the synthesis of HLMAC which was a two-
step reaction. In the first step, humic acid was reacted with lignosulphonate in the presence of trace
amounts of sulphuric acid which acted as the catalyst for dehydration. Hence, amongst other
possible bonds, the ester bonds were formed between the two components. In the second step of
the reaction, the new molecule was reacted with maleic anhydride followed by acrylonitrile and
azoisobutyronitrile. It was evident that the maleic anhydride reacted with the phenolic hydroxy
groups of the HLC molecule to form more ester linkages. In essence, a new polymer blend was
obtained as HLMAC however this composite requires more characterization techniques such as

'"H-NMR, *C-NMR and MS-TOF to better understand the detailed structure.

A proposed reaction scheme (Figure 11) is presented for the final composite HLMAC.
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Figure 11. The synthesis of humic acid- lignosulphonate-maleic anhydride composite

4.1. Characterisation of humic acid- lignosulphonate-maleic anhydride composite

4.1.1. FTIR

The resulting synthesized composite HLMAC was initially analyzed by FTIR to confirm the
functional groups which are present in the composite. The spectrum of FTIR shown in Fig. 12(a)
exhibits the peaks at 3470, 3290, 2885, 1714, 1642, 1507, 1231, 1137, 1057, 823 and 566 cm’!
corresponding to stretching of H-bonded -OH, carboxyl -OH, aromatic C-H, -C=0, C=C, C-C, C-
O, S=0 and polyphenyl groups. And the another resulting synthesized humic lignosulphonate
composite (HLC) was also analyzed by FTIR to confirm its functional groups which are present

in the material. The obtained spectrum of FTIR shows in Fig. 12(b) which exhibits the peaks at
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3340, 3220, 2865, 1718, 1612, 1517, 1271, 1127, 1067, 813 and 556 cm™' corresponding to
stretching of H-bonded -OH, carboxyl -OH, aromatic C-H, -C=0, C=C, C-C, C-O, S=0 and
polyphenyl groups. Generally humic acid contains the following functional groups as H-bonded -
OH, -C-H, conjugated -C=0O, aromatic -C-H bending vibration, C-C, C-O stretching and
polyphenyl group stretching, that leads to show the relevant bands at 3388, 2937, 1623, 1383,
1246, 1137 and 623 cm’!, respectively. Mostly, the prominent peaks of aromatic character could
be obtained from humic acid. The primary chemical structures of both spectra contain very similar
functional groups like -OH stretch, C=0, C-C, aromatic -C-H and polysaccharides as shown in
Fig. 14(c). The emergence of alcoholic (-OH) and free phenolic groups may be seen in all
individual and composite material at the wavelength in the range of 3600 to 3300 cm™'. These
bands are due to the complexation of chains in humic acid (Stevenson. et. al. 1994) as a result of
the management strategy used with humic acids being more recalcitrant than lignosulphonates.
There are broad bands that appeared in the range between 3400 to 3200 cm™ in all humic and
lignosulphonates which represent H bridges in stretching of -COOH and -OH of phenolic groups.
In addition, multiple bands were observed in the fingerprint region (1900 to 800 cm™) with varying
intensities. The stretching and widening could be related to the strength of intramolecular bonds,
and the greater number of bridges with broader width is an indicator of the substantial acidity of
the material (Dias. et. al. 2009). Usually, the aromatic characters for all humic and their composite
materials were obtained at around 1507 cm™'. The band at 1623 cm™! occuring in the HA spectrum
with low intensity, corresponds to conjugated C=0 stretching groups and this was turned up to
1714 cm™. The highlights of the above spectra reveal that the conjugated carboxyl group converted
to the carbonyl group which is probably the ester linkage. Furthermore, the lignosulphonate also

holds most of the functional groups observed in HA. Fig. 12(d) illustrates the FTIR spectrum of
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lignosulphonate located at 3365, 2930, 1592, 1510, 1416, 1169, 1034, 650, 516 cm™ can be
assigned to -OH, -C-H, -C=C, aromatic -C-H bending vibrations, -C-C, -C-O, -S=0 stretching and
polysaccharides stretching. (Shen.et. al. 2008) The S-O stretching vibration group in sulfonic
groups generated by the interaction of sodium sulfite with the secondary -OH of the aliphatic side
chain of lignins are attributed to the band occurring at 620-650 cm.

The symmetric carbonyl stretching peak for maleic anhydride is at 1853, while the asymmetric
stretch is at 1780. For unsaturated cyclic anhydrides these two peaks typically fall from 1860 to
1840 and 1780 to 1760, respectively. For saturated cyclic anhydrides, such as succinic anhydride
whose structure is seen in Figure 2, these peaks fall at 1870—1845 and 1800—1775.Note in Figure
12 that the high-wavenumber symmetric C=0O stretching peak is weaker than the lower-
wavenumber asymmetric C=0 stretching peak. This pattern is opposite that for noncyclic
anhydrides as seen above. Thus, the peak intensity ratio of the two anhydride C=0 stretching peaks
can be used to determine whether an anhydride is noncyclic or cyclic. For noncyclic anhydrides
the higher-wavenumber symmetric C=0 stretch is more intense, while for cyclic anhydrides the
lower-wavenumber asymmetric stretch is more intense. Again, a double carbonyl stretch with one
or both peaks at a relatively high wavenumber is a strong indication of an anhydride. If the lower-
wavenumber peak is more intense it is cyclic. Then use the position of the two C=0 stretches and
Table II to determine whether the anhydride is cyclic saturated or cyclic unsaturated.

Like noncyclic anhydrides, cyclic anhydrides have a C-O bond and hence a C-O stretch. It falls
anywhere from 1300 to 1000. In the spectrum of maleic anhydride in Figure 12 this peak fall at
1058 and is labeled C. Additionally, cyclic anhydrides have a strong C-C stretching peak from

960 to 880, in Figure 12 this peak fall at 894.
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4.1.2. TGA-DSC

The pyrolysis behaviour of HLMAC and HLS materials were examined using TGA-DSC at for

better understanding the carbonization process of the precursor as indicated in Fig. 13. This

material has three prominent weight loss phases across the whole temperature range, implying a

multi-decomposition process, according to the TGA curves. The loss of moisture along with easily

decomposing chemically active functional groups like carboxyl and weakly bonded compounds

makes a sudden initial loss, which is observed at 100 to 200 °C. Next, the chemically active polar

organic functional groups such as NH', SOs interactions and oxygen linkages decomposed

thermally at around 200-400 ° C would be a second significant loss. The loss of lignosulphonate

dopant is the third loss at temperature above 400 °C. Most of the oxygen-containing groups and

rearrangement of the carbonaceous material would decompose in this stage with aromatic
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compounds namely phenol, guaiacol or syringol, alkyls such as methane, ethane, ethene, carbon
dioxide and carbon monoxide (Zhang. et. al. 2015). Few small molecules which contain sulfur
and sodium forms a primary carbonaceous structure. The TG profile of the composite is almost
similar to the fractions of humic acid as shown in the Fig. 13. Furthermore, previously Campanella
and Tomassetti (Campanella ez. al. 1990) reported that the thermal degradation of humic acid with
supporting of FTIR spectroscopy, reveals that there is a significant loss occurred at around 280 °C,
due to the unsaturation and decarboxylation of organic molecules. In addition to that, the
decomposition of carboxylic, phenolic, carbonyl and alcoholic groups was observed by loselis et
al.(1985), at temperature near 300°C. In this thermal analytical condition, there is a possibility to
form a new cyclic structure from aromatic structural compounds. These cyclic structures could be

obtained in the actual humic acid and its composite by cyclization of aliphatic chains through heat.
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4.1.3. XRD

XRD analysis of humic acid, lignosulphonate and HLMAC and presented in Fig. 14. In this case,
HLMAC replicates mostly the crystalline structure of lignosulphonate’s crystalline pattern.
The humic lignosulphonate doesn’t have any specific crystalline structure of its parent
precursors. In the composite, the diffraction peaks found at 4.48, 3.35, 2.58, 2.46 and 1.82°
all corresponded to the humic acid as reported in the literature (Naidja. et.al. 2002).
According to the XRD spectrum, humic acid-containing samples had a broad peak
approximately at 22.35-22.70° and several sharp peaks that can be attributed to crystal
nature has been shown in Fig. 16. These peaks further confirm that the crystalline nature

of humic acid was not disturbed in the newly synthesized composite.
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4.1.4. SEM-EDS

Scanning electron microscopy-Energy dispersive spectroscopy (SEM-EDS) was used to determine
the surface morphology and surface characterization of HLMAC as shown in Fig. 15a. It discloses
the surface texture and porosity of the composite and features as a significant part in defining the
surface accessibility for the adsorption of dyes on the composite. (Dandge et al, 2016)
Furthermore, it was noticed that the particles of lignosulphonate appeared as hollow and spherical
shapes on the composite of SEM images. The SEM of humic acid shows that the particles were
gritty and clumpy with uneven shapes. This indicated that the particles were denser due to the
humic acid fractions. (Li ef al., 2011) The SEM images of the composite show a hierarchical
structure when compared to lignosulphonate. The surface area increased with the porosity which
is good to increase the number of adsorption sites that improves its adsorption property.
Furthermore, the existing macropores are irregularly distributed on its surface of composite which
really helps to accommodates azo dye molecules in a way to get great adsorption properties.
(Dandge et al. 2016, Wu. et. al. 2012) In this investigation, the SEM micrographs were recorded
in two various magnifications ranges such as 1 micron and 500 nm (Fig. 15a) for getting better
understating of surface morphology of the composite. The highlights of the above clearly show
that the overall particle size improvement with subsequent densifications in the composite when
compared to humic acid spectrum. This is due to the presence of lignosulphonate in the composite.
According to the micrographs, it was seen that breakage and agglomeration observed at varying
degrees during adsorption. The spherical particles have appeared close to the newly formed smaller

particles agglomeration in the resulting composite powder.
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Figure 16. SEM morphological and EDS image of HLS composite
4.1.5. TEM

Figure 17 shows the deep morphological properties of prepared material by TEM analysis. After
the addition of lignosulphonate to the humic acid, the smooth surface layer became rough and
some thin flakes were noticed on the edge, as compared to the structure of pure humic acid (Fig.
17). The color of the final composite is different from the reactant materials color which further

confirms the successfulness of the composite synthesis. In addition to that, analysis of EDS clearly

explains the elemental presence on the composite as shown in Fig. 17.
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Figure 18. TEM image for HLS composite in different magnification
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4.1.6. BET

Nitrogen adsorption-desorption isotherms of HA, LS and HLMAC samples were measured at 77
K using BET (Fig. 19). The resulting composite had a BET surface area of 16.233 m?g which was
greater than HA and LS materials. This suggests that the pollutant molecules may find it easier to
reach the composite due to the larger surface area. The N> adsorption/desorption investigation
reveals that the hybrid humic lignosulphonate material is primarily made up of mesopores with a
few micropores and strong interconnectivity. The distribution of pore sizes is centred at 2.5 nm
and 7.5 nm shown in figure 19. And the total pore volume is 2.62 cm?/g. Previous research has
demonstrated that lignosulphonate’s structural characteristics, particularly its molecular weight
and sulfonation degree, have a significant impact on its dispersion property and azo dye reduction

effect (Dash. et al., 2010).
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4.1.7 The calibration curve for the mixed azo dyes

UV-vis spectrometer was used to measure the absorbance of various concentrations such as 20,
40, 60, 80, 100 and 120 ppm of dye solutions. A standard deviation (calibration) curve was plotted
from the above as shown in Table 4 and Fig. 20. The equation of the graph was used to calculate

the concentrations for the different absorbances.
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Table 4. Calibration curve of the azo dues

Absorbance
Concentration
Reactive Blue Reactive Red Reactive Yellow
(in ppm)

222 195 145

20 0.273 0.448 0.425

40 0.364 0.783 0.665
60 0.622 1.227 1.032

80 0.808 1.608 1.36
100 1.309 2.206 1.839
120 1.591 2.638 2.248
R? 0.9646 0.9954 0.9953
Gradient 0.013 0.0185 0.0219

LOD/ppm 0.273 0.448 0.37
LOQ/ppm 1.591 2.638 2.248
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Figure 20. The calibration graph for Reactive Blue 222, Red 195 and Yellow 145

4.2. Effect of pH on adsorption

A study on the effect of pH for dye removal was demonstrated in this investigation. The buffer
solution was used to make various pH’s ranging from 3 to 11 for the dye solution. Particularly,
this composite shows effective adsorption in basic medium specifically in the range from 8 to 11
as shown in Fig. 21-23. This behaviour could be attributed to the changes in the ionic
characteristics of the lignosuphonate on the humic acid bulk molecule. The protonation or
deprotonation was observed on the surface functional groups under varied pH conditions. Humic
lignosulphonate (HLS) composite provide negative surface charge with numerous sulphate and
carboxyl groups from lignin and humic acid that dropped, as the pH was lowered. The hydrogen

ions in excess competed with methylene blue (MB) molecules (cationic dye) and invaded.
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4.2.1. Influence of the various experimental limiting factors

4.2.1.1 Effect of the pH on the mixed azo dyes

Generally, a change in the pH of the solution leads to a change in the surface charge of an
adsorbent. It is found that pH is one of the most critical parameters which impact the adsorption
process. Six mixed dye solutions of 60 ml each were prepared in separate conical flasks with the
dye concentration of 80 mg/L and the initial pH of the dye solution were determined. The series
of pH values such as 2.0, 5.0, 7.0, 8.0, 10.0 and 12.0 were prepared using a 1 M solution of HCI
or NaOH through a pH meter. The flasks were agitated for 120 min, and then their absorbances of

dye were mesured by the UV-vis spectrophotometer. Thus, the amount of the final dye

concentration in solutions was calculated and is indicated in Tables 5 to 10.

Table 5. Absorption studies of dye solution at pH 2

Concentration/Ce qt=(Co-Ce)/X
Absorbance
Time/minutes (mg\L) (mg/g)

RR RB RY RR RB RY RR RB RY
15 1.375 0.747 1.139 64.61 6293 63.64 1539 17.07 16.36
30 1.291 0.728 1.108 60.79 61.5 6195 19.21 18.5 18.05
45 1.245 0.714 1.084 58.67 6045 60.7 2133 1955 193
60 1.132 0.691 1.045 53.53 58.64 58.56 2647 2136 21.44
75 1.098 0.686 1.037 51.98 58.27 58.12 28.02 21.73 21.88
90 1.048 0.667 1.004 49.71 56.78 56.36 30.29 2322 23.64
115 1.011 0.611 091 48.02 52.49 5129 3198 27.51 28.71
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120 0.934 0.577 0.853 4449 49.88 482 3551 30.12 31.8

Table 6. Absorption studies of dye solution at pH 5

Concentration/Ce qt=(Co-Ce)/X
Absorbance
Time/minutes (mg\L) (mg/g)

RR RB RY RR RB RY RR RB RY

15 1.377 0.69 1.074 64.7 5859 60.12 153 2141 19.88
30 1.293 0.648 1.003 60.88 5536 563 19.12 24.64 23.7
45 1.247 0.625 0964 58.76 53.56 54.17 21.24 2644 25.83
60 1.134 0.568 0.868 53.62 49.21 49.02 26.38 30.79 30.98
75 1.1 0551 0.84 52.07 479 4748 2793 32.1 3252
90 1.05 0526 0.798 49.8 4598 452 30.2 34.02 348
115 1.013 0.508 0.766 48.11 44.55 43.51 31.89 3545 36.49
120 0.936 0.469 0.701 44.58 41.56 39.98 3542 38.44 40.02

Table 7. Absorption studies of dye solution at pH 7

Concentration/Ce qt=(Co-Ce)/X
Absorbance
Time/minutes (mg\L) (mg/g)

RR RB RY RR RB RY RR RB RY

15 1.018 0.508 0.843 48.31 4459 47.62 31.69 3541 3238
30 0.964 0.481 0.797 4584 425 4515 34.16 375 34.85
45 0.939 0.468 0.776 44.69 4153 44 3531 3847 36
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60 0.835 0.416 0.688 39.97 37.53 39.27

75 0.73 0.364 0.599 35.18 33.47 3447
90 0.685 0.341 0.561 33.11 31.72 3241
115 0.639 0.318 0.523 31.03 2997 30.33
120 0.407 0.201 0.326 20.42 2098 19.7

40.03 42.47 40.73

44.82 46.53 45.53

46.89 48.28 47.59

4897 50.03 49.67

59.58 59.02 60.3

Table 8. Absorption studies of dye solution at pH 8

Absorbance Concentration/Ce qt= (Co-Ce)/X
Time/minutes (mg\L) (mg/g)
RR RB RY RR RB RY RR RB RY
15 0.826 0.523 0.709 39.53 45.69 4042 40.47 3431 39.58
30 0.748 0.474 0.643 3597 4196 36.86 44.03 38.04 43.14
45 0.696 0442 0.6 33.6 39.47 3448 46.4 40.53 45.52
60 0.566 0361 0.49 27.67 3326 2854 5233 46.74 51.46
75 0.475 0304 0.413 23.51 2891 2438 5649 51.09 55.62
90 0.423 0.272 0.369 21.14 26.42 22.01 58.86 53.58 57.99
115 0.397 0.256 0.347 19.95 25.18 20.82 60.05 54.82 59.18
120 0.345 0.224 0.303 17.58 22.69 1844 6242 5731 61.56

Table 9. Absorption studies of dye solution at pH 10

Concentration/Ce qt=(Co-Ce)/X
) ) Absorbance
Time/minutes (mg\L) (mg/g)
RR RB RY RR RB RY RR RB RY
15 1.055 0.531 0.855 50.01 4635 483 2999 33.65 31.7
30 1.037 0.522 0.84 492 45.67 47.5 308 3433 325
45 0992 0.5 0.802 47.15 4393 4544 32.85 36.07 34.56
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60 0.88 0.443 0.707 42.01 39.57 40.29 37.99 40.43 39.71
75 0.756 0.381 0.602 36.36 34.79 34.63 43.64 4521 4537
90 0.606 0.306 0.476 29.53 29.01 27.79 50.47 50.99 52.21
115 0.323 0.163 0.236 16.6 18.07 14.86 63.4 61.93 65.14
120 0.229 0.116 0.156 1227 144 10.52 67.73 656 69.48
Table 10. Absorption studies of dye solution at pH 12
Concentration/Ce qt=(Co-Ce)/X
Absorbance
Time/minutes (mg\L) (mg/g)
RR RB RY RR RB RY RR RB RY
15 1.131 0.61 1.026 53.49 5239 57.51 2651 27.61 22.49
30 1.078 0.583 0.981 51.07 50.34 55.08 2893 29.66 24.92
45 1.056 0.572 0.962 50.04 49.47 54.06 29.96 30.53 25.94
60 1.028 0.558 0.939 48.79 48.41 52.81 31.21 31.59 27.19
75 098 0.534 0.898 46.59 46.55 50.6 3341 3345 294
90 0.845 0.466 0.783 40.42 41.33 4442 39.58 38.67 35.58
115 0.737 0.412 0.692 355 37.16 395 445 4284 405
120 0.586 0.336 0.565 28.6 31.32 3259 514 48.68 47.41
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Figure 21. Adsorption studies of reactive blue at pH ranges from 2 to 12
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Figure 22. Adsorption studies of reactive yellow at various pH ranges
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Figure 23. Adsorption studies of reactive red at various pH ranges

4.2.3.2. UV Studies

Removal of the reactive dyes from an aqueous solution using the adsorption process was monitored
by UV-vis spectrophotometry at different pH levels. The dye removal efficiency was significantly
affected by the pH of the solution, and it depends on the nature of the adsorbate and adsorbent.
Several pH ranges including 2.0, 5.0, 7.0, 8.0, 10.0, and 12.0 were studied for azo dye mixtures.
At pH 2.0, the dye removal was the lowest. Furthermore, the maximum adsorption was achieved
at pH 8, as displayed in Figures 24, 25 and 26. Initially, adsorption increases with increasing pH
of the solution until it attains it's maximum; thereafter, it decreases even while further increasing
the pH. (Chen. et. al., 2009). More surface charges on the MHLS composite are one of the main
reasons for reactive dye molecule adsorption, which can be affected by the pH of the solution.

(Anbia. et. al, 201, Mahmoud. et. al., 2012, Kim. et.al, 2001) It was observed that these
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investigated dyes appear to be stable in the pH range of 6-8, and the color changes are also obtained
in the same pH range. It was also observed that the quantity of adsorption and adsorption capacity
increased within the pH range of 7 and 8. Therefore, the charged functional groups on the
composites required a pH from 7 to 8 to explore their maximum adsorption for investigated dyes.
(Anbia. et. al, 2001, Kim. et.al., 2001) By increasing the pH, more negatively charged functional
groups appear on its surface, which helps remove dyes easily in the wastewater system (Shen.et.
al. 2008). Particularly, hydroxyl and carbonyl functional groups on the surface of the composite
play a vital role in the removal of dyes, as found in this study. At the same time, these functional
groups get polarised in acidic conditions, which leads to generating electrostatic interactions and
weak H-bonding and van der Walls interactions. Furthermore, the investigated combined azo dyes
appear as positively charged molecules in acidic conditions; therefore, more electrostatic repulsion
occurs, reflecting less adsorption in low pH.

4.2.3.3 Effect of contact time

In this case, the combined dye solution was prepared in the concentration of 80 ppm in a conical
flask containing the required amount of composite. These flasks were introduced into the
mechanical shaker for times of 15, 30, 45, 60, 75, 90, 105 and 120 minutes. After that, the
absorbance through a vis-UV spectrophotometer was determined. The results are shown in Table

11. Fig. 24 shows the graphical representation of time vs qt.

qt = (C, — Ce)/X

Where, qt illustrates the amount of dye adsorbed per unit mass of composite (mg/g), C, is the

initial concentration of dye solution and C. is the final concentration.of dye solution.
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Table 11. The effect of time on adsorption

Concentration/Ce qt=(Co-Ce)/X
Absorbance
Time/minutes (mg\L) (mg/g)

RR RB RY RR RB RY RR RB RY
15 1.297 0.647 1.168 61.07 5523 652 1893 24.77 14.8
30 1.153 0.582 1.049 5447 50.28 58.78 25.53 29.72 21.22
45 1.011 0.518 0.857 47.98 4537 48.38 32.02 34.63 31.62
60 0.863 0.413 0.734 41.25 37.24 41.73 38.75 42.76 38.27
75 0.719 0.356 0.670 34.65 32.80 38.27 4535 47.14 41.73
90 0.575 0.280 0.476 28.08 27.01 27.82 5192 52.99 52.18
115 0.413 0.142 0.263 20.71 1641 16.32 59.29 63.59 63.68
120 0.282 0.100 0.203 14.72 13.18 13.04 65.28 66.82 66.96

Fig. 24 shows the influence of time duration on the adsorption of dyes. In reactive red and yellow
dyes, the early stage of the adsorption seems to be very fast and slowing down to reach their
saturation. However, the dye concentration does not change after 120 minutes (Fig. 24). This

reveals that either equilibrium was attained after 120 minutes, or all dye molecules have been

adsorbed by composite.
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Figure 24. The effect of time on adsorption

4.2.3.4 Effect of concentration on adsorption

This study determines the adsorption capacity of MHLS composite at pH 8 and ambient
temperature. It was observed (Fig. 25, 26 and 27) that the adsorption progression of reactive blue
was affected by its initial concentration. A significant amount of dye has been adsorbed at high
concentrations. In addition, a wide range of adsorption capacity was obtained amongst the three -
dyes combined solutions. A concentration gradient has produced the layer near the interface of the
adsorbent due to probably a concentration plunge at high concentration. This could have occurred

due to the mass transfer of combined dyes to the HLMAC interface (Brigatti et.al., 2000).
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Figure 25. Adsorption of reactive red at various concentrations
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Figure 26. Adsorption of reactive blue at the concentration of 40, 60, 80 and 100 ppm.
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Figure 27. Adsorption of reactive yellow at the concentration of 40, 60, 80 and 100 ppm

4.2.3.5 The effect of dosage

The objective was to determine the optimum dosage of HLMAC required to adsorb 80.0 mg/L dye
solution. A series of doses such as 0.5, 1.0, 1.5 and 2 g were used to optimize the quantity required.
All these doses were applied to the dye solution at constant stirring for 2 hours, and thereafter their
absorbance values were measured using UV-vis spectroscopy. Fig. 28-30 shows that higher
dosages of HLMAC adsorb a more significant number of dye molecules. In this case, the dyes 195
reactive red and 145 reactive yellow were completely adsorbed at the dosage of 1.5 g and above
of MHLS composite, while dye 222 reactive blue was adsorbed at an even lower dose due to its
available adsorption sites being adequate. Adsorption is influenced by the availability and number
of adsorption sites necessary to complete the adsorption process. Therefore, increasing the dosage

of the composites leads to generating more available adsorption sites due to increasing the surface
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area of the composite. From this study, the optimum dosage of adsorbent was 1.5 g for the

adsorption of 80 ppm concentrated dye solution
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Figure 28. Adsorption of reactive red at various dosages of HLMAC
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Figure 29. Adsorption of reactive blue at various dosages of HLMAC
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Figure 30. Adsorption of reactive yellow at various dosages of HLMAC

4.2.3.6 Adsorption Kinetics

The degree of adsorption concerning contact time was monitored to study the kinetic behaviour of
the adsorbent towards dyes and the time profiles as shown in Figure 28-30. Almost, all three dyes
showed rapid adsorption; a 30 minute contact period provided around 73 percent adsorption, while
equilibrium was reached in about 120 minutes. The number of dyes adsorbed didn’t change
appreciably over the time after this period. The quick adsorption of dyes onto HLMAC could imply
that the majority of the adsorbent’s reactive sites are open to dye interaction. The time that takes
to reach equilibrium is unaffected by the initial concentrations. The dye adsorption time profile is
a smooth, single and continuous curve that leads to saturation, implying probably monolayer
adsorption of dyes on the surface of adsorbent.

Owing to the bulkier organic molecular network of composite and the swelling nature of humic

acid consequently its network is adequately stretched to facilitate dyes diffusion. This enlarged

83



network of the adsorbent is more suitable for the interaction between the active functional sites
and the highly promising adsorption sites of carboxylic groups on the adsorbent surfaces. The
highlights of the above show that there is a complexation reaction observed between HA from the
adsorbent surface and dye molecules because usually, these complexation reactions are very fast
which would be shown by complexation studies of HA with metal ions.

4.2.3.7 Adsorption isotherm

The relationship between the concentration of reactive dyes and the adsorbed quantity at the
interface as well as the adsorbed quantity is a measure of the adsorption processes equilibrium
position, and it can be described using one or more isotherm models. The quantitative
determination of the adsorption capacity or amount of adsorbent required for adsorption of reactive
dyes from wastewater has been interpreted by only the adsorption data via theoretical or empirical
equations. The adsorption of the dyes was dependent on the concentration of adsorbent. From
adsorption data, the amount of Reactive Red, Reactive Blue and Reactive Yellow increased from
20 - 40, 15 - 45, and 30 - 78 ppm, respectively. Since adsorption is a surface phenomenon, the
nature and strength of interactions between an adsorbate and an adsorbent is essential interaction
an adsorbate functional groups and functional group on the surface of the adsorption. The
adsorption mechanisms can be either chemisorption (covalent or ionic bond formation) or
physisorption (hydrogen bonding or Van der Waal interaction, size exclusion etc). One of the
scaffold common amongst the three dyes is the chlorotriazine group. The most likely possibility is
that the dyes can form covalent bond through the chlorotriazine group with surface hydroxyl group
on the adsorbent. However, repulsion interaction is also expected by sulphonate groups of the dyes
and those on the adsorbents. The net interaction will therefore be a compromise among the

reinforcing and competing forces. This study shows that the experimental data were satisfactorily
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correlated by the non-linear forms of Freundlich and Dubinin-Readushkevich adsorption isotherm

equations.
_ Q°bC,
Qe = 1+bC, 3)
qe = KeC}™" &)
Ge = qm(e*)7F (5)

Where qc is the amount of reactive dye adsorbed at equilibrium over the mass of adsorbent material
(mg g!) and Ce. is the equilibrium concentration (mg L) of the adsorbate. Langmuir constants
related to the monolayer adsorption capacity (ma g'') and energy or intensity of adsorption (Lmg"
1) be consistent with units and the way you write them in the thesis was represented as Qo and b.
The results are shown below in Figure 31, and all fit a straight with R approximately to 1. The
adsorption curves are single smooth and continuous a plateau. The adsorption data fitted the
Langmuir adsorption isotherm thereby illustrating that monolayer adsorption occurred. This
adsorption linear isotherm predicts that adsorption of adsorbate on the adsorbent surface is a

linearity function herweby the changing of dependent and independent variable is linear.

The non-linear optimization method was used to get the detailed analysis of correlations for these
isotherms of reactive dyes. The three isotherm equations adequately describe the adsorption data
but the best fit is to the Langmuir model, from which we can assume that adsorption of several
reactive dyes would not take place beyond a monolayer coverage and all adsorption sites are
equivalent with uniform energies of adsorption without any interaction between the adsorbed
molecules. Also a comparison between the theoretical Langmuir, Freundlich and Dubinin-
Readushkevich isotherms were made The resulting parameters for all three isotherms are tabulated
in Table 2. As shown, Qo is indicative of adsorption capacity changes. Similar results are also

reported by earlier workers. The Freundlich exponent 1/n indicates the favorability of adsorption.
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Values of 1/n<1.0 represent favourable adsorption conditions. The values of 1/n obtained in the
present study for all the three metal ions are less than unity, indicating the favourable adsorption
of numerous dyes onto composites. The value of D-R constant is related to the adsorption free
energy E (kJ mol™!), which is defined as the free energy change required to transfer 1 mol of ions
from the solution to the solid surface. From the equation E = (2)-1/2 can be used to calculate E.
The class of adsorption reaction would be determined through the magnitude of E. The adsorption
energy of physisorption and chemisorption processes are in the range of 1-8 kJ mol! and 20-40 kJ
mol! respectively. In contrast, ion exchange can be used to explain adsorption, when the value of
E would observe in between 8.0 and 16.0 kJ mol™!. The derived values of E for investigated dyes
onto humic lignosulphonate could be in the range between 7 to 8 kJ sol™!. This indicates mainly an
ion exchange reaction, which exposes that the adsorption of dyes onto the composite mostly

proceeds by binding surface functional groups as stated earlier.
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Figure 31. Fitting experimental data for A) 80ppm RR on MHLS on Langmuir model B) 80ppm
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PART B

In the second synthetic part of the study, we focused on the synthesis of humic acid -based kraft
liquor composite (HKLC) which was a one-step reaction. Herein, we used kraft lignin (waste black
material from the Kraft Process) and humic acid in the presence of sulphuric acid. One of the

expected bonds was the ester linkage.

4.3. Characterization of humic acid -based kraft liquor composite

4.3.1. FTIR

FTIR analysis was used to identify the functional groups present in HKLC, as shown in Fig. 32.
The broad absorption at 3452 cm™ is the -OH stretching vibration of aromatic and aliphatic parts.
The peak at 2940 cm! is the stretching vibration of C-H bands for aromatic or methylene groups
of the side chains. The aromatic ring containing the -C=C- stretching vibration band is 1657 cm™.
The peak at 1432 cm™! is the symmetric bending -O-CHs. In the HKLC spectrum, the linkages of
0a-O-4 and B-O-4 in the composite showed stretching of C-O-C at 1264 cm™'. (Zhuang. et., al. 2000)
The characteristic C-O stretching of carbohydrate material gives absorption at 1071 cm™'. (Mija.
et. al. 2017) The following functional groups correspond -OH (H-bonded), -C-H, conjugated -
C=0, aromatic -C-H bending vibration C-C, C-O stretching, and polyphenyl group stretching to
3373, 2928, 1618, 1377, 1247, 1132 and 612 cm™!, respectively. The majority of aromatic peaks
might be obtained from the HA component. In comparing both spectra, similar functional groups
like -OH stretch, C=0, C-C, aromatic and -C-H (Fig. 31). At 3600-3300 cm™!, alcoholic (-OH)
and free phenolic groups are observed in all HA, KL, and composite materials. Broadbands emerge
in all humic and kraft liquor in 3400-3200 cm!, indicating H bridges stretching -COOH and -OH
of phenolic groups. Several bands with various strengths were also present in the fingerprint area

from (1900-800) cm™!, indicating the new unique composite. In the spectrum of HA, there was a
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low-intensity absorption at 1623 cm™ corresponding to conjugated C=0 stretch: it was observed

in HKLC at 1714 cm™. This observation suggests that the carbonyl group might be from the

conjugated carboxyl group.
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Figure 32. FTIR Spectrum of humic acid, kraft liquor and HKLC

4.3.2. XRD

The XRD pattern of HKLC is shown in Fig. 33, with reflection peaks indexed using Joint
Committee on Powder Diffraction Standards (JCPDS) cards. According to JCPDS, the XRD
profile showed sharp and intense peaks between 30 and 40 degrees, followed by additional less
intense peaks, all attributable to humic acid with the monoclinic crystalline structure. Fig. 33 shows
the results of the XRD analysis of humic acid and HKLC. Both humic acid and composites have
nearly the same diffraction pattern, with no notable differences, indicating that their crystallinity
has not changed. Diffraction peaks at 4.48, 3.35, 2.58, 2.46 and 1.82 were detected in the

composite, all of which correlate to humic acid as reported in the literature.
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Figure 33. XRD for Kraft Lignin (a) and HKLC (b)

4.3.3. TGA-DSC

TGA and DSC of HKLC were used to gather more information about its thermal behavior and
stability at high temperatures (Fig. 34). According to the TGA curves, this material shows three
distinct weight loss phases across the temperature range implying a multi-decomposition process.
Initially, around at 100°C there is a slight dip due to water evaporation. The second substantial loss
would be the thermal decomposition of chemically active polar organic functional groups such as
NH", SOs interactions, and oxygen linkages at roughly (200-400) ° C. Finally, the third weight
loss was observed at above 400 ° C due to the loss of specific functional groups of lignin in kraft
liquor. Also, weakly bonded compounds, including oxygenated groups and rearranged
carbonaceous materials, would decompose into aromatic compounds such as phenol, guaiacol or

syringol, alkyls such as methane, ethane, carbon dioxide and carbon monoxide.
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Figure 34. TGA and DSC for HKLC

4.3.4. SEM-EDS

SEM (Fig. 35) was used to determine the surface morphology and elements present on the surface.
Particles of an average size of 20-35 nm are observed on the sample's surface. The porosity and
surface texture of the composite is vital to understanding the surface accessibility of the composite
for dye adsorption reported by Dandge et al (2016). SEM images shows that the humic acid
particles were gritty and clumpy, with irregular appearances. Li et al. (2011) reported that the
structured composite was denser due to humic acid's fraction. The improved surface area with
consistent porosity helps increase the adsorption sites and overall properties of adsorption.
Therefore, these adsorption sites easily accommodate the nitro molecules onto their surface
micropores. This study has recorded SEM micrographs in two different magnification ranges, such
as 1 micron and 500 nm, as shown in Fig. 35. The unshaped particles in HKLC appeared near the
newly produced smaller agglomerated particle. Compared to the structure of raw humic acid, the

smooth surface layer became rough, and some thin flakes were seen on the edge after the successful
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addition of kraft lignin into humic acid, as shown in Fig. 35. Additionally, the EDS spectrum

identifies the elements present on the composite.

Figure 35. SEM and EDS for HKLC

4.3.5. TEM

The detailed morphology of the composite was illustrated by TEM analysis, as shown in Fig. 36.
This composite looks like a resin due to the significant quantity of kraft liquor. Also, the addition
of humic acid into kraft liquor makes the resin surface rougher. This is a different texture compared
with the nature of humic acid. The color of the composite material is greyish black. The rough

surface of the composite nature helps enhance the catalytic activity of the material.
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Figure 36. TEM analysis of HKLC

4.3.6. BET Surface area analysis

Nitrogen adsorption-desorption isotherms of HA, kraft liquor and HKLC were inspected at 77 K.
The BET surface area of the resulting composite has a greater surface area (16.23 m?/g) compared
to humic acid and kraft liquor. Due to this large surface area, the nitroaromatics molecules may
find it easier to reach the composite. The N> adsorption/desorption investigation reveals that
HKLC material comprises mesopores with a few micropores and strong interconnectivity. The
distribution of pore sizes is centered at 2.5 nm and 7.5 nm, while the total pore volume is 2.62
cm’/g. Previous research has demonstrated that sulfonate's structural characteristics, specifically
its molecular weight and sulfonation degree, significantly impact its dispersion property and dye

reduction effect.
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4.4. Reduction of nitro aniline compounds and dyes using kraft lignin composite

This study was conducted on various nitro anilines and some selected dyes. The objective was to
ascertain the catalytic activity of HKLC in reducing some selected small molecules. Therefore,
UV-visible spectroscopy coupled with visual observation was the technique of choice. In this
study, several nitro anilines, namely 2-NA, 3-NA, 4-NA and 4-nitro-2, 3-diamine, and Methylene
blue and Allura red, were investigated with catalytic amounts of HKLC. NaBH4 was used to
initiate this reduction process; the new catalyst played an essential part in completing the reaction.

Reactions were performed in an aqueous medium at room temperature.

The characteristic 2 absorption peaks for 2-NA, 3-NA, 4-NA and 4-nitro-2, 3-diamine were
observed at Amax 410 nm and 240 nm, 360 nm and 300 nm, 380 nm and 240 nm, 410 nm and 240
nm, respectively. Also, the characteristic adsorption of Methylene Blue was observed at Amax 220,
280 and 310 nm while Congo red, Reactive Yellow and Allura Red showed absorption at 250 and
500 nm, 220 and 420 nm and 310 and 500 nm, respectively. Figures 37-44 show the absorption
decrease when the reaction time was increased. This observation indicates the composite catalyzed
the reduction of the nitro group to most probably the amino functional group. The research that
was reported by Saloglua et., al. 2021 and Li. et., al. 2021 obtained a similar result. Alhaji. et., al.
2021 used FTIR to validate the reduction reaction: the absorption at 1400 and 1643 cm-1 for the
nitro group disappeared, and the appearance of absorption at 3460 cm-1 suggested the amino
group. Due to the high concentration of nitroaromatics, some UV spectrum was split at the top of
the area, thus, it further explains the catalytic activity of the composite. The synthesized new
nanocomposite was explained for the reduction process in terms of reduction of nitroarenes to

amino compounds. Although the FTIR peaks at 1400 and 1643 cm™! of the nitro compound were
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reduced and the additional peak at 3460 cm™! for the amino group was increased significantly, this

has confirmed that the reduction reaction was done successfully. (Alhayali. et., al. 2021)
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Figure 38. Reduction of 3-nitroaniline
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Figure 44. Reduction of Allura Red

Many research reports are available for catalytic reduction of nitroaromatics, mainly in the ortho

or para isomers. However, meta nitrobenzene and nitro phenylene diamine were also selected in
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this investigation. Generally, the meta substituted position is more rigorous, possibly for its
resistance against the catalytic action. However, our composite could quickly reduce all NAs,
implying its more substantial catalytic property. A plausible mechanism for reducing 4-nitroaniline
to para phenylenediamine is shown in Fig. 44. The reaction is most probably initiated by hydride
ions produced from NaBHa4, passing through lignin groups in the composite. The functional groups
on the humic acid are firmly linked to the lignin groups of kraft liquor, which promotes electron
transitions. Initially, NA might be absorbed by kraft humate because of strong Van der Walls
interactions, and a high density of electrons promotes additional hydride ions to attack the nitro
group. The development of a thin layered composite of the catalyst nanomaterial is thought to aid
the reduction reaction by lowering the hole and electron recombination rate. In addition, there is
easy release of hydride ions along with electrons from BHs4". Once the reduction reaction is
completed, paraphenylenediamine desorption is likely to occur quickly, letting the cycle continue
on the nanomaterial. The reduction reaction of nitro was promoted by the sequential loss of water

which is shown in the mechanism.
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Figure 45. Reduction reaction mechanism for 4-nitroaniline to p-phenylenediamine

4.5. Conclusion

In conclusion, two composites HLMAC and HKLC were successfully synthesized and
characterized by several techniques to reveal its physical and chemical properties. Infra-red
spectroscopy clearly shows the functional groups present on the composites. The crystalline nature
of the composites was the same as individual components like powdered nature. The composite
morphology was determined by the SEM and TEM analysis, which showed homogeneous surfaces
that further confirm the raw materials have reacted to form the homogeneous composite material.
The highlight of the study is that the composites were successfully used to adsorb three Reactive
dyes and reduce nitroanilines and five selected dyes. Low material cost, eco-friendly, easy to

handle, and rapid reactions are the advantages of this study.
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4.6 Recommendation

Although the HLMAC displayed good adsorption capacity to remove the three reactive dyes, it is
recommended that the optimum dosage of the composite be further investigated. In addition, a
fixed-bed column method could be compared against the batch method to ascertain the best
methodology for dye removal. In the study on the reduction of nitro-aromatics by HKLC, it will

be encouraging to determine the actual reduction product and the quantity produced.
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