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ABSTRACT 

One primary sector contributing to the country’s economic development is coal mining. As the 

country’s primary energy source, coal dominates the country’s energy mix. Conversely, the 

devastating environmental impact of this industry cannot be ignored. An ever-increasing 

population and economic growth exacerbate this problem further. This energy resource, “coal”, 

is mined using large quantities of water, resulting in salted wastewater and further 

contaminating groundwater. South Africa (SA) is experiencing water shortages because of 

climate change, which coal directly contributed to, so it has no choice but to implement 

mitigation plans instead of preventing it to ensure its sustainability. 

 

Therefore, it is in this context that led to the motive for this current research. This study uses 

reverse electrodialysis (RED) technology to mitigate and address this environmental challenge 

sustainably. A vital advantage of this technology is its ability to produce power while purifying 

wastewater. This advantage makes it a valuable energy mix that can substantially reduce and 

alleviate coal-fired emissions. The study aimed to investigate the desalination and power 

generation process for treating synthesised coal mining and colliers using a RED stack. 

 

The study’s hypothesis was tested by using small laboratory-scale RED stacks. This study used 

synthetic wastewater to mimic SA’s colliery mine and coal power plant wastewater. A 

performance assessment of the RED stacks was conducted under varying system temperatures, 

solution concentrations, and flow rates. 20 to 40 °C system temperatures, 1 to 2 mol/L solution 

concentrations, and 896 to 1550 mL/min flow rates were used. Within the specified 

experimental ranges, an empirical tool, response surface methodology (RSM), was used to 

minimise the number of experiments while obtaining sufficient experimental data. The selected 

process parameters were converted into dimensionless codified data in three levels. A general 

full factorial design type recommended 18 experimental runs. The influence of each selected 

parameter was examined individually in the first part of this study. A range of 2.31 to 10.75 

W/m2 and 3.94 to 16.13 wt.% power density and salt removal were obtained at the selected 

experimental ranges. These results corresponded to a membrane flux range used in this study. 

The membrane flux data was used to assess scale-up feasibility and cost estimation for the RED 

technology. 
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Statistical analysis was performed using the historical data design (HDD) option provided by 

RSM software to examine the combined influence of the investigated parameters on power 

density and salt removal. The results recommended that the 2FI model, as the highest order 

with significant terms, can describe the desalination and power density. A good agreement was 

found between experimental data and data generated by empirical models, with a less than 3% 

deviation. A regression (R2) analysis was performed to determine the accuracy and reliability 

of the developed empirical models. An accuracy level of 95% was obtained in predicting 

experimental data within the experimental range for these models. Against this brief, the two-

factor interaction (2FI) acquired by the model elucidates that this model is not recommended 

since it cannot make accurate predictions, as 0.6949 as well as 0.8704 for salt removal 

percentage and power density, respectively, indicate a relatively low value for regression. The 

combined effects and significance of input parameters were assessed with a three-dimensional 

surface (3-D) and a contour plot. The assessment revealed that power density and salt removal 

were less affected by the increase in flow rate than by solution concentration and system 

temperature.  

 

The feasibility of the technology was further explored by optimising input variables since the 

membrane flux data alone cannot provide detailed information on the technology’s potential. 

Increasing RED parameters, such as pumping at higher flow rates, frequently requires more 

energy; therefore, pumping costs may increase if the operating parameters necessitate higher 

solution flow rates, affecting the RED system’s overall running costs. The temperature, 

concentration, and flow rate were optimal through RSM software at 40℃, 1.93 mol/L and 896 

mL/min. This high temperature will accelerate scaling effects, leading to technical failure if the 

technology is used to treat or produce electricity on a large scale. Consequently, this technology 

would be more expensive. However, this does not exclude the possibility of replacing current 

conventional technologies with this technology. After RED technology has been conceptually 

designed and cost analysis, including sensitivity analysis, has been conducted, a realistic 

conclusion can be drawn.  

 

The effect of divalent ions was investigated in further detail using these optimal conditions. 

The synthetic coal mine wastewater was prepared by adding Ca2+ and SO4
2-, maintaining NaCl 

concentration and increasing divalent ions. Deionised water simulating lower concentrations 

likely affected the overall performance of the RED stack in this study. In this case, further 

investigation into the effect of lower concentrations should be recommended to examine 
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improving the performance of RED stacks at even lower concentrations. It will also be possible 

to assess if they are effective on wastewater containing low salt levels. This study does not 

recommend the HDD method for optimising the experimental results. However, further 

investigation should be conducted to accurately develop models that would produce a reliable 

model with acceptable prediction ability. In this manner, similar experimental investigations 

can be conducted more quickly. 
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CHAPTER 1 - INTRODUCTION 

Chapter Overview  

Desalination has been considered the solution to freshwater salinization caused by coal 

wastewater. However, when applied on larger scales, it typically requires a substantial amount 

of energy, which has been a drawback regarding economic and environmental concerns. 

Reverse electrodialysis (RED) technology, a green technology, can generate electricity while 

producing fresh water due to the migration of ions. As a result, reverse electrodialysis 

desalination is being developed to reduce contaminants (salt wastewater) in coal-generated 

wastewater and provide a more environmentally friendly alternative electricity source that 

desalination plants can offer, thereby saving Eskom and the water industry.  A well-articulated 

motivation, rationale, study aims, hypotheses, research questions, and objectives are also 

provided. In this chapter, the significance of the study is also explained. Lastly, another purpose 

of this chapter is to provide a comprehensive dissertation overview. 

 

1.1. Background into wastewater from coal  

Life depends on water, the most valuable natural resource (Kurz et al. 2005; Hossain 2015). 

Consequently, clean water is scarce due to contamination caused by industrial, mining, 

agriculture, and human waste disposal (Schwarzenbach et al. 2010; Du Plessis and du Plessis 

2019). The coal mining industry also contributes to this concern due to its environmental 

impact, including generating large quantities of wastewater (Pan et al. 2012; Rashed 2013; 

Wang et al. 2018; Palani et al. 2021). Pollutants in this wastewater pose a threat to human 

health and ecosystems.  

 

It is common for coal mining wastewater to be discharged as combined effluent, containing 

discharges from various sources, including mine water (MW), acid mine drainage (AMD), coal 

washery effluent, and coke plant wastewater. These inorganic compounds, such as high levels 

of chlorides and sulphates, result in vast amounts of salt load each year because they contain 

many inorganic compounds (Kotelo 2013; Pondja 2013; Hareesh 2015; Maiti et al. 2019).  

 

Large land areas are often disturbed during surface coal mining, which generates significant 

amounts of wastewater. Coal-fired power plants generate wastewater when flue gas 

desulfurization (FGD) systems cool and treat flue gas. Heavy metals, trace elements, and 



2 

 

dissolved salts are among the pollutants in this wastewater. As a result of bioaccumulation and 

exposure, these pollutants can pose a risk to aquatic life and human health. For this reason, it 

is crucial to develop effective methods to treat coal wastewater to minimize its effect on health 

and the environment. 

 

1.2. Background into RED technology 

In recent years, coal mining and coal-related industries have used several conventional 

treatments to remove salt from wastewater. These techniques include ion exchange membrane 

(Geise et al. 2014; Tanaka 2015; Ran et al. 2017), reverse osmosis (Wenten 2016; Ismail, 

Khulbe and Matsuura 2018; Kucera 2023), and thermal technology (Mabrouk and Fath 2015; 

Feria-Díaz et al. 2021). These techniques have advantages and limitations, including the 

following: 

a) High Energy Consumption: Thermal distillation and reverse osmosis are both 

energy-intensive desalination processes. Since these technologies heavily depend 

on fossil fuels, carbon emissions increase, creating more environmental challenges. 

b) Cost: Desalination plants' construction, operation, and maintenance require much 

capital. For countries with limited financial resources, desalinated water is often 

less economically viable than traditional water sources, such as rivers or 

groundwater. 

 

However, salt removal from wastewater treatment is energy-intensive since external energy is 

required. There has been much interest in using membrane technology such as reverse osmosis 

for desalination because of its high removal efficiency (Obotey et al. 2020). However, 

membranes are costly to operate and maintain, making them an uneconomical waste treatment 

option. It is therefore recommended that we shift to an emerging technology like RED, which 

produces power and desalinates water simultaneously, thereby reducing the use of external 

power. In consequence, RED will be able to minimize adverse environmental impacts in coal 

mining and coal power plants as RED, as a renewable energy source, addresses environmental 

mitigation goals.  

 

The RED technology generates electricity by harnessing the differences in salinity between 

saltwater and freshwater, thus desalinating the saltwater solution. RED uses ion-selective 

membranes to separate freshwater and saltwater to balance the salinity gradient so that ions 
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naturally flow from the higher concentration side (saltwater) to the lower concentration side 

(freshwater). The passage of ions across membranes creates an electric potential. An electric 

current can be created by connecting electrodes on either side of the membranes, which can 

then be captured and converted into electricity. 

 

The RED system is complex, has poor ion-selective membrane performance, and is costly 

despite its potential as a sustainable energy source. Its innovative energy generation and 

desalination approach is continuously evaluated and improved to reduce costs, improve 

efficiency, and explore practical applications. Due to its potential for clean and sustainable 

energy production and desalination, this technology may become more viable as it develops. 

 

1.3. Study Rationale 

There is a need for wastewater effluent quality management in South Africa. Compliance is 

essential to mitigate the impact of these regulations on the environment. In the coal mining and 

coal power industries, environmental problems are associated with the discharge of saline 

wastewater. The methods for removing salt from wastewater cannot address the saline 

wastewater problems. Engineers and researchers have no option but to establish an efficient 

and effective alternative desalination method because of these technologies' high energy 

intensity and complexity.  

 

This is where RED, also known as Blue Energy, comes into play as an alternative technology 

to mitigate the environmental and technical challenges mentioned before. In South Africa, this 

technology is relatively new. In most studies conducted outside of South Africa, RED stacks 

have been applied to generate electricity from seawater and river water. However, desalination 

of coal-based wastewater using RED has not been studied extensively. Thus, this study seeks 

to fill this research gap by exploring the possibility of desalinating coal-based wastewater using 

RED technology, which will benefit both industry and research. In addition to minimizing 

energy costs for coal-related industries, this desalination technique can also solve saltwater 

problems created by these industries. The RED technology can alleviate the energy-intensive 

desalination processes used by coal mining and power plants, which would be a serious 

drawback. Due to the electrical power production that thereafter powers the process, the RED 

stack offers a cost-saving alternative to these industries. 
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1.4. Hypotheses and research questions  

The following hypothesis was developed as part of this research: 

• by using reverse electrodialysis stacks, coal mines and power plant wastewater can be 

stripped of salt (NaCl) while generating electric power simultaneously.  

This study supports the hypothesis and addresses the following questions: 

• can coal-fired power stations and collieries provide sustainable energy and desalination 

processes through industrial wastewater? 

• what are the best conditions for maximizing power production and salt removal? 

 

1.5. Aim and objectives of the study 

This study aims to investigate the simultaneous colliery (as well as a coal-fired power station) 

wastewater treatment and renewable energy production by RED to improve process economics 

and carbon footprint.  

 Objectives were as follows: 

• to investigate the desalination process for the treatment of synthesized coal mining and 

coal power plants using RED stack. 

• to investigate the effects of various factors on Reverse Electrodialysis (RED) stack 

performance. 

• to assess the permeation flux of RED and the impact that various parameters have on 

permeation flux. 

• to optimize the desalination and power production with the RED process utilizing 

response surface methodology (RSM). Input factors evaluated were concentration, flow 

rate, and temperature as a function of salt removal efficiency and power density. 

• to compare and validate the desalination and power production under the optimum 

conditions. 

• to investigate the effect of divalent ions (CaCl2 and Na2SO4) based on optimum 

conditions. 

 

1.6. Outline of the Dissertation 

There are six chapters in this dissertation, which are briefly summarized below: 

Chapter One: Presents an introduction to the study. 

Chapter Two: A literature review focuses on conventional desalination techniques used in 
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coal mines and power plants for wastewater treatment. The study's knowledge gap is 

highlighted by a summary of emerging RED technology and previous studies on RED. 

Chapter Three: A literature review focuses on conventional desalination techniques used in 

coal mines and power plants for wastewater treatment. The study's knowledge gap is 

highlighted by a summary of emerging RED technology and previous studies on RED. 

Chapter Four: All steps involved in the laboratory experiment are presented in this chapter. 

It provides process optimization, analytical, and model development approaches. 

Chapter Six: The conclusions derived from the acquired results are presented in this chapter. 

Future research recommendations are also provided. 
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 CHAPTER 2 - LITERATURE REVIEW 

Chapter overview 

This chapter reviews an overview of the coal mining and power plant industries, desalination 

treatment processes such as thermal technology, membrane technology, ion exchange and 

electrodialysis and their advantages and disadvantages. This chapter also assesses reverse 

electrodialysis works, emphasising the wastewater treatment process. A brief review of 

response surface methodology is highlighted as an optimisation tool used in this study. An in-

depth critical review is provided to highlight the knowledge gaps that laid the groundwork for 

this work. 

 

2.1. Overview of coal mines 

South Africa is one of the world’s top coal-producing countries. The country relies mainly on 

coal fuel for electricity generation, steel manufacturing, and production of petrochemicals. 

Therefore, coal mining is the backbone of the country’s economy. However, the country suffers 

from regional water scarcity and pollution caused by coal mining (Konovšek et al.  2017; Polisi 

et al.  2021; Bulmer et al. 2021). 

 

The country has 19 coalfields (as shown in Figure 2-1), and most collieries in South Africa are 

located in the Mpumalanga Province. They are particularly prevalent in the towns of 

Emalahleni. (Formerly Witbank), Middelburg, Ermelo and Secunda). Coal mining in the 

Mpumalanga province dates from the late 1800s. South Africa’s mining history has generated 

vast economic benefits and still plays a vital role in ensuring the country’s position in the global 

market (Steyn 2019). Over 90% of the coal used on the entire African continent is produced in 

South Africa, providing nearly 80% of South Africa’s energy demands. Eskom states that coal 

is the most widely used primary fuel internationally, accounting for approximately 36% of the 

world’s electricity production (Marais et al. 2019). 

 

The coal mining industry encountered various environmental challenges ranging from acid 

mine drainage (AMD), subsiding ground, pollution of streams, and the exacerbation of 

potentially harmful elements (PHEs) and their effects on aquatic ecosystems. These 

environmental woes are experienced during active mining operations and are worse in 



7 

 

abandoned mines where less maintenance and environmental stewardship are implemented 

(Mahlase 2021). 

 

Figure 2- 1: South African’s coal field (Adapted from Hancox and Götz (2014)). 

 

Therefore, it is of great significance to treat wastewater from these industries efficiently as coal 

industries will continue to impact the environment negatively since our country still relies more 

on Eskom, which utilises coal for electricity production. 

 

2.2. Mining legislation in South Africa that protects the environment. 

South Africa is a country with a limited supply of water, and the quality of the water influences 

its usefulness for various uses. The report by (Mabiletsa and du Plessis 2001) indicated that 

exploiting South Africa’s natural resources through mining contributes to the country’s 

economic development. However, mining is an activity that has possible impacts on the 

environment. Section 24 of the Constitution of the Republic of South Africa, 1996, states as 

follows: 

Everyone has the right - 

a) to an environment that is not harmful to their health or well-being, and 

b) to have the environment protected for the benefit of present and future generations 

through reasonable legislative and other measures that - 
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1. prevent pollution and ecological degradation. 

2. promote conservation, and 

3. secure ecologically sustainable development and use of natural resources while 

promoting justifiable economic and social development. 

 

In general, mining is one of the activities that severely impacts the environment. In order to 

protect people’s health, general well-being, and the natural resources that development depends 

on, it is also important to prevent the environment’s continuous degradation (Mabiletsa and du 

Plessis 2001). 

 

In 2017, The Department of Water and Sanitation (DWS) constituted a regulation that demands 

mine operations to monitor their surrounding water resources in the capacity of a potential 

recipient of pollutants from the mining operation (Lebepe 2022). The sampling is done as 

follows: 

• Quarterly surface water, groundwater, and wastewater sampling. 

• Quarterly groundwater level measurements. 

 

The outcomes often display the information gathered throughout the mine’s operation and 

demonstrate the estimated or anticipated possible effects of the adjacent mining activities. In 

determining the quality and water use, specific parameters must be analysed, i.e. pH, 

Aluminium (mg/L), Calcium (mg/L), Chloride (mg/L), Fluoride (mg/L), Iron (mg/L), 

Magnesium (mg/L), Manganese (mg/L), Potassium (mg/L), Sodium (mg/L), Sulphate (mg/L), 

Total dissolved solids (mg/L) and Suspended solids (mg/L). In 2019, DWS set wastewater 

discharge limits for coal-related industries, as presented in Table 2-1. 
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Table 2- 1: Discharge limits for coal-related industries set by DWS (Adapted from Maiti et 

al. (2019)). 

Parameters Discharge limits 

pH 4–12 

Colour, Hazen unit <5–15 

Turbidity, NTU 1–5 

Odour Agreeable 

Total suspended solids 15–50 

Total dissolved solids 1,000–2,000 

Chloride  350–700 

Sulphate 300–500 

Sodium 200 

Magnesium 150–200 

Calcium 150–200 

 

2.3. Background of the study 

Over the years, the water quality crisis has remained the world’s most challenging concern, 

emanating from rapid population growth (Cosgrove and Loucks 2015; Reid et al. 2019). The 

growing demand for safe and affordable clean drinking water globally has necessitated 

adequate wastewater treatment for discharge and recycling to prevent the projected water crisis 

and reduce environmental pollution (Raimi et al. 2019; Onu et al. 2023). 

 

Another world problem is the energy crisis (Halkos and Zisiadou 2023; Skrzyniarz et al. 2023). 

Energy derived from the combustion of fossil fuels not only has a severe harmful influence on 

human health but also greatly contributes to climate change. In this vein, while desalinating 

with waste-to-energy (WtE) technologies such as RED, usable energy (electricity and heat) can 

be converted in a safe and environmentally friendly way (Kamal 2012). 

 

2.4. Conventional methods for mine wastewater treatment 

Mine waters unsuitable for discharge into natural waterways are typically strongly acidic or 

alkaline and carry high concentrations of salts, trace metals, suspended solids, and organic 

compounds (Cogho, 2012). There are various techniques for treating mine waters, depending 

on the amount of effluent, the kinds of contaminants present, and their concentrations. Mine 
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water composition depends on the mined ore, and the chemical additives utilised in mineral 

and hydrometallurgical processing (Thiruvenkatachari et al. 2011). This implies that mine 

waters do not often have a particular composition, so the classification of mine water based on 

its composition is challenging (Madzivire 2009). 

     

Figure 2- 2 : Conventional mine water treatment technologies (Adapted from Zhang et al. 

(2020)). 

 

The kind of wastewater produced by mines mostly depends on the chemical characteristics of 

the geological elements that come into contact with the water. The concentrations of salts and 

other constituents frequently render such waters inappropriate for direct discharge to the river 

systems, except during heavy rain when sufficient diluting capacity is the regulatory authorities 

permit present and controlled release. Mine wastewater treatment is a possible solution to 

prevent or minimise the pollution of water resources (Iakovleva and Sillanpää 2013). However, 

it has become costly to treat the water to a condition acceptable for release into natural 

watercourses (Annandale et al. 2007). 
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2.5. Desalination process  

Desalination is a general term for the process that removes dissolved solids and produces fresh 

water from feed waters such as seawater, brackish water, and inland water and increasingly to 

reclaim recycled water. The desalination of water has been done since ancient times but was 

not widely utilised due to technological limitations, the prohibitive high capital costs, high 

energy consumption, and finally, the exceptionally high unit cost of water compared to 

conventional water development (Karagiannis and Soldatos 2008) Typically, a desalination 

plant consists of : (Karagiannis and Soldatos 2008) 

• Intake, made up of pumps and pipes to take water from the source (sea or brackish 

water) 

• Pre-treatment comprised of filtration of raw water to remove solid components and the 

addition of chemical substances to reduce the salt’s precipitation and the corrosion 

inside the desalination unit. 

• Desalination, where freshwater is extracted from saltwater. 

• Post-treatment for pH correction by adding selected salts to meet the requirements of 

the final uses. 

 

Desalination requires enormous energy to separate the undesired particles from the water 

molecules (Broggi 2013; Härtel et al. 2015; Darre and Toor 2018). Desalination has attracted 

a lot of attention recently due to its potential for recovering potable water from sewage and 

turning brackish and seawater, which is why it is seen to be crucial in supplying the world’s 

water needs (Papapetrou et al. 2017; Danaeifar et al. 2023). There are multiple desalination 

technologies, but each one’s applicability heavily depends on the type of water to be 

desalinated. The other main factors in choosing the best desalination technology for a particular 

application include energy availability, the intended use for the produced water, and the 

required treatment capacity (Asadollahi et al. 2017). Various desalination processes have been 

developed; some are currently under research and development (Mabrouk and Fath 2015; Ali 

et al. 2018; Gebreeyessus 2019; Saleem et al. 2023). 
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Figure 2- 3: Classification of water desalination technologies (Adapted from Shatat and 

Riffat (2014)). 

2.6. Thermal Technology  

Thermal technologies are based on the concept of using evaporation and distillation processes, 

which are common distillations used for desalination worldwide. There are three common 

thermal technologies used, which mainly include multi-stage flash (MSF), multiple effect 

distillation (MED), and vapour compression (VC) (He et al. 2022). Heat drives thermal 

processes, which induce a phase change in water, which causes it to vanish, evaporate, and 

leave dissolved solids behind. Due to the effort required to accomplish this, thermal techniques 

are not usually used for brackish water treatment due to their high cost. However, these 

technologies produce water with shallow levels of TDS, and they are used extensively in the 

Middle East, where there are plenty of sources of fossil fuels (Jaberi and Ghassemi 2015) 
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2.6.1. Multi-Stage Flash (MSF) 

This distillation process combines many flashing stages and is one of the world's most reliable 

thermal seawater desalination plants. MSF strictly separates heat transfer and evaporation, 

minimising the risk of scaling and significantly reducing maintenance costs. Furthermore, MSF 

can handle large capacities. Given that it can operate at high temperatures and pressure, its 

limitation and disadvantage is that it requires the highest amount of energy (El-Ghonemy 2018; 

Hamed 2020).  

 

 

 

 

 

 

 

Figure 2- 4: Multi-Stage Flash process (Adapted from Lawal et al. (2023)). 

 

2.6.2. Multiple Effect Distillation (MED) 

This process is the oldest in desalination. MED contains numerous chambers in a single vessel, 

which improves the MED efficiency. Significant features of the MED process are low primary 

energy consumption due to a lower top brine temperature in the MED, low heat transfer area, 

and high gain ratio. However, the use of MED is limited because it has less production capacity  

(Al-Shammiri and Safar 1999; Thimmaraju et al. 2018; Al-Hotmani et al. 2020). 
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Figure 2- 5: Multiple effect distillation processes (Adapted from Alhaj et al. (2017)). 

 

2.6.3. Vapor Compression (VC) 

This distillation process is much more efficient in distilling water than other older technologies, 

whereby fresh water from saline water is produced by developing heat by vapour compression. 

Vapor compression distillation has many advantages, including the compressor being driven 

by electricity or a diesel engine. However, it is limited as the boiler scaling is severe and is 

used for small-scale desalination (Zheng et al. (2017)). 

 

 

 

 

 

 

Figure 2- 6: Vapor Compression process ( Adapted from Alhaj et al. (2017)). 

 

2.7. Membrane technology for desalination  

It offers several appealing characteristics that make any saline stream’s desalination reasonably 

affordable compared to thermal desalination processes. These techniques rely on hydraulic 

pressure to achieve separation (Yan 2022). There are four main types of these processes. These 

are microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis 
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(RO)(Goh et al. 2016). However, MF, UF, and NF can only remove other particles (as shown 

in Figure 2-7 ) than salts (Brover et al. 2022). Reverse Osmosis is considered effective in salt 

removal, and in 2012, it was regarded as a popular desalination technology with 60% of the 

total global desalination capacity (Jaberi and Ghassemi 2015). 

 

Figure 2- 7: Membrane technology process (Adapted from de Pinho and Minhalma (2019)). 

 

2.7.1. Ion Exchange Membrane 

Ion-exchange membranes are used to desalinate and remove heavy metals and organic 

compounds from industrial effluents and are favourable to many industries. Ion exchange 

membranes contain high concentrations of fixed charges, allowing specific ions to pass through 

while blocking others (as shown in Figure 2-8). The membrane separates dissolved ions in a 

liquid (Hassanvand et al. 2017). This type of membrane can be best described as the 

interchange of ions between a solid and liquid phase surrounding the solid. However, their 

disadvantage and limitations are their high operational costs and failure to remove all 

contaminants at low concentrations (Tanaka 2012). 

 

Figure 2- 8: Ion Exchange Membrane process (Adapted from Tanaka (2012)). 
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2.7.2. Electrodialysis 

Electrodialysis is utilised widely today for desalination of brackish water, and in some areas of 

the world, it is the primary process used to produce potable water. The operation of ED is 

driven by the development of ion exchange membranes that produce high water recovery and 

do not require phase change, reaction, or chemicals. Membranes can be constructed to permit 

the selective passage of either cations or anions, as shown in Figure 2-9 (Al-Amshawee et al. 

2020). ED has the capability of high recovery in terms of more freshwater products and less 

brine. ED is limited because desalination of water with concentrations of dissolved solids 

higher than 30 g/l, like seawater, is possible, but it is not economically viable, and energy usage 

is proportional to the salts removed (Shatat and Riffat 2014). 

 

 

Figure 2- 9: Movement of ions in the ED process (Adapted from Shatat and Riffat (2014)). 

 

2.7.3. Reverse Osmosis 

 Reverse osmosis (RO) is the common method of purifying water that uses a semi-permeable 

membrane to separate water molecules from other materials. RO applies pressure to overcome 

osmotic pressure that favours even distributions.RO is gaining popularity in the chemical and 

environmental engineering fields due to its high removal efficiency and ability to remove 

various metallic ions (Qasim et al. 2019). RO is today the leading desalination technology and 

accounts for more than 20% of the restoration world’s desalination operations because of 

pumping pressures, semi-permeable membrane regeneration, and restoration. RO is highly 

known for its efficiency in separating small particles, including bacteria and monovalent ions 

like sodium and chloride ions, up to 99.5% (Qasim et al. 2019). The disadvantage and 
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limitation of RO is its high power consumption because of pumping pressures, semi-permeable 

membrane regeneration, and restoration (Joo and Tansel 2015).  

 

2.8. Emerging desalination technique 

Even though the use of membrane processes guarantees the removal of at least 95% of 

contaminants that any treatment process can achieve due to its energy intensity, shifting to a 

technology that could work as a desalination process while also generating electricity 

simultaneously will reduce negative environmental impact and minimising cost of electricity.   

 

2.9. Reverse electrodialysis  

The idea was formulated for the first time in 1954 by R. Pattle in Nature (Wick 1978; Cipollina 

et al. 2016; Tian et al. 2020). RED, a reverse desalinisation process, is a technology that 

generates electricity using the entropy of mixing sea and river water (Mei and Tang 2018). 

Salinity gradient energy (SGE) capture by reverse electrodialysis (RED) is an emerging 

technology to advance the phaseout of conventional water-intensive energy sources in the 

desalination industry (Tristán et al. 2020a). It is also inherently clean and sustainable. In 

addition, energy can theoretically be produced 24 hrs per day and 365 days a year (Post 2009). 

In a RED system, which is a reverse of an electrodialysis system, several cation and anion-

exchange membranes are stacked in an alternating pattern between a cathode and an anode, as 

depicted in Figure 2-10. Feed waters, such as seawater and river water, flow alternatingly 

through the feed compartments between the membranes. The salinity gradient over each ion 

exchange membrane generates a voltage difference (the Donnan potential), which propels the 

process. This voltage differential builds up when alternating CEMs and AEMs are stacked. 

When the RED stack is connected to an external load, this driving force results in a flux of ions 

through the membranes. An electrode is in contact with the membrane stack’s ends to allow 

the ionic flux, and a redox couple recirculates between the electrodes to transform the ionic 

flux into an electrical current (Vermaas et al. 2013; Moreno et al. 2018).  
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Figure 2- 10:  Reserve electrodialysis process (Adapted from Güler et al. (2013)). 

The compartments between the membranes are alternately filled with a concentrated salt 

solution and a diluted salt solution, as Figure 2-11 demonstrates.  

 

Figure 2- 11: Shows several cation and anion-exchange membranes are stacked in an 

alternating pattern (Adapted from Güler et al. (2013)). 

 

Theoretically, approximately 0.8 kWh is obtainable when 1 m3 of freshwater flows into the 

sea, translating into nearly 2 TW of SGP based on the total freshwater flow of the significant 

rivers worldwide (Mei and Tang 2018). RED enables energy harnessing from abundant yet 

largely untapped sources, such as industrial effluents, thus providing energy and emission 

savings from an otherwise waste stream, conforming with the waste-to-wealth concept (Tristán 

et al. 2020b). 
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2.10. Comparative Analysis of Desalination Technologies 

2.10.1. Advantages and disadvantages of Desalination technologies 

Table 2- 2: Advantages and disadvantages of Desalination technologies (Adapted from El-Ghonemy (2018); Lawal et al. (2023); Alhaj et al. 

(2017); Jaberi and Ghassemi (2015); Tanaka (2012); Pathak (2020) and Tristán et al. (2020a) ). 

 

 

Process  Advantage  Disadvantage 

Multi-stage flashing MSF plants are relatively simple to construct and operate It is considered an energy-intensive process, which requires 

both thermal and mechanical energy, but it can be overcome by 

the cogeneration system 

Multi-effect distillation The MED process is designed to operate at lower temperatures of 708 °C 

(1588 °F). This minimises tube corrosion and the potential of scale 

formation around the tube surfaces 

The multi-effect flash system operates at high 

temperatures that increase corrosion and scale 

formation. 

Vapor-compression 

evaporation 

The low operating temperatures (below 708 °C) reduce the potential for 

scale formation and tube corrosion. 

The simplicity and reliability of plant operation make it an 

attractive unit for small-scale desalination units. 

Reverse osmosis The use of energy recovery devices that are connected to the concentrated 

stream as it leaves the pressure vessel. 

Membrane scaling caused by the precipitation of salts is a 

common problem in the RO process and high operating cost. 

Electrodialysis Energy usage is proportional to the salts removed. ED is feasible for brackish water with a salinity of, 6 g/l of 

dissolved solids, but not suitable for water with dissolved 

solids of, 0.4 g/l. 

Membrane distillation The main advantages are its simplicity and the low operating temperature 

it requires to operate. 

The MD process requires that the feed water should be free of 

organic pollutants; this explains the limited use of this method. 

Reverse electrodialysis  The main advantage is operating simultaneously in the desalination of 

water and the production of clean energy to feed the desalination process.  

 

High capital costs of membranes 
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In the past decade, the study of reverse electrodialysis has received great interest because its 

adoption can overturn energy challenges in the world and is of great interest for clean electrical 

power (Siemens 2023). Less than five salinity gradient power stations operate worldwide 

(Tumba). However, there are reports of ongoing projects in numerous coastal countries. One 

of the pilot plants in the Netherlands uses fresh Ijsselmeer water and salt water from the 

Wadden Sea. The test site was built in 2006 but was put into service on 26 November 2014 and 

produced 50 kW of electricity (Cipollina et al. 2016). This plant generally uses fresh water 

flowing from the Rhine and seawater, as shown in Figures 2-12, to produce power, discharging 

the brine back into the sea to prevent the dam from flooding. 

 

Figure 2- 12: RED pilot plant located in the Netherlands (Adapted from Tedesco et al. 

(2016)). 

 

2.11. Development of RED stack in South Africa 

Blue energy is a recently established field of study in Southern Africa and all of Africa. No 

pilot unit has been built as African researchers take their first steps in the field. Mangosuthu 

University of Technology is Africa’s sole university working on blue energy research. Blue 

Energy has great potential in combining wastewater and electricity generation in both 

operational and abandoned mines, Coupling desalination and reverse electrodialysis, etc. 

(Tumba). The researcher further highlighted the challenges identified in South Africa, 

including a lack of data that can be used in simulations (flow rates, salinity, water availability). 
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2.12. Challenges, Advantages, and Disadvantages of RED Stack 

Table 2- 3: Challenges, Advantages, and Disadvantages of the RED stack (Adapted to Tumba; 

Zhou et al. (2018)); Guler and Nijmeijer (2018)). 

Challenge • Small number of researchers involved in the field. 

• Lack of membranes specifically designed for RED. 

e.g., Improved monovalent selectivity, antifouling 

properties, and target-ion-selectivity for non-sodium 

chloride ions 

Advantages • Southern Africa is likely to claim the largest share of 

blue energy potential among all the major African 

regions. 

 

• There is room for plenty of innovation through RED 

research. 

 

• Blue energy adoption can overturn energy challenges 

in the region. 

 

• Not dependent on seasonal climate changes 

 

• RED stack can simultaneously produce energy while 

treating wastewater. 

 

Disadvantages • High capital costs involved 

 

2.13. Energy Savings to Desalination from RED 

Desalination plant capacity will define absolute GHG emission reduction. RED’s salinity 

gradient energy retrieval from desalination’s concentrate effluent is a viable strategy for 

balancing carbon emissions from the energy-intensive sector; this is particularly true for those 

locations deeply reliant on fossil fuel. RED’s ability to cut down desalination’s carbon 

emissions hinges on 

• The technical and environmental performance of RED  

• The energy required to drive desalination. 

 

Tristán et al. (2020b) performed a study examining the relevant factors in reverse 

electrodialysis (RED) application in desalination plants to reach a more sustainable and clean 

water supply. The comparison was done to determine the potential reduction in energy 
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consumption and carbon emissions gained from RED integration in 20 medium-to-large-sized 

seawater reverse osmosis (SWRO) desalination plants spread worldwide. The research was 

conducted to quantify the grid mix share of the SWRO plant’s total energy demand and 

emissions RED would abate. Results indicated that RED plant could a) abate roughly 10% of 

desalination plant emissions, b) potentially abate 0.32 to 1.18 Mt CO2-eq per year, c) deliver 

high specific energy to the least energy-intensive SWRO plants, and d) be integrated into the 

most emission-intensive SWRO plants which could relieve up to 1.95 kg CO2-eq m3. 

 

2.14. Comparison of Salinity gradient energy from RED stack to other marine renewable 

energy. 

Table 2- 4: Comparison of various types of renewable energy (Adapted from Stages (2012); 

Dolan and Heath (2012) ; Smoot (2022) ; Farquharson et al. (2017) ; Tristán et al. (2020b)). 

Unit Source Global warming potential  

(g CO2
-e/kWh) 

Availability of renewable sources  

Photovoltaic ~40 Weather dependent 

Wind 11-12 Weather dependent 

Hydro 27.2-226 Always available 

Geothermal 38 Weather dependent 

Coal ~1000 Non-renewable 

Natural Gas  490 Non-renewable 

SGP (RED)  <10 Always available but not in non-coast countries 

SGP (PRO)  <10 Always available but not in non-coast countries 

2.15. Factors Affecting RED Stack 

Various operational parameters affect the process of desalination and power production on the 

RED stacks. Each of these variables influences the effectiveness and efficiency of the 

wastewater desalination and power production process. 

 

2.15.1. Temperature 

The temperature has a significant impact on the transport properties of the membrane and 

solution. The feed stream temperature can strongly influence RED performance (Benneker et 

al. 2018). Increasing temperature may result in more power density and a high percentage of 

salt removal (Mehdizadeh et al. 2019). However, temperatures above 40 °C might affect the 

stability and durability of IEMs. Therefore it was reported by (Fontananova et al. 2014) and 
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many researchers that a 45% increase in the maximum power density was observed when the 

feed temperature was increased from 20 to 40 °C.  

 

2.15.2. Concentration 

Regarding operational variables, the feed solutions considerably impact the stack’s internal 

resistance and provide the electromotive force.  The ion removal rate and the total ion removal 

are highly dependent on ionic concentration and composition. Increasing the salinity difference 

between the high and low-concentration solutions often improves RED performance (Ortiz-

Martínez et al. 2020). However, the high concentration of multivalent ions in the highly 

concentrated compartment could cause salt to precipitate on the IEM. Therefore, higher NaCl 

increases the ion removal rate, and total ion removal rises as the applied voltage impacts more 

ions, but as opposed to that, power density increases when higher salinity gradients are used. 

The effect of concentration bulk solution, spacers, and boundary layer resistances are more 

pronounced for less concentrated and lower gradients, whereas high ion concentrations have a 

significant impact on membrane resistance. Based on findings by numerous researchers, power 

generated by the RED stack enlarged when 0.6 to 3.6 M of higher NaCl concentrations were 

utilised. As a result of IEMs’ capacity restrictions, the power stayed constant after that (Zhou 

et al. 2018). 

 

2.15.3. Flow rate 

According to (Tufa et al. 2018), velocity is the mean velocity inside the single spacer–filled 

channel which affects the RED system’s hydrodynamics and chargers’ mass transfer. The flow 

rate of the solution directly affects the ion transport rate. An experiment conducted by (Tedesco 

et al. 2016) indicated that higher velocity ranges from 2-3 cm/s reduce the diffusion boundary 

layer thickness as the solution mixing rate increases, resulting in negative net power output. 

General velocity in a 0.5 – 1.9 cm/s range does not influence the RED stack since it increases 

process efficiency. Furthermore, (Othman et al. 2022) highlighted that higher feed velocity had 

positive impacts on sodium and sulphate removal but negligible effects on calcium and chloride 

removals, which might explain the differences in the initial concentration. The flow of feed 

solutions reduces locally at the regions where fouling accumulates, and the effective membrane 

area decreases. Thus, it is also crucial to figure out the cleaning intervals of a RED stack to 

maximise the gross power (Rahman 2023). 
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2.15.4. Divalent ions 

Magnesium ions can strongly influence the performance of the RED stack. Many researchers 

indicated that a high concentration of multivalent ions in the highly concentrated compartment 

could lead to salt precipitation on the IEM, thus limiting output power. A study by (Othman et 

al. 2022) indicated that the ion removal rate and the total ion removal highly depend on ionic 

concentration and composition. 

 

Concerning the hydrated radius and hydration-free energy, as shown in Figure 2-13, (Kang et 

al. 2014) categorised ionic hydrations according to the hydrated radius and hydration-free 

energy:  

1. Small, hydrated ions with strong hydration shells (SS).  

2. Small, hydrated ions with weak hydration shells (SW).  

3. Large, hydrated ions with strong hydration shells (LS).  

4. Large, hydrated ions with weak hydration shells (LW). 

It is reported that the more the ion charge density increased, the more the hydration free energy 

increased, and the smaller one for ions with the same charge would be hydrated firmer than the 

other. Thus, it is worth noting that Mg2+, which belongs to LW, has the highest impact on 

power output. 

 

Figure 2- 13: Ionic behaviour in terms of hydration-free energy and hydrated radius. There are 

four groups: small, hydrated ions with strong hydration shells (SS), small, hydrated ions with 

weak hydration shells (SW), large, hydrated ions with strong hydration shells (LS), and large 

hydrated ions with weak hydration shells (LW). 
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In a study by Avci et al. (2016) investigated the impact of Mg2+ on the performance of RED 

using a stack of (10 x 10 cm2) area with 25 pair cells. Based on the first experiment, feed 

solution containing synthesised pure NaCl solution (HCC: 4M NaCl &LCC:0,5M NaCl), a 

notable 1.06 W/m2 power density was observed as presented in Figure 2-13. However, a drastic 

drop in power density was reported when synthesised pure MgCl2 was used. As a result, it was 

reported that the presence of magnesium ions had an impact on the performance of RED even 

at a lower content. 

 

Figure 2- 14: Impact of Mg2+ on RED stack (Adapted from Avci et al. (2016)). 

 

In General, the transport phenomenon is quite complex due to the presence of both monovalent 

and multivalent ions on both sides of the IEM (Besha et al. 2019). In this case, the uphill 

transport can be best defined as two Na+ ions being transported in the opposite direction to the 

Mg2+ ions. The Na+ and Mg2+ start moving until the overall Ei is balanced, reaching an 

equilibrium (ENa
+

 = EMg
2+

), at this point, the uphill transport stops. 

 

According to Křivčík et al. (2015),  highlighted that divalent anions do not cause a noticeable 

increase in resistance in anion exchange membranes. Measures of an ion's interaction with the 

surrounding water, such as hydrated radius and hydration-free energy, show less difference 

between anions and cations (Tansel 2012; Pintossi et al. 2020). These factors lead one to 

believe that cations have the greatest impact on performance. 

 

2.16. Challenge on commercialising RED process 

To date, RED application on a large scale has not been initiated as this technology still 

encounters challenges such as high capital costs for infrastructure etc. A recent paper by Chae 

et al. (2023) reported that this technology is nearly commercialised. However, the high cost, 
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current performance of membranes, and fouling issues hinder their widespread deployment. 

 

2.17. Enhancing the RED performance  

Enhancing the performance of the RED involves various methods. Research into RED is still 

ongoing to improve the performance, such as membrane development, electrode optimisation, 

scaling up system design, fouling mitigation, salinity gradient enhancement, temperature 

control and energy recovery method etc. Several researchers have done research to ascertain 

the best selection for enhancing the RED performance.  

 

2.17.1. System Design  

Co-counter, counter-current, and cross-flow operation modes are three different flow 

configurations utilised in the transfer process to feed solutions with different salt 

concentrations, as Figure 2-15 demonstrates. The difference between the three only lies in the 

flow path’s direction. 

 

Figure 2- 15: Principle of RED using co- (a), counter- (b) and cross-flow (c) (Adapted from 

Ortiz-Martínez et al. (2020)). 

The flow design affects the cells’ average salinity gradient, affecting the system’s energy 

effectiveness. Mainly, counter-flow is the channel configuration with the maximum efficiency. 

Despite identical outflow concentrations, a salinity gradient exists throughout the membranes 
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because the outflows are on various sides of the channels and exist throughout the entire 

channel.  

 

A study by Cui et al. (2022) aimed to understand the response of salinity gradient power 

generation by utilising different flow modes. The study’s objective was to explore the influence 

of co-counter and counter flow on the performance of the RED stack. Based on their findings, 

as illustrated in Figures 3-6, a notable high-power density in co-counters that are in counter-

flow is reported. This proves that counter-flow causes the internal resistance of the membrane 

to squeeze and bend at the entrance and exit, as reported in the literature, thus decreasing the 

power output (Veerman 2020; Gao et al. 2023). Co-counterflow, also known as co-flow mode, 

has been chosen in this study because of these benefits.  

 

 

Figure 2- 16: Graph depicting the co-current to counterflow design comparison in obtaining 

power density (Adapted from Cui et al. (2022)). 
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2.17.2. Electrode Systems for RED 

Veerman et al. (2010) investigated a suitable electrode system for RED and reported that special stable metal electrodes, graphite electrodes, other 

reversible redox couples, capacitive electrodes, and electrolytes with carbon particles should be considered to improve the electrode system. The 

study compared the electrode systems used by other researchers with regard to safety, health, environment, technical feasibility, and economics, 

as shown in Figure 3-7.  

 

Figure 2- 17: Comparison of different electrode systems for RED (Adapted from Veerman et al. (2010)). 
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According to their findings, the highest ranking was attained by systems with the [Fe (CN)6]
4–

/Fe (CN)6]
3 (Ferrocyanide) couple. Based on the literature, many researchers have conducted 

laboratory-scale experiments with [Fe (CN)6]
4-/Fe (CN)6]

3 owing to the fast charge-transfer 

rate. Consequently, [Fe (CN)6]
4-/Fe (CN)6]

3 is used in this study. Due to its high stability and 

favourable processing circumstances, as noted by numerous researchers. 

 

2.17.1. Fouling of the membrane  

Membrane fouling is a process by which the particles, colloidal particles, or solute 

macromolecules are deposited or adsorbed onto the membrane pores or onto a membrane 

surface by physical and chemical interactions or mechanical action, which results in smaller or 

blocked membrane pores (Lin et al. 2013; Liu et al. 2019; Li et al. 2020). Fouling may occur 

in four mechanisms, as illustrated in Figure 2-18.  Fouling can be classified into the following 

types.  

 

Biofouling 

It is defined as the undesirable accumulation of microorganisms at a phase transition interface 

solid–liquid, gas–liquid or liquid–liquid), which may occur by deposition, growth, and 

metabolism of bacteria cells or flocs on the membranes (Guo, Ngo and Li 2012; Vanysacker et 

al. 2014; AlSawaftah et al. 2022). 

 

Figure 2- 18: Fouling mechanism (Adapted from Zulkefli et al. (2021)). 
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Colloidal fouling 

It refers to materials that are tens of nanometres up to about one micron. Typical colloids 

include clays, silica, iron and aluminium hydroxides, and organic debris. Colloidal fouling in 

a membrane system is caused by the convective deposition of colloids on the membrane surface 

(Ng and Elimelech 2004; Ning and Troyer 2007; Dickhout et al. 2017). 

 

Organic fouling  

Organic fouling is caused by the accumulation and deposition of relatively dense natural 

organic materials. When these compounds accumulate over time, they cause opposition to 

permeate flow (Costa et al. 2006; Amy 2008; Kim et al. 2014; Lin et al. 2014). 

 

Inorganic fouling  

Inorganic fouling, also known as scaling, is the deposition of inorganic compounds (salts)on 

the membrane surface or inside the membrane pores. These salts are hydroxides, sulphates, 

carbonates, calcium, magnesium, iron, ortho-phosphates, silicic acids, and silica. Salts form 

supersaturated solutions and eventually precipitate out of the solution and onto the surface of 

the membrane (AlSawaftah et al. 2021). Membrane fouling can be reduced by pre-treating the 

feed. This will significantly improve the effectiveness of membrane filtration; nevertheless, 

cleaning methods are consistently applied (Koh et al. 2014; Chen et al. 2021; Du et al. 2023). 

 

2.17.1. Pre-treatment strategies 

Wastewater pre-treatment removes contaminants or reclaims valuable metals and chemicals 

from industrial wastewater before discharge to meet regulatory requirements. Pre-treatment 

processes play vital roles in mitigating membrane fouling and achieving efficient energy use 

(Zulkefli et al. 2021). RED is less prone to fouling than typical pressure-driven membrane 

processes. Hence, proper pre-treatment in wastewater seawater is required to guarantee the 

RED system operates effectively. The kind of pre-treatment method depends on the nature of 

the wastewater to be treated. Therefore, selecting a pre-treatment strategy for the impaired 

water is critical (Vanoppen et al. 2019).  

 

These methods, which provide additional value to the RED process, might help compensate 

for the barriers currently limiting the commercialisation of RED technology.  
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2.18. Optimisation of the Process 

Optimisation aims to achieve the best performance under the given circumstances. Process 

optimisation minimises the production process’s cost and the variability of quality 

characteristics to maximise the output product in a chemical process (Carter et al. 2016).  

 

2.18.1. Design of Experiments (DOE) 

Design of experiments (DOE) is a set of multivariate mathematical-statistical techniques that 

seek to investigate the behaviour of a system by combining the levels that the variables that 

affect it can assume (Cerqueira et al. 2021). 

 

2.18.2. Response surface methodology (RSM)  

RSM initiated from the design of the experiment (DOE) is used to determine the significant 

variables that affect an experiment. RMS is the process optimisation whereby a series of 

experimental design, analysis, and optimisation techniques were invented in 1951 by Box and 

Wilson, intending to improve products and industrial processes, optimising the unknown and 

noisy functions employing more straightforward approximately functions that are valid over a 

small region using designed experiments (Del Castillo 2007; Rodrigues and Iemma 2014). 

RMS is beneficial when many factors affect a particular process’s production, yield, or percent 

removal (RSM et al. 2015).  

 

RMS is frequently employed to design experiments, and it has several advantages over the 

Taguchi method of design, as experiments are conducted as per the experimental design, and 

the responses, such as output, are recorded. Analysis of variance is employed to identify the 

factors that significantly influence the response (Chelladurai et al. 2021). RSM effectively 

removes bias in an experiment, isolating noise within the experiment from its improvements 

(Sibiya et al. 2022). (Bezerra et al. 2008) highlighted that prior to applying the RSM 

methodology, selecting an experimental design that will define which experiments should be 

executed in the experimental region being studied is necessary. 
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2.18.3. Historical Data Design (HDD) 

Historical design is utilised when prior knowledge or historical data is available about the 

variables and their levels (Widyaningsih et al. 2018; Ekpotu et al. 2020). 

 

Chapter Summary  

The world is currently experiencing a water scarcity crisis due to increasing demands on fresh 

water and increased volumes of industrial wastewater. Thus, coal-based industries release large 

quantities of wastewater that threaten the freshwater ecosystem. This challenge drives people 

to initiate and develop more sustainable techniques for wastewater management. The 

desalination process can improve freshwater salinisation as this decreases the amount of salt in 

the freshwater. Nevertheless, desalination sustainability is questioned due to energy 

consumption, environmental impact, and the potential for overreliance on technology. This 

drawback remains the challenge. 

 

High energy consumption by desalination can contribute to high operation costs due to non-

renewable energy sources. However, RED technology can promote renewable energy while 

banning fossil fuel-based energy sources, as the literature reports. As a result, energy costs can 

be saved, and RED can significantly contribute to reducing environmental impact in coal-based 

industries' desalination plants. This study aims to address the feasibility of RED as a viable 

technology that can desalinate while generating power. There is no extensive investigation on 

simultaneous power generation and desalination. Studies that look at both power generation 

and removal efficiency are needed to address the knowledge gaps, especially on desalination 

by RED technology. 
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CHAPTER 3 -THERMODYNAMICS FUNDAMENTAL 

Chapter overview 

The chapter’s objective is to understand the fundamental thermodynamics of reverse 

electrodialysis clearly. Equations developed by many researchers have been discussed in detail. 

Fundamentals of electro-membrane that provide a better understanding of the process of 

chemicals involved in transport phenomena through the membrane (IEMs) are also discussed. 

It implements the Free Gibbs Energy theoretical method to better comprehend how RED stacks 

produce energy, which involves mixing two salt solutions with various salt concentrations to 

produce electricity energy. 

 

3.1. Gibbs Free Energy of Mixing 

A paper by (Jia et al. 2014) reported that the portion of a system’s energy available for use is 

reflected by its Gibbs energy. The total amount of energy available from mixing 1 m3 of a 

concentrated and 1 m3 of a diluted salt solution can be determined from the chemical potential 

difference of the system after mixing, subtracted by the chemical potential of the system before 

mixing. The equation describing the Gibbs free energy is as follows: (Jia et al. 2014) 

( )mix b c dG G G G =  −  +                                                                   (3-1)                                                                                       

 

 

 Figure 3- 1 : Mixing of concentrated and dilute solution to brackish solution (Adapted from 

Jia et al. (2014)) 

 

where subscripts b, c, d, and d represent the brackish, concentrated and dilute solution resulting 

from the mixing. The link with the entropy of mixing Smix can be obtained by expressing Eq. 
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(3-2) in the following way: (Bazhin 2015) 

)()( dmixdcmixcbmixdcmix STnSTnSTnnG −−−+=
                      (3-2)            

where n is the number of particles (mol); T is the temperature (K); and Smix  is the molar 

entropy of mixing (J∙(mol∙K)-1) that can be expressed as: (Bazhin 2015) 

                                                i

i

imix xxRS ln−=                                                               (3-3) 

where R is the universal gas constant (8.314 J∙(mol∙K)-1); is the molar fraction of component 

ix  (in the case of ocean and fresh water, i  it is mostly NaCl and H2O). Using these calculations, 

it is feasible to determine the potential energy that might be collected from any river mouth. 

According to (Schaetzle and Buisman 2015), when using RED, mixing 1 m3 of seawater at 0.5 

mol∙L-1 of NaCl with 1 m3 of river water at 0.01 mol∙L -1 of NaCl at a temperature of 293 K 

leads to a theoretical maximum amount of extractable energy of 1.4 MJ. 

 

3.2. Theory aspect of Reverse Electrodialysis 

Electromotive force, internal resistance, and delivered power are considered key parameters of 

RED cells. The voltage across a 100% selective membrane can be calculated if pure NaCl 

solutions of 1 and 30 g/L at 298 K are used, giving values of 0.080 V for a CEM and 0.078 V 

for an AEM, or together Ecell = 0.158 V for a cell. The power efficiency (ꞃP) is the fraction of 

total power that is delivered to an external power consumer with resistance Ru: (Veerman and 

Vermaas 2016). 
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At maximal power output (Ru = Ri), the power efficiency is below 50%. A higher efficiency 

can be achieved (by taking Ru > Ri) at the cost of a decreased power output. The power density 

Pd of a RED system is defined as the external power per membrane area (W/m2) and is maximal 

under the condition of Ru = Ri: (Veerman and Vermaas 2016). 
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where A stands for the active cell area and 2A for the total membrane area (AEM and CEM) in 

a cell. RAEM, RCEM, Rriver, and Rsea are the resistances of the AEM, CEM, river water 

compartment, and seawater compartment, respectively.  

 

3.3. Main parameter of a RED Process  

One of the main parameters in a reverse electrodialysis process is typically the Open Circuit 

Voltage which is also called total electromotive force. The total electromotive force harvested 

in the RED stack, is the sum of the Nernst potential over each cell, whereby OCV is mainly 

dependent on the membrane perm selectivity, the concentration gradient, and the valence of 

the transported ions (Ju et al. 2020).OCV can be obtained by the following equation: (Ju et al. 

2020). 
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OCV is multiplied with the apparent membrane permselectivity (α) to rectify the nonideal 

behaviour of the IEMs. α is the ratio of membrane voltage to the theoretical voltage. N is the 

number of membrane pairs (cell pairs), α is the permselectivity of the ion exchange membrane, 

subscripts ‘an’ and ‘ct’ donate ‘anion’ and ‘cation’, respectively. (Strathmann 2004; Ju et al. 

2020). Z is the valence of the ionic species, F is the Faraday constant (96.485 ◦C mol−1), C is 

the salt concentration (mol L−1), and γ is the activity coefficient of the salt. The subscripts H 

and L refer to HCC and LCC, respectively. Potential differences over each pair of membranes 

must be totalled to obtain the system’s whole potential. 

 

Electrical resistance can be calculated from Ohm’s law: (Tedesco, Scalici et al. 2016) 

𝑉 = (𝑂𝐶𝑉 − 𝑅𝑠𝑡𝑎𝑐𝑘 × 𝐼)                                                    (3-9) 



36 

 

where Rstack is the resistance of the stack. The output power (P) is given by: (Tedesco, Scalici 

et al. 2016) 

  𝑃 = (𝑉 × 𝐼)                                                                   (3-10) 

The power density per cell pair can be given by: (Tedesco, Scalici et al. 2016) 

                                                       𝑃d =   
𝑃

 𝑁𝐴
                                                                    (3-11)                                 

where N is the number of cell pairs, and A is the area of one cell pair. 

 

For an ideal RED stack, the maximum power density Pdmax (W/m2: Watt per m2 of total 

membrane area) is obtained when the load resistance equals the internal stack resistance 

(RL=Ri). Considering that the sum of E across all cells equals OCV, and indicating with A (m2) 

the active membrane area, Eq. (3-12) is adapted to calculate the maximum power density Pdmax 

(W/m2) as follows: (Othman, Kabay et al. 2022) 
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                                                       (3-12)           

where Ri (Rstack) is the total electrical area resistance per stack (Ω cm2). The sum of three 

different sections, i.e., cell resistance, change of concentration in the bulk solution, and the 

boundary layer, gives the total resistance of the system, as shown in Equation 3-13: (Othman, 

Kabay et al. 2022) 

𝑅𝑖 =   𝑅𝑜ℎ𝑚𝑖𝑐 +  𝑅Δ𝐶 + 𝑅𝐵𝐿                                              (3-13) 

According to (Daniilidis et al. 2014), R ohmic is the ohmic area resistance per cell 

(Ω cm2), RΔC and RBL are the areas of resistance when concentration changes in bulk solution 

and boundary layer, respectively. The Ri and Rohmic values can be obtained from the experiment 

using voltage produced, electrical current, and Ohm’s law. Meanwhile, the nonohmic 

resistances (RΔC and RBL) are the reduced electromotive forces (EMFs) when the salinity 

gradient over the membrane decreases. From the output voltage: (Othman, Kabay et al. 2022) 

𝑅𝑖 =
(𝑂𝐶𝑉−𝑉)

𝐼
                                                         (3-14)                                                                                                            
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Generally, some electrical energy is consumed by pumping the feeds into the RED stack and 

circulating the electrode rinse solution. Therefore, the net output power Pdnet is calculated by 

subtracting the power dissipated over the pumps (hydrodynamic loss) Ph from the gross power 

density Pd: (Simões 2023) 

hddnet pPP −=
                                                             (3-15) 

The hydrodynamic loss Ph can be obtained from the theoretical pumping power required to 

recirculate the solutions through HCC and LCC, which depends on the pressure drop along the 

compartment Δp (Pa) and the volumetric feed flow rate Q (m3/s) normalised by the total cell 

pair area of the stack (N.A). Therefore, Eq. (3-16) is written as follows: (Simões 2023) 

 

𝑃𝑑𝑛𝑒𝑡 = 𝑃𝑑 −
𝛥𝑃𝐻𝐶𝐶𝑄𝐻𝐶𝐶+𝛥𝑃𝐿𝐶𝐶𝑄𝐿𝐶𝐶

𝑁.𝐴
                                 (3-16) 

Flow velocity can be estimated as: (Vermaas, Guler et al. 2012) 

w

Q
v =

                                                                  (3-17) 

where Q is the volumetric flow rate (m3/s) in a single channel, δ the spacer thickness (m), w 

the compartment width (m) and ε the spacer porosity. 

 

3.4. Permeation flux measurements 

The amount of permeate produced during membrane separation is referred to as permeate flux 

and is measured in units of time. Mass permeate was collected and weighed in each run after 

reaching stable operation. The mass of a solution is equivalent to the volume of the solution 

(lL = 1,000.00 g). Permeation flux was calculated using the following equation: (Ezugbe 2021). 

𝐽𝑤 = (
𝑉𝑝

𝐴∗𝑡
)                                                     (3-18)                    

Where 𝐽𝑤 is the water flux (L/m2min); 𝑉𝑝 is the permeate-volume (L); A is the effective 

membrane area (m2) of the membrane, and t is the time (min) taken for the experiment. 
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CHAPTER 4 – EXPERIMENTAL METHODOLOGY 

Chapter Overview  

This chapter describes the experimental approach used to achieve the study’s goal. The 

synthesis procedure and the standard analytical methods used are described. Detailed 

explanations have been provided for all experimental procedures. RED stack equipment was 

used for experimental measurements. This study used synthesised wastewater to simulate 

colliery mine and coal power plant wastewater. Deionised water was used to mimic the 

sampling point before discharge to the river, assuming no NaCl would be present. A three-part 

investigation was conducted in this study. First, the study explored experimentally the 

influence of the chosen parameters. M Tedesco is the investigation method used here, well 

documented in the literature. In part two of the investigation, RSM was used to determine the 

combined influence of parameters, develop empirical models, and determine optimal 

conditions. In the last step, we examined the effects of divalent ions in the coal that were not 

considered in the first two steps.  

 

4.1. Materials  

4.1.1. Purity of materials  

Material purity margins (above 98%) were acceptable in this study, and no further purification 

was required. The materials used in this study are listed in section 4.2.1. Deionised (DI) water 

with a conductivity of 1.5 μS was used in all measurements. The DI was supplied by the 

Mangosuthu University of Technology’s (MUT) research laboratory situated in the Chemical 

Engineering department. 

Table 4- 1:Suppliers and quoted purity of all Organic salts used in this study. 

Compound Quoted Purity (wt.%) Supplier† 

K3Fe(CN)6 ≥ 99.0 United Scientific SA 

K4Fe(CN)6 ≥ 99.0 United Scientific SA 

Na2SO4 ≥ 99.0 United Scientific SA 

CaCl2 ≥ 98.0 United Scientific SA 

NaCl ≥ 99.9 United Scientific SA 

† Supplier quoted purity 

All the chemicals and reagents used for the research study are listed in Table 4 -1. These 

chemicals, purchased from local suppliers, were utilised to synthesise the wastewater and 
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electrode rinse solution. Deionised water and Ultra-pure NaCl were used to prepare the feed 

solutions. The aqueous electrode rinse solution contained 0.1 M K3Fe (CN)6, 0.1 M K4Fe 

(CN)6, and 2.5 M NaCl as supporting electrolyte was utilised. 

 

4.2. Experimental set-up 

Figure 4-1 shows the equipment set-up used to determine salt removal percentage and power 

density. This set-up is similar to those used by other researchers (Tedesco et al. 2015).  

 

Figure 4- 1: Simplified scheme of the experimental apparatus. 
 

4.2.1. Description of the experimental set-up apparatuses 

The experimental apparatus comprised of:  

RED stack  

RED stack was used to generate electrical power and treat wastewater from the salinity 

difference between synthesised wastewater and deionised water. In desalination, the focus is 

on using this salinity gradient to produce permeate water rather than electricity. However, RED 

technology powers its processes, hence decarbonising the desalination plants. A RED stack (as 

shown in Figure 4-2) equipped with 60 pairs of cells was used for the experimental 
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measurements (supplied by Beijing Jingo, China). In each RES stack, 120 µm polyamide 

woven spacers and Fujifilm ion-exchange membranes supplied by Beijing Jingo (China) were 

used. Two electrodes with an oxide coating of Ru-Ir are mounted at the ends of RED stack 

compartments. Table 4-2 summarises membrane properties. 

 

Figure 4- 2 : Assembled RED stacks with (right) and without (left) connection of rinse solution 

lines.  

Table 4- 2: Properties of the IEMs employed in the experiments. 

Membrane Thickness 

(μm) 

Permselectivity 

(NaCl)  

(%) 

Area resistance  

(Ω cm2) 

Water permeation 

(ml/bar.m2.hr)  

AEM 80045-01  

CEM 80050-04 

120 

120 

65 

90 

~1.8 

~2.5 

4.96 

4.72 

 

Pump  

A self-priming pump (supplied by Apex Scientific, SA) with flow rate controllers was used to 

pump DI water from two buckets with 10 L capacity to the RED stack unit. Flow rates used in 

this study ranged from 896 mL/min to 1550 mL/min. A peristaltic pump set at 50% flow rate 

(supplied by Apex Scientific, SA) was used to pump ERS. 
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Figure 4- 3: Self-primary water pump (Left) and peristaltic pump (Right) for ERS. 

 

Conductivity meter  

The Conductivity Meter (Figure 4-4) and Benchtop Multiparameter Model A215 (supplied by 

Fisher Scientific, UK) were used to measure salt removal from NaCl. Preparation of synthetic 

solutions and ERS solution were first heated on a UC152 Hot plate stirrer (supplied by Stuart, 

SA) at 200 rpm to the required temperature and stored in sample bottles. Afterwards, 

conductivity measurements were recorded, and the samples were fed buckets. The conductivity 

of drawn solutions was also measured after heating with a thermostated circulating water bath, 

as illustrated in Figure 4-4. Calculations of salt removal efficiency/percentage were carried out 

using equation (4-5). A buffer solution of 12.88 mS/cm (supplied by United Scientific SA) was 

used to calibrate the conductivity meter. 

𝑅𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (
𝑍𝐴−𝑍𝐵

𝑍𝐴
)100%                                                           (4-5)                

where ZA and ZB represent the initial and final conductivity, and R is the percentage removal. 
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Figure 4- 4: A Conductivity meter and thermostated water bath. 

Temperature sensor 

The conductivity meter described above was also used to measure the system’s temperature 

since it included a thermostat probe. The instruments were able to measure temperature while 

measuring the conductivity of samples. A thermostated circulating water bath measured 

temperatures of 30 to 40 °C. With lower temperature (below room temperature), air 

conditioning was utilised and monitored continuously until a stable temperature of 20℃ was 

reached. Natural light was blocked from entering the room, and the samples were stored away 

from light to prevent deviations. 

 

Flow sensor 

The measurements of solutions flowrate were carried out with a flow sensor (supplied by Apex 

Scientific, SA) as demonstrated in Figure 4-5. The flow rates were set at range of 896ml/L to 

1550ml/L. 

 

Figure 4- 5: Flow sensor 
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Electrical measurements (Fluke) 

A Fluke multimeter, Model 15B+ Compact Digital supplied (supplied by Voltex, SA), was 

used to measure voltages during experiments, which were then used to calculate power density. 

In this regard, data was recorded when the system had reached a steady state. The power density 

was calculated as follows from Ohm’s law:  

𝑃 = 𝑉𝐼                                                                 (4-1) 

                                           𝑃 =
𝑉2

𝑅
                                                                 (4-2) 

where V, I and R denotes voltage, current and external resistance. The power density of the 

membrane is given by: 

                                                            𝑃𝑑 =
𝑃

𝐴
                                                      (4-3) 

where A denotes the membrane area.  

Similarly, the open circuit voltages (OCVs) were measured using the same device. Circuits 

with OCV have no load connected to them, as shown in Figure 4-6 (orange circle). Data was 

collected while the wire was disconnected from the external load. When the steady state was 

reached, data was then recorded.  
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Figure 4- 6: Open Circuit (left) and Closed circuit (right) voltage.  

 

Stirring heating plate  

Mixing and heating of the synthesized solutions and ERS solution was carried out with Stuart 

UC152 Hot plate stirrer (supplied by Stuart, SA). Stirring heating plate was set at 200 rpm to 

the required temperature for solutions and at room temperature for ERS. 

 

Figure 4- 7: Stuart UC152 Hot plate stirrer 

 



45 

 

Analytical weighing balance/or scale 

Measurements of sample (salts) weights was carried out by Analytical weighing scale 

(supplied by Scaletec, SA) presented in Figure (4-8). 

 

Figure 4- 8: Analytical weighing balance/or scale 

4.2.2. Experimental measurements 

• After the preparation of experimental set-up as presented in Figure 4.2.3, two solutions 

(deionized and artificial wastewater) were filled in the buckets to the 5L mark. 

• Bucket valves were fully opened. 

• Dilute and concentration solutions were pumped to the RED with self-primary water 

pump connected to flow sensor that control the flow. 

• Temperature water bath was installed in between the piping system of the inlet streams 

to heat up the solutions at a desired temperature.   

• The electrode rinse solution (ERS) was pumped to the stack from 1L bottle using 

peristaltic pump. 

• During the operation, ERS solution was covered with aluminium foil to prevent 

decomposition of redox couple due to light exposure. 

• Multimeter was connected to the RED stack for voltage and open circuit voltage 

measurements. 

• Power measurements were performed under the constant external load of 10Ω, which 

was connected a stack as shown in Figure 4-6. 

• Conductivity measurements were taken immediately after each run using conductivity 

meter. 

NB: This procedure was used for investigating the effect of process variables, Optimization 

(18 runs) and investigating the effect of divalent ions. 
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 4.2.3. Preparation of experimental set-up prior to measurements  

 

Preparation of the experimental set-up is required before conducting experiments. To prepare, 

the RED stacks should be cleaned, and the electrode rinse lines, adjacent lines, and valves 

should be leak tested. The samples used in the measurements also needed to be prepared. Thus, 

the following details the preparation procedures. 

 

Cleaning the RED stacks 

Feed buckets were filled with 10L DI water before each experimental measurement. The valves 

were fully opened, and pumps were turned on to clean the RED stack. The process was repeated 

for three cycles to eliminate possible impurities in a piping system and membrane before 

conducting a new experiment. 

 

Leak testing and RED stacks equilibration 

Leakage tests were conducted before each experimental run to verify that the RED stack was 

assembled and the piping lines were connected correctly. During this test, DI water was 

circulated in the low and ERS channels while the inlet valve for the high channel was closed, 

but its outlet was left open. DI water was distributed in the high channel and the ERS channel 

to determine low channel leakage while the inlet valve and outlet valve of the high channel 

were closed. As shown in equation (4-4) below, leakage percentages are calculated from the 

volume (V) leak from the high compartment divided by test duration (minutes) and flow rate 

(Q = 896 mL/min). A sample calculation is provided in the appendix section (Appendix C). 

𝐿𝑒𝑎𝑘𝑎𝑔𝑒 % = (
𝑉𝑚𝐿 𝑙𝑒𝑎𝑘𝑎𝑔𝑒

𝑡∗𝑄
)×100                                                             (4-4) 

After that, solutions containing 1M NaCl were used in the high compartment, while deionised 

water was used in the low compartment to equilibrate the membrane with NaCl solution. The 

NaCl solution was circulated for 5 minutes to ensure that it was evenly distributed throughout 

all membrane compartments. 
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Sample preparation  

Calcium chloride (Ca2Cl), potassium ferricyanide (K4Fe (CN)6), and potassium ferrocyanide 

(K3Fe (CN)6) were used in the ERSs made with DI water (ELGA PURELAB Option-Q water 

deioniser, UK). The weights of salts and DI water in the preparation of ERS were measured 

using an analytical weighing balance (supplied by Kern, SA) with a standard uncertainty of 

0.0001. Three types of ERSs were used in this study: two highly concentrated ones that mimic 

coal mining and coal power plant wastewater and a lower concentrated one that mimics river 

water. ERSs were synthesised in the lab to represent coal mining and power plant wastewater 

with high NaCl concentrations before being discharged into the environment. Further, another 

ERS was prepared to assess the impact of divalent ions, such as sodium sulphate and calcium 

chloride, on coal mining and power plant wastewater. DI water was used to prepare synthetic 

wastewater, and NaCl was added in the required quantities. For all experiments, all ERSs were 

stirred for 10 minutes and rested for 20 minutes to ensure that the salts were fully dissolved. A 

suitable salt mass was added to 1 L of DI water to prepare synthetic wastewater with 

concentrations ranging from 1 to 2 mol/L (M). Figures 4-9 show that the samples were kept 

away from natural light and covered with aluminium foil to prevent degradation.  



48 

 

 

Figure 4- 9: The procedure used to prepare ERSs. 
 

It was necessary to treat synthetic wastewater prior to each experimental run to avoid fouling 

the membranes. A filter cloth was used to filter dirt wastewater solution, as shown in Figure 

4-10, until the concentration of the solution was acceptable.  

  

Figure 4- 10: Dirt-synthesised wastewater (left) and filtered wastewater (right). 
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4.3. Sample characterisation  

In order to assess desalination efficiency, each cation (Na+ and Ca2+) was measured by 

inductively coupled plasma Optical emission spectroscopy (ICP-OES). A cellulose nitrate 

membrane filter (Whatman, 0.22 μm) was used to filter the sample. The test result was assured 

by (UKZN-PMB School of Chemistry). The instrument’s conditions and results are presented 

in Figures F-1 and Figure F-2 (Appendix), respectively. A multi-element standard ICP grade 

from spectroscopic solutions, as shown in Figures 4-11 below, was used. 

 

 

Figure 4- 11: Picture of Multi-element standard ICP grade provided by (UKZN-PMB School 

of Chemistry. 

 

4.4. Influence on (high concentration, temperature and flowrate) 

 

The first phase of the experiments was carried out at the lab to ascertain whether the process 

variables effectively improved the RED stack’s performance. A reference test was defined (as 

shown in Table 4-4) where artificial feed solution equal to coal mining and power wastewater 

(2M NaCl), a flow velocity of 896 mL/min, and a temperature of 20°C were fixed. The 

dependencies on the main operating parameters (feed concentration, temperature, flow rates) 

were investigated by changing one parameter per time. 
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Table 4- 3: Conditions selected for the reference test.  

Influence measurements  Changing 

variables 

Reference test value 

Concentration  

 

Temperature  

 

 

Flow rate  

1 – 2 mol/L NaCl  

 

20 – 40 °C 

 

 

896 – 1550mL/min 

Temperature = 20°C 

Flow rate = 896mL/min 

Flowrate = 896mL/min 

High concentration = 2mol/L NaCl 

High concentration = 2mol/L NaCl 

Temperature = 20°C 

 

ERS 

Pumping Efficiency 

50% 

Temperature 

25.4°C 

Conductivity 

89.1mS/cm 

pH 

10.61 

 

 

 

4.5.Experimental design, Modelling and Optimisation with RSM 

Figure 4-12 shows the flowchart presenting the methodology for designing experiments, 

developing empirical models, and optimising process parameters for the investigated systems. 
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Figure 4- 12: Flow chart of a framework for RSM optimisation of the RED process. 
 

4.5.1. Design of Experiments (DOE) 

The experiments were designed using RSM-incorporated Stat-Ease Design-Expert software 

version 11 (Stat-Ease Inc., Minneapolis, MN, USA) to reduce the number of experiments and 

the amount of time spent on them. This study used a full factorial design (FFD) of RSM to 

design experiments (DOEs) of the wastewater treatment and power production process. Three 

process parameters investigated were NaCl concentration (mol/L), flow rate (mL/min), and 

temperature (℃). The selected process parameters were converted into dimensionless codified 

data in three levels: low (-1), medium (0), and high (+1), as shown in Table 4-4. 
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Table 4- 4: Coded and actual levels of the process parameters for the design of the HDD 

experiment. 

Process parameters  Factors   Coded levels 

   -1 0 +1 

NaCl concentration (M)  A  1 1.5 2 

Flow rate (mL/min)  B  896 1369 1550 

Temperature (°C)  C  20 30 40 

The number of experimental runs reported in Table 4- 5 was determined by equation (4-5), 

(Leong et al. 2017). 

 ++++=  ji

k

n ij

k

n iii

k

n i xxxxy 2

0
                                       (4-5) 

Where y is the response (dependent variable, βo is the constant coefficient, βi, βii, βij are the 

regression coefficients for linear, quadratic and interaction terms, respectively, whereas xi and 

xj are independent variables, while ɛ is the error. A total of 18 experimental runs were designed 

in the RSM, as shown in Table 4- 6. To reduce unforeseen variability in the expected responses, 

experiments were conducted randomly.  

Table 4- 7: Experimental plan determined by DOE. 

Run order 
 

Process parameters 

  NaCl Concentration 

(M) 

Flowrate 

(mL/min) 

Temperature 

(°C) 

1  1.0 896 20 

2  1.0 1369 20 

3  1.0 1550 20 

4  1.5 896 20 

5  1.5 1369 20 

6  1.5 1550 20 

7  2.0 896 20 

8  2.0 1369 20 

9  2.0 1550 20 

10  1.0 896 40 

11  1.0 1369 40 

12  1.0 1550 40 

13  1.5 896 40 

14  1.5 1369 40 

15  1.5 1550 40 

16  2.0 896 40 

17  2.0 1369 40 

18  2.0 1550 40 
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4.5.2. Empirical Modelling 

Experimental process parameters and responses were inserted through the historical data design 

option. The responses were power density (Y1) and NaCl removal (Y2). The subsequent power 

density and NaCl removal were modelled using 2FI expressions in equations 4-6 and 4-7 as 

suggested by the model.  

 

The equation for power density 

𝑌1 = 1.57930 − 1.47325𝐴 + 0.002395𝐵 + 0.141472𝐶 − 0.001378𝐴𝐵 + 0.145126𝐴𝐶 −

0.000129𝐵𝐶                                                                                                                        (4-6) 

The equation for salt removal percentage  

𝑌2 = −3.12940 + 14.48209 + 0.014178𝐵 + 0.214078𝐶 − 0.014218𝐴𝐵 −

0.091045𝐴𝐶 + 0.000024𝐵𝐶                                                                                              (4-7) 

 

Here, the NaCl concentration is shown as A, the solution feed flow rate as B, and the system 

temperature as C. The RED stack performance (power density and NaCl removal) was 

estimated by fitting the experimental results into empirical 2FI models as presented below:  

The equation for salt removal 

= 13.23 − 2.64𝐴 − 1.94𝐵 + 1.07𝐶 − 2.15𝐴𝐵 − 0.4552𝐴𝐶 + 0.0735𝐵𝐶                      (4-8) 

Equation power density 

= 5.90 + 0.6146𝐴 − 1.07𝐵 + 2.04𝐶 − 0.2081𝐴𝐵 + 0.7256𝐴𝐶 − 0.39𝐵𝐶                    (4-9) 

Here, the NaCl concentration is shown as A, the solution feed flow rate as B, and the system 

temperature as ○C.  

 

4.6.Optimisation Framework 

 

Figure 4-13 shows the set-up for this process. The experiment was conducted in a co-flow 

mode. The operating conditions for this process were high concentration of 1 to 2 mol/L, 

temperature of 20℃ to 40℃ and flowrate of 896 ml/min to 1550ml/min.18 runs generated by 

RMS, were needed to be optimized, as this helps to improve efficiency of the RED, economic 

viability, and overall performance of the process. Through optimization, the performance of 

the reverse electrodialysis system can be enhanced. Following, present the sensitivity of each 

investigated parameter with regards to process cost, maintenance, utility and energy cost. 
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High concentration  

High concentrations of ions in the solutions may cause the ion-selective membranes to scale 

and foul hence regular maintenance may be necessary to clean or replace the membranes 

resulting in increasing cost. High concentrations may impact water quality, and the system may 

need additional processes to handle the discharge solutions appropriately; and this might add 

to the utility requirements of the overall system. 

 

  

 

Figure 4- 13: RED experimental set-up used in the study. 

A-Solutions bucket; B-Bucket valve; C-RED stack; D-Connecting tube; E-Multimeter; F-

solutions pump; G-Resistor; H-Electric wire; I -ERS bottle J- ERS peristaltic pump; K-

Temperature controller.  
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Temperature 

Temperature changes may affect salts’ solubility, perhaps leading to scaling issues within the 

stack. Higher temperatures generally have a favourable effect on ion mobility and 

electrochemical processes, increasing power output. However, high temperatures can improve 

power production efficiency; they may also lead to increased energy consumption for 

temperature control and cooling. Therefore, it is best to select an optimal operating 

temperature. 

 

Flowrate 

Higher flow rates require more energy to pump the solutions through the system, resulting in 

high energy consumption and increasing water usage. Proper water management becomes vital 

to maintain the salinity gradient between the solutions. This also impacts the RED system’s 

capital costs as pumps, pipes, and membranes may need to be sized differently based on the 

desired flow rate. Therefore, it is crucial to optimise the process variables to balance increased 

power output and removal efficiency with the associated pumping energy costs, maintenance, 

and utility. 
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 CHAPTER 5 - RESULTS AND DISCUSSION 

Chapter overview  

This chapter presents research findings. The results from the operation of the RED stack, which 

was utilised to evaluate its performance and ability to desalinate and harvest power from 

synthesised coal mining and power plant wastewater, are presented in this study. Appendix B 

shows the raw data and a sample of calculations for all performance-monitoring variables 

discussed in the following sections. The first phase of the experimental runs was focused on 

the effect of the main operating variables (concentration, flow rate, and temperature of the feed 

compartment) on the process performance, testing the RED unit of 110 mm x 270 m, 60 cell 

pairs with two different sets of membranes. The investigated ranges were selected according 

to the method recommended by Tedesco et al. (2015a) in order to fit the expected operative 

conditions of the RED stack test rig. Afterwards, an RSM was used to identify the best 

operating conditions and determine salt removal percentage and power output model equations. 

Finally, the impact of divalent ions was investigated using acquired optimum conditions.  

 

5.1. Influence of investigated parameters 

Several parameters can significantly influence the performance of reverse electrodialysis 

(RED) systems. The first experiments were performed using a synthetic solution. Results 

collected during the experimental runs are presented in sections 5.1.1 to 5.1.3.  One factor was 

varied to investigate the effect on each variable while the other two factors were kept constant 

following conditions selected for the reference test, as presented in Table 4-5.  

 

5.1.1. High Concentration  

Figure 5-1 demonstrates the influence of high concentration on power density, salt removal 

percentage and OCV. 



57 

 

 

Figure 5-1: High concentration influence process performance. Symbols “a, b and c” denote 

the power density, salt removal percentage, and OCV. 

 

It can be seen that the trends for power density, OCV, and salt removal increase with increasing 

concentrations ranging from 1 mol/L to 2 mol/L. Several studies indicated that increasing the 

concentration of a solution can also lead to a reduction of stack resistance, hence increasing the 

power output. In this regard, by utilising 1mol/L to 2mol/L, an increase ranged from 4.10 to 

4.61, 13.76 to 14.18 and 3.80 to 4.95, which relates to power density, salt removal percentage, 

and OCV, respectively, registered. This indicates that increasing the conductivity of the 

solution positively affects the RED performance. However, not much enhancement of all 

responses was observed when increasing the high concentration from 1.5mol/L to 2mol/L.This 

could be the selection of the dilute stream used in this study, which tends to play a huge role 

regarding the salinity ratio between the high concentration and dilute stream, as Zoungrana and 

Çakmakci (2021) reported that the salinity ratio between HC and LC should be over 25-fold 

for effectual power output. 
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On the other hand, this study used thicker IEM; however, RED favours thinner IEM since they 

reduce the electrical resistance of the compartment, hence increasing the output power, which 

also results in increasing the salt removal efficiency. In such case, the thicker membrane used 

and the selection of dilute had negatively affected the power and removability obtained, as a 

slight increase was observed when the process variable was varied. 

  

5.1.2. Temperature 

The temperature has a significant impact on the transport properties of the membrane and 

solution. In other studies, in which a similar method was employed, an increasing power 

density from 20 to 40°C was observed. Though their data referred to different experimental 

conditions, feed concentration and feed velocity were not similar to this study. As shown in 

Figure 5-2a, power density increased from 4.95 to 10.75 W/m2. 

 

Figure 5-2: Influence of temperature on process performance (a) power density and (b) salt 

removal percentage. 

 

This explains that higher feed temperature increases the ion separation rate due to the solution’s 

ion mobility and electrical resistance. On the other hand, Figure 5-2b shows an 8.99% increase 

in salt removal efficiency, indicating that the rise in feed temperature has positive effects. This 

validates that a high temperature can increase the efficiency of desalination. 
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5.1.3. Flow rate  

Flow velocity is described as the average fluid velocity inside a single spacer-filled channel, 

and it can directly affect the ion transport rate (Gurreri et al. 2014). Figure 5-3a shows a 

decreasing power density as the flow rate decelerates. This explained that the reduction of flow 

rate has minimised the residence time of ions in the RED stack. Therefore, it leads to 

insufficient time for the fluid to pass across the membrane and leave the stack before being 

removed from the dilute stream to the concentrated stream. 

 

Figure 5-3: Influence of flow rate on process performance. Symbols “a, b and c” denote the 

power density, salt removal percentage, and OCV. 

 

Generally, increasing the flow rate of solution also increases OCV, as observed. Surprisingly, 

decreasing power density from 4.95 to 2.31W/m2, as shown in the figure above, could be caused 

by the non-ratio of high and low solutions Therefore, this elucidates the drops observed in 

power outputs at high concentrations because of the ratio in salinity. It is worth noting that a 

further decrease in solution flow rate leads to increased stack resistance, hence reducing the 

power output despite the high concentration used.   

 

On the other hand, a notable drastic reduction in salt removal percentage was observed, as 

shown in Figures 5-3b. This indicates that varying flow rates from 1369 to 1550 mL/min, 
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respectively, could significantly affect the power output of the RED system.  

 

Many authors have investigated the effect of increasing flow rate, whether it has a positive, 

negative, or no impact on ion removal rate. However, inconsistent results were presented 

mainly due to the difference in the types of membranes used, stack cell design, and other 

operational parameters. 

 

5.1.4. Permeate Flux under Different Conditions 

In the context of reverse electrodialysis (RED), “permeate flux” describes the rate at which 

ions move through a membrane in the direction opposite to the normal flow of ions during the 

electrochemical process. Therefore, the permeate produced during membrane separation is 

measured in time units. In this study, mass permeate was collected and weighed in each run 

after reaching stable operation. The mass of a solution is equivalent to the volume of the 

solution (lL = 1,000.00 g).   

 

Figure 5-4: Effect of different high concentrations (a), varying temperatures (b) and varying 

feed flow rates (c) on permeate flux.  

 

Figure 5-4a indicates the influence of the increasing high concentration from 1 to 2 mol/L NaCl 

on the permeate flux at a constant temperature of 20 °C and a flow rate of 896mL/min. Figure 

5-4b shows the effect of consecutively increasing the operating temperatures from 20 to 40°C 
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on the permeate flux at constant flow rate and feed solution concentration of 896ml/min and 

2mol/L, respectively. Subsequently, Figure 5-4c demonstrates the influence of accelerating 

solution flow rate from 896 to 1550 mL/min on permeate flux at a constant temperature of 

20°C and a high concentration of 2 mol/L NaCl. Results show that higher permeate flux is also 

acquired as high concentration, temperature, and flow rate increase. However, results indicate 

that concentration is less sensitive to permeate flux, as the observation signifies an increase of 

5.49% from low to high. The concentration has shown limited alteration in the permeate flux. 

Results also revealed an increase of permeate flux to 11.33% with temperature. In addition, the 

flow rate increment from 896 to 1550mL/min has caused an increase in the permeate flux to 

65.36%, concluding that permeate flux on the RED stack is mainly dominated by flow rate.  

  

5.6. Optimisation of input parameters. 

The optimisation aims to find the optimal combination of the high concentration, solutions flow 

rate, and temperatures to maximise the power production and salt removal percentage. A design 

expert (historical data design) tool was used for optimisation. Investigated parameters such as 

flow rate have not been tested and reported by other authors. Therefore, experimental runs (18), 

as shown in Table 5-3, were conducted, and after that, factors and response results were 

exported to the tool for further RMS analysis, as illustrated by Table 5-3. Model fitness is 

demonstrated by coefficient of determination (R2), adjusted R2, standard deviation (SD), 

coefficient of variance (CV), and adequate precision (AP) (Sibiya et al. 2022). As shown in 

Table 5-2, Fisher’s F-values and associated p-values with a 95% confidence level with a 99% 

population were employed to determine the relevance of the model equations for each output 

parameter. 

 

Table 5- 1: Point prediction table by DOE 

Response Predicted 

Mean 

Predicted 

Median 

Observed Std Dev SE 

Mean 

95% 

CI low 

for 

Mean 

95% 

CI high 

for 

Mean 

95% TI 

low for 

99% 

Pop 

95% TI 

high 

for 

99% 

Pop 

Salt 

removal 

(%) 

   

Power 

density 

(W/m2) 

13.2294 

 

 

 

5.89518 

13.2294 

 

 

 

5.89518 

 
1.78285 

 

 

 

0.596486 

0.434961 

 

 

 

0.145525 

12.272 

 

 

 

5.57489 

14.1867 

 

 

 

6.21548 

5.32724 

 

 

 

3.25137 

21.1315 

 

 

 

8.539 
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5.6.1. Model fitting 

 

Table 5- 2: The HHD design matrix for desalination and power production technique displays the experimental and predicted results. 

Run FACTORS RESPONSES      
Response 1 Response 2                                                   Response 1 Response 2  

High 

Concentration 

(Molar NaCl)  

Flowrate(mL/min) Temperature(°C) Salt Removal 

(%) 

Actual 

Salt Removal 

 (%) 

Predicted 

Power 

Density 

(W/m2) 

Actual 

Power Density 

(W/m2) 

Predicted 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

1 

1 

1 

1.5 

1.5 

1.5 

2 

2 

2 

1 

1 

1 

1.5 

1.5 

1.5 

2 

2 

2 

896 

1369 

1550 

896 

1369 

1550 

896 

1369 

1550 

896 

1369 

1550 

896 

1369 

1550 

896 

1369 

1550 

20 

20 

20 

20 

20 

20 

20 

20 

20 

40 

40 

40 

40 

40 

40 

40 

40 

40 

13.76 

13.54 

13.12 

14.18 

13.61 

12.67 

14.68 

5.54 

3.94 

18.18 

17.87 

16.51 

14.29 

14.04 

12.85 

16.13 

7.39 

7.31 

14.21 

14.43 

14.51 

14.17 

11.02 

9.82 

14.14 

7.62 

5.13 

17.11 

17.55 

17.72 

16.16 

13.24 

12.12 

15.21 

8.93 

6.52 

3.80 

3.58 

3.45 

4.77 

4.49 

3.21 

4.95 

2.60 

2.31 

8.49 

5.66 

5.19 

9.27 

6.34 

6.23 

10.75 

8.23 

8.10 

4.43 

3.69 

3.41 

4.53 

3.46 

3.06 

4.63 

3.24 

2.70 

7.85 

5.89 

5.14 

9.40 

7.11 

6.24 

10.95 

8.33 

7.33 
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The regression analysis was conducted on the responses to determine the coefficients of the 

model terms. The historical data design of the factors and responses in this study is shown in 

Table 5.2.  

 

5.6.2. Analysis of variance  

The Analysis of variance (ANOVA) is frequently used to summarise the significance of the 

regression model and test for significance on individual model coefficients. The statistical 

fitness and the appropriateness of the regression models generated, which were set at a 95% 

confidence interval, were determined by utilising ANOVA, as shown in Tables 5-3 and 5-4. 

The f-value determines the response variation and can be verified by the regression equation. 

On the other hand, P-values were utilised to ensure each coefficient's significance, which in 

turn might show the interaction patterns between variables  (Widyaningsih et al. 2018; Sibiya 

et al. 2022). A significant model can be seen if the p-values are less than 0.05, whereas an 

insignificant model can be determined by p-values greater than 0.001(Bezerra et al. 2008; 

Danmaliki et al. 2017; Chelladurai et al. 2021).  

 

Table 5- 3: ANOVA of 2FI regression model for salt removal percentage  

Source Sum of Squares df Mean Square F-value p-value 
 

Model 

A-High Concentration 

B-Flowrate 

C-Temperature 

AB 

AC 

BC 

Residual 

 

Cor Total 

246.44 

78.14 

56.38 

19.12 

46.11 

2.49 

0.0811 

34.96 

 

281.40 

6 

1 

1 

1 

1 

1 

1 

11 

 

17 

41.07 

78.14 

56.38 

19.12 

46.11 

2.49 

0.0811 

3.18 

12.92 

24.58 

17.74 

6.01 

14.51 

0.7824 

0.0255 

0.0002 

0.0004 

0.0015 

0.0321 

0.0029 

0.3953 

0.8760 

significant 

 

R² 

 

 

0.8758 

 

Adjusted R² 

 

 

0.8080 

Predicted R² 

 

0.6949 

Adeq 

Precision 

 

11.3262              

Std. Dev. 

 

1.78 
 

  
 

Mean 

 

 

12.76 

C.V. % 

 

 

13.98          

PRESS 

 

 

85.87 
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Table 5- 4: ANOVA of 2FI regression model for power density 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 

A-High Concentration 

B-Flowrate 

C-Temperature 

AB 

AC 

BC 

Residual 

 

 

Cor Total 

98.47 

4.23 

17.21 

70.23 

0.4333 

6.32 

2.28 

3.91 

 

 

102.38 

6 

1 

1 

1 

1 

1 

1 

11 

 

 

17 

16.41 

4.23 

17.21 

70.23 

0.4333 

6.32 

2.28 

0.3558 

46.13 

11.89 

48.38 

197.39 

1.22 

17.76 

6.41 

< 0.0001 

0.0054 

< 0.0001 

< 0.0001 

0.2933 

0.0015 

0.0278 

significant 

 

 

R² 

0.9618 

Adjusted R² 

0.9409 

Predicted R² 

0.8704 

Adeq Precision 

22.1686 

Std. Dev. 

0.5965 

Mean 

5.63 

C.V. % 

10.59  

PRESS 

13.27 
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A discrepancy of 0.11 and 0.0705 (salt removal efficiency and power density), respectively, 

between the adjusted R2 and predicted R2, which is less than 0.2, demonstrate that the suggested 

models are good for variation between adjusted and predicted(Noordin et al. 2004; Amini et 

al. 2008; Ghafari et al. 2009; Ighose et al. 2017). However, it can be notable that prediction R2 

values for the regression models for salt removal and power density, which are 0.6949 and 

0.8704, respectively, show that the two models can not accurately predict. Consequently, the 

generated model did not carry 12,42% and 3,82 % of the overall variable for salt removal and 

power density. 

 

5.6.3. Validation of the model 

From Tables 5-5 and 5-6, it is worth noting that factors from Model 1(A, B, C, and AB) and 

Module 2 (A, B, C, AB, AC, and BC) with regard to P-value were significant. Nevertheless, 

AC and BC were insignificant, implying that the high concentration integrated with solution 

temperature and flow rate integrated with solution temperature did not affect the salt removal 

in the solution. The models gave 95 % confidence and 5 % significance levels. 

Both models indicated an F-value (Fisher variation ratio) less than 0.02 and 0.01% (Model 1 

and 2), respectively, which occurred due to noise. The Models F-value of 12.92 and 46.13 

implies the model is significant, as shown in Tables 5-3 and 5-4. A ratio greater than 4 is 

desirable. In this case, the ratio 11.326 and 22.169 for modules 1 and 2, respectively, indicates 

that precision is adequate .2FI models are advisable, as suggested by the model. Nevertheless, 

this study does not recommend this model for historical data because of the low regressions of 

the models.  

 

5.6.4. Verification of Model Adequacy 

Figures 5-5 (a and b) present predicted and actual salt removal efficiency and power density 

interaction. The adequacy of the regression model was also ascertained between the predicted 

and actual values plot, as shown in the figures below. The actual value represents the measured 

result for each experimental run, while the predicted value is evaluated from the independent 

variables in the regression model. It can be seen from the two figures below, that a good 

agreement represented by diagnosed plots in both graphs implies good compatibility to 

establish a relationship between an independent and a dependent for desalination as well as 

power production (Widyaningsih et al. 2018; Sibiya et al. 2022; Yaro et al. 2022). R2 for power 

density and salt removal percentage were  0.8758 and 0.968 , respectively. However, the 
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predicted R2 value is not close to the R2 adjusted value on both responses, indicating that 

historical data is not recommended in this study. 

 

Figure 5-5: Parity plot showing the experimental distribution against the predicted values.  

Symbols “a and b” denote the salt removal percentage and power density. 

 

Figures 5-6 (a and b) demonstrate the studentised residual versus predicted values for salt 

removal efficiency and power density, respectively. This shows that the variance of the original 

observations and all the response values, distributed plot, are constant (Salahi et al. 2013; 

Garlapati and Roy 2017). Scattered plots and non-S shape curves presented by both graphs 

indicate that no actual data transformation is necessary and also aided in determining the 

model’s suitability. Furthermore, the model cannot be enhanced any further by changing the 

responses. Moreover, the residual limits are ± 3.94 (see Appendix D for calculation). In both 

graphs, there were no points that were outliers, i.e., outside the residual limits. This means that 

all observations fit well by the model. There is also no need for response transformation, as 

there are no outliers in either graph. 
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Figure 5-6: Externally studentised residual against predicted. Symbols “a and b” denote the 

salt removal percentage and power density. 

 

5.6.4.1. Cube graphs  

Figure 5-7 (a and b) depicts the maximum desalination and power generated concerning the 

RED area at a point (A and B-C) located at the top left and bottom right of both graphs, 

respectively, where response values are 17.6748% and 10.9493 W/m2 was predicted, which 

correspond to increasing levels high concentration, flowrate and temperature of solutions 

(Coman and Bahrim 2011; Kamble et al. 2019). In conclusion, according to the figures below, 

temperature is considered the most significant parameter in both graphs. The effectiveness of 

removing salt and the power density has dramatically increased as the temperature rises.   
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Figure 5-7: Cubes graphs. Symbols “a and b” denote the salt removal percentage and power 

density. 
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5.6.4.2. Three-dimensional and contour plots. 

The three-dimensional (3D) plots show the behaviour of the salt removal efficiency and power 

density of the RED stack from the interaction of high concentration (NaCl), temperature, and 

flow rate of the solutions. As shown in Figures 5-8a and 5-9a, the response surface plots are 

graphical or visual representations of the relationship between two independent variables and 

a response. The response is represented on the z-axis, while the two independent variables are 

plotted on the x and y axes (Hiew et al. 2019). Similar to the counter graphs illustrated by 

Figures 5-8b and 5-9b, two independent variables are plotted on the x and y axes. 

  

                                                                                       

Figure 5-8: Response surface plots showing cross-factor interactions for salt removal 

percentage. 3D plot (left) and contour plot (right). 

 

Figure 5-8a shows a change in salt removability (drop), notable as the solution concentrations 

increase from 1mol/L to 2mol/L NaCl at a higher flow rate of 1500mL/min. This concludes 

that flow rate has much influence on desalination. The interactive influence of high 

concentration and feed flow rate on power density is depicted by 3D contour plots in Figure 5-

9a. The transition from high to low concerning flow rates in Figure 5-9a is represented by the 

change from green to dark green. They are indicating that the flow rate is sensitive to power 

production.  
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Ranjithkumar and Shanmugarajan 2018; Kazemian et al.  2021). For model 1, represented by 

Figure 5-10a, it’s been discovered that a high concentration impacts the desalination process 

(straight line A) followed by the flow rate of the solution (straight line B). Conversely, for 

model 2, represented by Figure 5-10b. Flow rate, followed by high concentration, affects the 

power density. The rest of the DOE parameters are shown in Appendix D. 

 

5.6.5. Optimisation of desalination technique 

Regarding the optimisation process, a numerical approach on Design Expert was employed to 

optimise three process operating conditions. Table 5-5 demonstrates the details of the 

conditions of optimisation, where all input variables (high concentration, temperature, and flow 

rate) were within range. The response variables (salt removal % and power density) were 

maximised to target 95% confidence predicted levels. Figure 5-11 shows that ideal operating 

conditions and desirability were achieved. 89.4% desirability was acquired (After achieving 

100 conditional solutions) at 1.93 mol/L (NaCl), 896 mL/min, and 40°C. This yielded a salt 

removal efficiency of 15.33% and a power density of 10.75 W/m2. Based on the proposed 

solutions presented in Table 5-6, the first option was selected for verification to show the 

repeatability and applicability of the design models at a 95% confidence level. Therefore, as 

shown in section 5.6.6, triplicated experimental runs were used to evaluate the models’ validity 

under optimal conditions (see Figures 5-12 and 5-13). 

 

Table 5- 5: Conditions for optimising desalination and power production process variables. 

Independent actors Goal Lower 
Limit 

Upper Limit 

A: High Concentration (Molar) 

B: Flowrate (ml/min) 

C: Temperature (°C) 

Salt removal (%) 

Power density (W/m2) 

Within the range 

Within the range 

Within the range 

Maximise 

Maximise 

1 

896 

20 

3.94366 

2.31394 

2 

1500 

40 

18.1818 

10.7521 

 

5.6.1. Solutions  

The design expert Software iterated over the range of factors and found the maximum salt 

removal percentage and power density. There are 60 possible solutions. Thus, the one 

suggested by the software is the selected one, as shown in the Table (5-6) below. 
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Table 5- 6: HDD optimisation solutions  

Number High 

Concentration 

Flowrate Temperature Salt 

removal 

Power 

density 

Desirability 
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

1.936 

1.940 

1.940 

1.950 

1.949 

1.956 

1.953 

1.960 

1.943 

1.909 

1.968 

1.975 

1.992 

1.986 

896.003 

896.000 

896.479 

896.001 

896.003 

896.001 

896.076 

896.001 

899.688 

896.001 

896.180 

896.005 

896.093 

896.001 

40.000 

39.958 

39.971 

39.994 

39.875 

40.000 

39.830 

39.765 

39.997 

40.000 

39.687 

39.618 

40.000 

39.507 

15.332 

15.322 

15.318 

15.306 

15.301 

15.294 

15.289 

15.274 

15.273 

15.385 

15.252 

15.238 

15.226 

15.210 

10.752 

10.752 

10.752 

10.793 

10.752 

10.814 

10.752 

10.752 

10.752 

10.667 

10.752 

10.752 

10.923 

10.752 

0.894 

0.894 

0.894 

0.893 

0.893 

0.893 

0.893 

0.892 

0.892 

0.892 

0.891 

0.891 

0.890 

0.890 

Selected 

 

 

Figure 5-11: Ramp plot displaying the optimised conditions of desalination and power 

production process variables at the desirability of 89.4 %. 
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Table 5- 7: Ion concentration in the feed solution 

 

 

 

 

 

  

 

This section investigates the negative effects of divalent cations in RED, as shown in Figures 

5-14 and 5-15 (a, b, c, and d), respectively. All the parameters were kept constant (optimum 

values). Prior research has demonstrated that the presence of divalent ions leads to a decrease 

in RED power densities (Rijnaarts et al. 2017; Moreno et al. 2018; Gómez-Coma et al. 2019), 

and no work has been reported on salt removal percentage. Thus, the goal of this study is to 

examine both responses. Figures 5-14 and 5-15 (a, b, c, and d) present the effect of CaCl2 and 

Na2SO4   results. 

 

 

 

 

 

 

 

TEST 1 

100% NaCl 

100% NaCl 

100% NaCl 

0% CaCl2 

25% CaCl2 

75% CaCl2 

TEST 2 

100% NaCl 

75% NaCl 

25% NaCl 

0% Na2SO4 

25% Na2SO4 

75% Na2SO4 
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Figure 5-14: Depicts the effect of divalent cation on the performance of the RED stack. 

Symbols “a, b, c and d” denote the salt removal percentage, power density, OCV and internal 

resistance. 
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Figure 5-15: Depicts the effect of divalent anion on the performance of the RED stack. 

Symbols “a, b, c and b” denote the salt removal percentage, power density, OCV and internal 

resistance. 

 

For Figures 5-14(c) and 5-15(c), OCV decreased after introducing divalent ions to a basis 

solution. Hence, a negligible effect on the OCV of anion (25% Na2SO4) from 4.231 to 4.151 is 

observed, and a considerable effect on the OCV of cation (25% CaCl2) from 4.231 to 3.044 is 

notable. However, adding a 75% percentage of divalent ions to 100% NaCl has reduced OCV 

drastically, as presented in both graphs. This proves that adding divalent salts influences the 

concentrations of Na+ and Cl− and, therefore, the membrane voltage. 
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Stack resistances, as shown in Figures 5-14(d) and 5-15(d), a significant increment of 98.45% 

and 99%, respectively, were observed in both graphs, as more divalent was added to pure NaCl 

solution. A decrease in OCV and increased stack resistance have considerably decreased power 

density and salt removal percentage. Power density and salt removal percentage are 

significantly reduced by adding 75% to a pure solution, as presented in Figures 5-14 (a and b) 

and 5-15 (a and b). This indicates that adding divalent ions causes uphill transportation, hence 

increasing membrane resistance and affecting the performance of the RED stack. 

 

The results indicate that divalent ions decrease membrane permselectivity and membrane 

potential while altering the ion concentrations within the membrane to increase the electrical 

resistance of the membrane. 

 

This study shows that RED power densities and salt removal percentage can be improved by 

selecting an ion exchange membrane suitable for the divalent ion composition of the feed 

streams. 
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CHAPTER 6-CONCLUSIONS AND RECOMMENDATIONS  

Chapter overview  

This chapter presents the research study's significant conclusions and local decisions about the 

optimization of desalination as well as power generation from coal mining and colliers’ 

wastewater using reverse electrodialysis. 

 

The main achievements of the research activities presented can be summarised as follows: 

Experimental investigation on a laboratory scale. The finding revealed that flow rate 

is one of the factors that negatively influence the performance, as a reduction in both 

salt removal percentage and power density were registered under used conditions 

(process parameter); however, flowrate was more sensitive to permeate flux than other 

responses as 65.36% increase was observed when the flow rate of the solutions was 

investigated. Based on the findings, the results acquired are in agreement with the 

findings from (Vermaas 2014), which concludes by validating that “The utilization of 

river water has a notable disadvantage: the low conductivity of the solution causes high 

electric resistance within the unit, limiting the output power achievable. In this case, 

deionized, which represents the point of the river with less or no NaCl, was used as a 

dilute. In particular, the diluted (deionized) has been found to have a greater impact on 

process performance. Therefore, it can be concluded that using (110x270 mm2, 60 cell 

pairs) has led to significant outcomes for characterising the process conditions, as this 

study shows feasibility in applying RED in coal mining and colliers: however, a careful 

selection of process conditions; membranes properties should be considered as it can 

lead to a better performance of the RED technology since desalination efficiency in 

this study shows a very low salt removability of 15.33% at optimum conditions. 

 

Development of model equations for optimization. Utilizing the historical data obtained from 

the lab. The model was able to forecast the behaviour of the process utilizing synthesized 

concentrations under conditions unexplored before. 2FI model highlighted that predicted and 

actual were in good agreement, which indicates a model significant. However, due to low 

regressions for power density and salt removal, it can be concluded that the developed 

empirical cannot be used to make predictions. Therefore, optimizing experimental results using 

historical data design is not recommended. 
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Analysis of ions influencing the RED performance. The addition of divalent ions to pure NaCl 

solutions was evaluated. Thus, power density and salt removal percentage reduction were 

registered even at a lower percentage. This demonstrates unequivocally that divalent ions have 

a significant impact on RED performance. Therefore, intensive pre-treatment is required when 

using real solutions. 

 

In summary, all objectives were met in this study. The novelty in this study lies in 

simultaneously demonstrating energy production and desalination of artificial coal mining and 

collier wastewater. Based on these results, this study significantly contributes to coal-based 

desalination plants in SA. This project has never been implemented in Southern Africa; hence, 

it is best to recommend the following. 

 

Recommendation 

Despite the milestones attained in this study, there is still more work to be done in the future. 

Thus, the following factors can be considered for future research: 

• Utilizing South African coal mining and collieries, real wastewater should be 

considered for future studies since artificial solutions might overcome some 

drawbacks of real effluent, e.g., the requirement of intensive pre-treatment 

techniques to prevent fouling.  

• Consideration should be given to the best selection of dilute streams. 

• RED stack performance can be enhanced by carefully selecting membrane 

properties. 

• Research using similar experimental data should be conducted to develop 

models that produce reliable and accurate predictions. 
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 APPENDIX A-PROPERTIES 
 

This appendix illustrates the properties of the ion exchange used in this study. 

Table A- 1 Properties of the ion-exchange membranes. 

       Membrane  
AEM CEM End membrane  

Thickness (µm) 120 120 220 

Ion exchange 

capacity (meq/g) 

1.2 3 1.8 

Resistance (Ω cm2) ~ 1.8 ~ 2.5 ~ 4.5 

Burst strength (kg 

cm2) 

4-5 4-5 15 

Water content (wt%) ~ 14 ~ 9 - 

pH stability 0-9 0-11 1-13 

Maximum 

temperature (℃) 

60 50 50 

Membrane type  Strong alkaline 

(ammonium) 

Strongly acidic 

(sulfonic acid) 

Strongly acidic 

(sulfonic acid)  

Reinforcement Polyester Polyester polyethylene 

Note: The manufacturers provided all parameters.  
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 APPENDIX B-SPECIFICATIONS 

 
This appendix illustrates the general properties and specifications of the RED stack used in 

this study. The table used in the DOE sample of calculations is also included in this appendix. 

Table B- 1: General properties and specifications of the RED stack used in the analysis. 

Specification  Value 

Effective membrane area 

(m2) 

 0.0297 

Membrane size (mm)  110×270 

Processing length (mm)  80 

Compartment width (mm)  160 

Membrane spacing  Electrode-membrane (mm) Ca.1 

 Overcell (mm) 0.5 

Spacer Thickness (µm) 450 

 Mesh orientation to flow 

direction 

45º 

 Porosity (%) 81  

 Material  Silicon/polypropylene 

Cell frame and tube material  Polypropylene 

Pressure drops over cell  Max, 0.5 bar 
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Table B- 2: One-tailed/two tailed t-table  

 

Sourced from Handbook for experiment (2014) 
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Table B- 3: Percentage points of F-distribution  

 

Source from Handbook for experiment (2014) 
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Table B- 4: Reports results for salt removal percentage from DOE. 

Run 

Order 

Actual 

Value 

Predicted 

Value 
Residual Leverage 

Internally 

Studentized 

Residuals 

Externally 

Studentized 

Residuals 

Cook's 

Distance 

Influence on 

Fitted Value 

DFFITS 

Standard 

Order 

1 13.76 14.21 -0.4501 0.639 -0.420 -0.404 0.045 -0.537 1 

2 13.54 14.43 -0.8823 0.302 -0.592 -0.574 0.022 -0.378 2 

3 13.12 14.51 -1.39 0.476 -1.077 -1.085 0.150 -1.034 3 

4 14.18 14.17 0.0098 0.317 0.007 0.006 0.000 0.004 4 

5 13.61 11.02 2.58 0.125 1.550 1.671 0.049 0.631 5 

6 12.67 9.82 2.85 0.224 1.815 2.067 0.136 1.112 6 

7 14.68 14.14 0.5454 0.639 0.509 0.491 0.065 0.653 7 

8 5.54 7.62 -2.08 0.302 -1.398 -1.470 0.121 -0.967 8 

9 3.94 5.13 -1.19 0.476 -0.918 -0.911 0.109 -0.868 9 

10 18.18 17.11 1.07 0.639 1.000 1.000 0.252 1.329 10 

11 17.87 17.55 0.3174 0.302 0.213 0.204 0.003 0.134 11 

12 16.51 17.72 -1.21 0.476 -0.939 -0.934 0.114 -0.890 12 

13 14.29 16.16 -1.88 0.317 -1.273 -1.315 0.108 -0.896 13 

14 14.04 13.24 0.7977 0.125 0.478 0.461 0.005 0.174 14 

15 12.85 12.12 0.7245 0.224 0.461 0.444 0.009 0.239 15 

16 16.13 15.21 0.9199 0.639 0.858 0.847 0.186 1.127 16 

17 7.39 8.93 -1.53 0.302 -1.030 -1.033 0.066 -0.679 17 

18 7.31 6.52 0.7902 0.476 0.612 0.594 0.049 0.566 18 

 

 

Table B- 5: Coefficients in Terms of Coded Factors for salt removal percentage  

Factor Coefficient 

Estimate 

df Standard 

Error 

95% CI 

Low 

95% CI 

High 

VIF 

Intercept 13.23 1 0.4350 12.27 14.19 
 

A-High 

Concentration 

-2.64 1 0.5327 -3.81 -1.47 1.07 

B-Flowrate -1.94 1 0.4603 -2.95 -0.9254 1.0000 

C-Temperature 1.07 1 0.4350 0.1094 2.02 1.07 

AB -2.15 1 0.5637 -3.39 -0.9062 1.07 

AC -0.4552 1 0.5147 -1.59 0.6775 1.0000 

BC 0.0735 1 0.4603 -0.9395 1.09 1.07 
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Table B- 6:  Reports results for power density from DOE. 

Run 

Order 

Actual 

Value 

Predicted 

Value 
Residual Leverage 

Internally 

Studentized 

Residuals 

Externally 

Studentized 

Residuals 

Cook's 

Distance 

Influence on 

Fitted Value 

DFFITS 

Standard 

Order 

1 3.80 4.43 -0.6300 0.639 -1.757 -1.976 0.780 -2.627⁽¹⁾ 1 

2 3.58 3.69 -0.1148 0.302 -0.230 -0.220 0.003 -0.145 2 

3 3.45 3.41 0.0380 0.476 0.088 0.084 0.001 0.080 3 

4 4.77 4.53 0.2362 0.317 0.479 0.462 0.015 0.315 4 

5 4.49 3.46 1.03 0.125 1.840 2.109 0.069 0.797 5 

6 3.21 3.06 0.1506 0.224 0.287 0.274 0.003 0.148 6 

7 4.95 4.63 0.3170 0.639 0.884 0.875 0.197 1.163 7 

8 2.60 3.24 -0.6346 0.302 -1.273 -1.315 0.100 -0.865 8 

9 2.31 2.70 -0.3892 0.476 -0.901 -0.893 0.105 -0.851 9 

10 8.49 7.85 0.6383 0.639 1.780 2.012 0.801 2.675⁽¹⁾ 10 

11 5.66 5.89 -0.2260 0.302 -0.453 -0.436 0.013 -0.287 11 

12 5.19 5.14 0.0464 0.476 0.108 0.103 0.002 0.098 12 

13 9.27 9.40 -0.1339 0.317 -0.272 -0.260 0.005 -0.177 13 

14 6.34 7.11 -0.7744 0.125 -1.388 -1.457 0.039 -0.551 14 

15 6.23 6.24 -0.0091 0.224 -0.017 -0.017 0.000 -0.009 15 

16 10.75 10.95 -0.1972 0.639 -0.550 -0.532 0.076 -0.707 16 

17 8.23 8.33 -0.1094 0.302 -0.219 -0.210 0.003 -0.138 17 

18 8.10 7.33 0.7653 0.476 1.772 1.999 0.407 1.905⁽¹⁾ 18 

⁽¹⁾ Exceeds limits. 

 

Table B- 7: Coefficients in Terms of Coded Factors for power density. 

Factor Coefficient Estimate  df Standard Error 95% CI Low 95% CI High VIF 

Intercept 5.90  1 0.1455 5.57 6.22  

A-High Concentration 0.6146  1 0.1782 0.2224 1.01 1.07 

B-Flowrate -1.07  1 0.1540 -1.41 -0.7322 1.0000 

C-Temperature 2.04  1 0.1455 1.72 2.36 1.07 

AB -0.2081  1 0.1886 -0.6232 0.2070 1.07 

AC 0.7256  1 0.1722 0.3466 1.10 1.0000 

BC -0.3900  1 0.1540 -0.7289 -0.0511 1.07 
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      APPENDIX C- SAMPLE OF CALCULATIONS 
 

This appendix illustrates the procedures used to calculate the experimental salt removal 

percentage as well as power density acquired under different conditions. 

 

C.1. Internal Leakage Calculation  

 

High Compartments 

 

𝐿𝑒𝑎𝑘𝑎𝑔𝑒 % = (
𝑉𝑚𝐿 𝑙𝑒𝑎𝑘𝑎𝑔𝑒

𝑡∗𝑄
)*100 

                                 = (
0𝑚𝐿

5𝑚𝑖𝑛∗896𝑚𝐿/𝑚𝑛
)*100 

     =  0 

Low Compartments 

 

𝐿𝑒𝑎𝑘𝑎𝑔𝑒 % = (
𝑉𝑚𝐿 𝑙𝑒𝑎𝑘𝑎𝑔𝑒

𝑡∗𝑄
)*100 

                                 = (
2𝑚𝐿

5𝑚𝑖𝑛∗896𝑚𝐿/𝑚𝑛
)*100 

            = < 0.1 
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C.2. Power Calculations 

 

Based on ohms law:   𝑃 = 𝑉𝐼  

 

 

Figure C- 1 Ohm’s Law power graph 

 

𝑃 =
𝑉2

𝑅
 

                                          =
(1.063)2

10
= 0.11299𝑊 

C.3. Power density  

𝑃𝑑 =
𝑃

𝐴
 

                                                 =
0.11299

0.0297
= 3.80𝑊/𝑚2 

C.4. Salt removal percentage  

                                     𝑅𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (
ZA−ZB

ZA
)*100 

 

                                                           𝑅𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (
82.1−70.8

82.1
)*100 =13.76% 

C.5. Current Calculation 

 

    𝐼 =
𝑉

𝑅
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                                       =
1.063

10
= 0.01063𝐴 

C.6. Internal Resistance Calculation 

  

  R =
𝑂𝐶𝑉 − 𝑉

𝐼
 

  

                                            =
4.102 − 1.063

0.01063
= 28.5888Ω 

C.7. Power density per cell pair  

 

𝑃𝑑 =
𝑃

𝐴
 

                                                           𝑃𝑑 =
0.112997

0.0297 ∗ 60
= 0.06343.80𝑊/𝑚2  
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Table C- 1: Experimental results for 18 runs.  

 

  

H Concentration (M) Flowrate (mL/min) Temperature ( ⁰C Voltage (V) Resistance(Ω )OCV Conductivity InConductivity Ou Power (W) % Salt RemovaPower density (W/m2) Pd cell pair (W/m2) Current (A) Rinternal (Ω )

1 896 20 1.063 10 4.102 82.1 70.8 0.1129969 13.7637028 3.80 0.0634101571 0.1063000000 28.58889934

1 1369 20 1.031 10 4.112 82.7 71.5 0.1062961 13.54292624 3.58 0.0596498878 0.1031000000 29.88360815

1 1550 20 1.012 10 4.191 83.1 72.2 0.1024144 13.11672684 3.45 0.0574716049 0.1012000000 31.41304348

1.5 896 20 1.19 10 4.59 126.9 108.9 0.14161 14.18439716 4.77 0.0794668911 0.1190000000 28.57142857

1.5 1369 20 1.155 10 4.912 126.4 109.2 0.1334025 13.60759494 4.49 0.0748611111 0.1155000000 32.52813853

1.5 1550 20 0.976 10 4.991 127.1 111 0.0952576 12.66719119 3.21 0.0534554433 0.0976000000 41.13729508

2 896 20 1.212 10 4.613 141 120.3 0.1468944 14.68085106 4.95 0.0824323232 0.1212000000 28.06105611

2 1369 20 0.879 10 5.312 140.8 133 0.0772641 5.539772727 2.60 0.0433580808 0.0879000000 50.43230944

2 1550 20 0.829 10 5.645 142 136.4 0.0687241 3.943661972 2.31 0.0385657127 0.0829000000 58.09408926

1 896 40 1.588 10 4.441 80.3 65.7 0.2521744 18.18181818 8.49 0.1415120090 0.1588000000 17.96599496

1 1369 40 1.297 10 4.585 84.5 69.4 0.1682209 17.86982249 5.66 0.0944000561 0.1297000000 25.35080956

1 1550 40 1.241 10 4.596 84.8 70.8 0.1540081 16.50943396 5.19 0.0864242985 0.1241000000 27.03464948

1.5 896 40 1.659 10 4.251 126.7 108.6 0.2752281 14.28571429 9.27 0.1544489899 0.1659000000 15.6238698

1.5 1369 40 1.372 10 4.273 126.8 109 0.1882384 14.03785489 6.34 0.1056332211 0.1372000000 21.14431487

1.5 1550 40 1.36 10 4.321 126.1 109.9 0.18496 12.84694687 6.23 0.1037934905 0.1360000000 21.77205882

2 896 40 1.787 10 4.613 143.2 120.1 0.3193369 16.13128492 10.75 0.1792014029 0.1787000000 15.81421377

2 1369 40 1.563 10 4.628 142 131.5 0.2442969 7.394366197 8.23 0.1370914141 0.1563000000 19.60972489

2 1550 40 1.551 10 4.639 142.2 131.8 0.2405601 7.313642757 8.10 0.1349944444 0.1551000000 19.90973565
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Table C- 2: Experimental results for NaCl run at optimum condition. 

 

 

Table C- 3: Experimental results for CaCl2 runs at optimum condition. 

 

 

Table C- 4: Experimental results for Na2SO4 runs at optimum condition. 

  

Monovalent ion Amount Voltage (V) Resistance(Ω) OCV Conductivity In Conductivity Out Power (W) % Salt Removal Power density (W/m2) Pd cell pair (W/m2) Current (A) Rinternal (Ω)

Soduim Chloride 100% 1,787 10 4,231 80 68,34 0,3193369 14,575 10,75208418 0,00016 0,18 13,68

Divalent ions Amount Voltage (V) Resistance(Ω) OCV Conductivity In Conductivity Out Power (W) % Salt Removal Power density (W/m2) Pd cell pair (W/m2) Current (A) Rinternal (Ω)

Calcuim Chloride 25% 0,981 10 3,044 180,8 172,4 0,0962361 4,646017699 3,240272727 0,00005 0,10 21,03

Calcuim Chloride 75% 0,543 10 2,012 203,3 198,1 0,0294849 2,55779636 0,992757576 0,00001 0,05 27,05

Divalent ions Amount Voltage (V) Resistance(Ω) OCV Conductivity In Conductivity Out Power (W) % Salt Removal Power density (W/m2) Pd cell pair (W/m2) Current (A) Rinternal (Ω)

Soduim sulphate 25% 1,4891 10 4,151 152,7 142,2 0,221741881 6,876227898 7,466056599 0,00011 0,15 17,88

Soduim sulphate 75% 0,978 10 3,056 182 174,4 0,0956484 4,175824176 3,220484848 0,00005 0,10 21,25
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C.8. Permeate flux calculation. 

𝐽𝑤 = (
𝑉𝑝

𝐴 ∗ 𝑡
) 

𝐽𝑤 = (
𝑉𝑝

𝐴 ∗ 𝑡
) 

 

                                           𝑄 = (
𝑉𝑝

𝑡
) = (

2.248

4.16
) = 0.54 𝐿/𝑚𝑖𝑛  

 

                      𝐽𝑤 = (
0.54

0.0297
) = 18.194

𝐿

𝑚2. 𝑚𝑖𝑛
 

 

Table C- 5: Effects of high concentration calculated results.  

High 

concentration 

M NaCl 

Power 

density 

(W/m2) 

Salt 

removal 

% 

OCV R 

internal 

Mass 

(g) 

Volume 

(L) 

Time 

(min) 

Area 

(m2) 

(L/min) Permeate 

flux 

1 3.80 13.76 4.10 28.59 2248 2.248 4.16 0.0297 0.54 18.2 

1.5 4.77 14.18 4.59 28.57 2428 2.428 4.37 0.0297 0.56 18.7 

2 4.95 14.68 4.61 28.06 2503 2.503 4.39 0.0297 0.57 19.2 

 

Table C- 6: Effects of temperature calculated results. 

 

Table C- 7: Effects of flowrate calculated results. 

Flowrate 

(mL/min) 

Power 

density 

(W/m2) 

Salt 

removal 

% 

OCV R 

internal 

Mass 

(g) 

Volume 

(L) 

Time 

(min) 

Area 

(m2) 

(L/min) Permeate 

flux 

896 4.95 14.68 4.61 28.61 2428 2.428 4 0.0297 0.607 20.44 

1369 2.60 5.54 5.31 50.43 2851 2.851 3.41 0.0297 0.8360704 28.15 

1550 2.31 3.94 5.65 58.09 3132 3.132 3.12 0.0297 1.0038462 33.80 

 

Temp(⁰C) Power 

density 

(W/m2) 

Salt 

removal 

% 

OCV R 

internal 

Mass 

(g) 

Volume 

(L) 

Time 

(min) 

Area 

(m2) 

(L/min) Permeate 

flux 

20 4.95 14.68 4.613 28.06 2428 2.428 4.03 0.0297 0.60 20.3 

30 7.84 15.29 4.625 16.80 2606 2.606 4.11 0.0297 0.63 21.3 

40 10.75 16.13 4.629 15.81 2751 2.751 4.09 0.0297 0.67 22.6 
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C.9 Transformation calculation  

 

This sample of calculations is based on Figure D-1, which is the transformation figure for salt 

removal percentage. The response values for salt removal range from 3.944 to 18.182%. The 

maximum response (𝑦̂𝑚𝑎𝑥) is 18.182%, whereas the minimum response (𝑦̂𝑚𝑖𝑛) is 3.944.  The ratio 

of maximum to minimum response (𝑇𝑅) is obtained by the following equation: 

 

61.4
944.3

182.18

ˆ

ˆ

min

max ===
y

y
TR  

 

This calculation sample is based on Table 5.4, the ANOVA table for salt removal percentage. The 

total sum of squares (SOST) is given by the following equation: 

 

C.10 The ANOVA Table 
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The following equation gives the error or residual sum of squares (SOSE): 
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The following equation calculates the regression or model sum of squares (SOSR): 

 

ETR SOSSOSSOS −=  

96.3440.281 −=RSOS  

44.246=RSOS  
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The lack-of-fit sum of squares (SOSLOF) 

0=LOFSOS  

The number of variables (n = 3) and the number of centre points is Cp = 0. The number of 

factorial points (𝑛𝑓) is given by the following equation: 

)1(2 −= nnn f  

)13(3*2 −=fn  

12=fn  

The number of experimental points or observations (Ne) is given by: 

pfe CnN +=  

12=eN  

The degree of freedom for the numerator (dfr) is: 

6=fRd  

The degree of freedom for the denominator (dfE) is: 

11=fEd  

The mean square for regression (MSR) is given by: 

0733.41
6

44.246
===

fR

R
SR

d

SOS
M  

The mean square for error (MSR) is given by:  

18.3
11

96.34
===

fE

E
SE

d

SOS
M  

The F-value for regression (FR) is given by: 

92.12
18.3

0733.41
===

SE

SR
R

M

M
F  

The DOE was measured at 95% confidence intervals, therefore: 
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1-α = 1-95 = 0.05 = 0.5% 

 

Therefore, The F-value for regression (FR) from the distribution table can give a critical value 

at the degree of freedom for the numerator and denominator of FR (6,11). Then, the F-

distribution calculator can obtain the P-value, as shown in the figure below. 

 

Figure C- 2 P-value calculator  

 

C.11 The collection of summary statistics table 

 

Also, based on the Table, sample calculation for salt removal percentage is presented. The 

standard deviation (SD)is given by:  

SEMSD =  

18.3=SD  

783.1=SD  

The mean (MN) is: 














=
 =

e

N

i i

N

y
MN

e
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=MN 13.7637+13.5429+13.1167+14.1844+13.6076+12.6672+14.6809+5.53977+3.94366+18.1818+17.8698+16.5094+14.2857+14.0379 +12.8469+16.1313+7.39437+7.31364 

18 

756.12
18

61764.229
==MN  

 

The coefficient of variance (CV%) is given by:  

100*%
MN

SD
CV =  

100*
756.12

783.1
% =CV  

98.13% =CV  

 

R-squared value is obtained by: 

 
T

E

SOS

SOS
R −=12

 

40.281

96.34
12 −=R = 0.8758 

 

Adjusted R-squared value is obtained by: 

Adjusted
( )( )

1

11
1

2
2

−−

−−
−=

nN

NR
R  

 Adjusted
( )( )

1318

1188758.01
12

−−

−−
−=R = 0.8 

 

PRESS value as given by the software: 

 
2

1

2

1 1
ˆ 

== 











−
=−=

n

i i

i
n

i

ii

i
h

e
yyPRESS = 85.87 

Predicted values R-squared value is obtained by: 
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Predicted
Eel SOSSOS

PRESS
R

+
−=

mod

2 1  

Predicted
ERl SOSSOS

PRESS
R

+
−=12

 

Predicted
96.3444.246

87.85
12

+
−=R  = 0.6949 

 

There are (6) coefficients in the model. Thus p = 6. The maximum response (𝑦̂𝑚𝑎𝑥) is 

18.182%, whereas the minimum response (𝑦 ̂𝑚𝑖𝑛) is 3.944. adequate precision (AP) is given 

by: 

eE NMSp

yy
AP

/*

ˆˆ
minmax −=  

12/18.3*6

944.3182.18 −
=AP  =11.3 

 

The AP ratio was above 4.0, implying satisfactory discrimination. 

 

C.12 The coefficient estimate table 

 

This sample of calculations is based on Table C-8, the coefficient estimate table for 

salt removal percentage. There are three process variables for this model, and the equation is 

as follows: 

𝑦𝑖 = 𝛽𝑜 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽4𝑋1𝑋2 + 𝛽5𝑋1𝑋3 + 𝛽6𝑋2𝑋3 
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Table C- 8: Coefficient estimates  

SUBSCRIPT SUBSCRIPT COEFFICIENT 

ESTIMATES 

X1 high concentration (A)  

X2 flow rate of the solution (B) 

 

 

X3 temperature of the solution(C)  

β0 coefficient estimate for the intercept, 13.23 

β1 coefficient estimate for high concentration (A), -2.64 

β2 coefficient estimate for the flow rate of the 

solution (B) 

 

-1.94 

β3 coefficient estimate for the temperature (C) 

 

-1.07 

β4 coefficient estimates for AB. 

 

-2.15 

β5 coefficient estimates for AC. 

 

-0.4552 

β6 coefficient estimates for BC. 

 

0.0735 

 

C.13 Model equation in terms of coded factors 

 

Salt removal percentages model in terms of coded factors is: 

 

𝑦𝑖 = 13.23 − 2.64𝑋1 − 1.94𝑋2 + 1.07𝑋3 − 2.15𝑋1𝑋2 − 0.4552𝑋1𝑋3 + 0.0735𝑋2𝑋3 

 

𝑦𝑖 = 13.23 − 2.64𝐴 − 1.94𝐵 + 1.07𝐶 − 2.15𝐴𝐵 − 0.4552𝐴𝐶 + 0.0735𝐵𝐶 
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C.14 Model equation in terms of actual factors  

 

High concentration from 1 to 2mol/L NaCl, with a change of 1 and an average of 1.5. The 

coded value (Cv) for the high-concentration term (A) is -2.64. The actual high concentration 

term (A)is therefore: 

𝐴𝑐𝑡𝑢𝑎𝑙 𝐴 𝑡𝑒𝑟𝑚𝑠 =  𝐶𝑉*[ 
2∗(𝐴−𝑎𝑣𝑔)

∆𝐻𝐶
] 

                             = -2.64*[ 
2∗(𝐴−1.5)

1
]  

                             = -2.64∗
2
1
 ∗ (𝐴 − 1.5)  

                             = -5.28A + 7.92 

The flow rate was from 896mL/min to 1550mL/min, with a change of 654 and an average of 

1223. The coded value (Cv) for the high-concentration term (B) is -1.94. The actual high 

concentration term (B)is therefore: 

𝐴𝑐𝑡𝑢𝑎𝑙 𝐵 𝑡𝑒𝑟𝑚𝑠 =  𝐶𝑉*[ 
2∗(𝐵−𝑎𝑣𝑔)

∆𝐹
] 

                             = -1.94*[ 
2∗(𝐵−1223)

654
]  

                             = -1.94∗
2

654
 ∗ (𝐵 − 1223)  

                             = -0.0059B + 7.26 

 

Temperature from 20⁰C to 40⁰C, with a change of 20 and an average of 30. The coded value 

(Cv) for the high concentration term (C) is 1.07. The actual high concentration term (C)is 

therefore: 

𝐴𝑐𝑡𝑢𝑎𝑙 𝐶 𝑡𝑒𝑟𝑚𝑠 =  𝐶𝑉*[ 
2∗(𝐶−𝑎𝑣𝑔)

∆𝑇
] 

                             = 1.07*[ 
2∗(𝐶−30)

20
]  
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                             = 1.07∗
2

20
 ∗ (𝐶 − 30)  

                             = 0.107C - 3.21 

 

The coded value for the AB term is -2.15. The actual AB term is therefore: 

𝐴𝑐𝑡𝑢𝑎𝑙 𝐴𝐵 𝑡𝑒𝑟𝑚𝑠 =  -2.15∗ [[
2
1
 ∗ (𝐴 − 1.5)] ]* [

2
654

 ∗ (𝐵 − 1223)] ] 

                               = -2.15∗ (
2
1
 ∗ 2

654
)[ (𝐴 − 1.5)* (𝐵 − 1223)] 

                               = −0.0142(AB − 1223A − 1.5B + 1834.5 ) 

                                =−0.0142AB + 16.0213A + 0.01999B − 24.03  

 

The coded value for the AC term is -0.4552. The actual AC term is therefore: 

𝐴𝑐𝑡𝑢𝑎𝑙 𝐴𝐶 𝑡𝑒𝑟𝑚𝑠 =  -0.4552∗ [[
2
1
 ∗ (𝐴 − 1.5)] ]* [

2
20

 ∗ (𝐶 − 30)] ] 

                               = -0.4552∗ (
2
1
 ∗ 2

20
)[ (𝐴 − 1.5)* (𝐶 − 30)] 

                               = −0.09104(AC − 30A − 1.5C + 45 ) 

                                =−0.09104AC + 2.73A + 0.13656C − 4.2968 

 

 

The coded value for the BC term is. 0.0735 The actual BC term is therefore: 

𝐴𝑐𝑡𝑢𝑎𝑙 𝐵𝐶 𝑡𝑒𝑟𝑚𝑠 =  0.0735∗ [[
2

654
 ∗ (𝐵 − 1223)] ]* [

2
20

 ∗ (𝐶 − 30)] ] 

                               = 0.0735∗ (
2

654
 ∗ 2

20
)[ (𝐵 − 1223)* (𝐶 − 30)] 

                               = 0.0000224(BC − 30B − 1223C + 36690 ) 

                                =0.0000224BC + 0.000675B + 0.0275C − 0.826 
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Therefore, the salt removal percentage mode in terms of actual factors is: 

=−5.28A +  7.92 −  0.0059B +  7.26 +  0.107C −  3.2 − 0.0142AB + 16.0213A +

0.01999B − 24.03 − 0.09104AC + 2.73A + 0.13656C − 4.2968 + 0.0000224BC +

0.000675B + 0.0275C − 0.826 

𝑦𝑖 = −16.3568 + 14.43𝐴 + 0.01409𝐵 + 0.214𝐶 + 0.0142𝐴𝐵 − 0.09104𝐴𝐶

+ 0.0000224𝐵𝐶 

 

The coded value for the constant term is 13.23, whereas else the actual value for the constant 

term from the above equation is -16.3568. The salt removal percentage equation in terms of 

actual factors, therefore, becomes: 

 

𝑦𝑖 = (13.23 − 16.3568) + 14.43𝐴 + 0.01409𝐵 + 0.214𝐶 + 0.0142𝐴𝐵 − 0.09104𝐴𝐶

+ 0.0000224𝐵𝐶 

𝑦𝑖 = −3.1268 + 14.43𝐴 + 0.01409𝐵 + 0.214𝐶 + 0.0142𝐴𝐵 − 0.09104𝐴𝐶

+ 0.0000224𝐵𝐶 

 

C.15 Residual limits 

 

The confidence interval was investigated at 95% CI, and then the alpha value was therefore 

∝= 

100 − 95 = 5%. The tail value is therefore: 

𝑡𝑎𝑖𝑙𝑠 =
∝

2𝑁
 

𝑡𝑎𝑖𝑙𝑠 =
5/100

2 ∗ 18
 

𝑡𝑎𝑖𝑙𝑠 = 0.00138 

The degree of freedom is therefore: 

𝑑𝑓 = 𝑁 − 𝑝 − 1 
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𝑑𝑓 = 18 − 6 − 1 

𝑑𝑓 = 11 

From Table B-2 ( Appendix B), the limits for the residuals (LE) at tail = 0.00138 and df = 

11 is: 

 

C-16 Cook’s distance limits 

 

LE = ±t (tail, df) = ±t (0.00138) 

= ±3.94 

From Table B-3 (Appendix B), the F-value at 0.5%, dfnum = 6 and dfden = 11 is 6.102  

The minimum value is: 6.102. 

 

𝐿𝐶𝐷 = 𝐹−1 =
1

𝐹
 

𝐿𝐶𝐷 =
1

6.102
 

         = 0.1639 

= 0.1639, which is approximately equal to zero 

The Cook’s minimum and maximum F-critical values are 0 and 1, respectively. 

 

C.17 DBETA  

 

𝐿𝐷𝐵𝐸𝑇𝐴 =
N

3
 

𝐿𝐷𝐵𝐸𝑇𝐴 = 707.0
18

3
=  
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Figure D-2(a and b) depicts residuals versus run plots for salt removal percentage and power 

density,which is a useful diagnostic tool. Residual limits are ± 3.94, as shown in calculations 

C-15 and C-16. None of the observational points in both graphs are beyond the residual limits. 

Thus, it suggests that no response transformation was needed in any runs. A notable random 

scatter point indicates that no variable lurking in the background is time-related. 

 

D.2 Main effects of variables  

 

 

Figure D- 3: Correlation grid of (a) high concentration, (b) flow rate and (c) temperature the 

on-salt removal percentage. 

 

The correlation grid box is an additional helpful indicator of how a variable affects the 

response, which in Design-Expert Software is located at the intersection of the variables in the 

graph columns. Figures D-3a, b and c depict a correlation of high concentration, flow rate, and 

temperature to salt removal percentage. A correlation between high concentration, flow rate, 

and temperature and power density is presented in Figures D-4a, b, and c. 
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Figure D- 4: Correlation grid of (a) high concentration, (b) flow rate and (c) temperature the 

on-salt removal percentage. 

 

The correlation value demonstrates the impact of each variable on the response, ranging from 

-1 to -1. A positive correlation indicates that the response increases with a variable, whereas a 

negative correlation implies that the response decreases with an increase in a variable. The 

study reveals that the temperature increase also increased salt removal percentage and power 

density. The flow rate shows the highest effect on responses, as indicated by the highest 

correlation (in value) of -0.488 and -0.410 for salt removal percentage and power density, 

respectively. 

 

D.2 Interaction of variables 

A change in the output caused by changes in the variables is generally referred to as an effect 

or impact. Interaction occurs when the outputs vary depending on the locations of two 

variables. This happens graphically at the intersection of the two curves. If the curves are 

parallel, then the two variables do not interact.  
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Figure D- 5: Interaction of flowrate and high concentration for salt removal percentage at a 

temperature of 30⁰C. 

 

Figure D-5 depicts the interactions of flow rate and high concentration to salt removal 

percentage. The flow rate intersects the high concentration at 15.63%. This indicates that the 

flow rate is not particularly significant at low concentrations. Thus, the experimenters may 

operate at lower flow rates and increase the concentration of the solution to acquire higher 

removal. 
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Figure D- 6: Interaction of flowrate and high concentration for power density at a temperature 

of 30⁰C. 

Figure D-6 depicts the interactions of flow rate and high concentration to power density. 

Flowrate curves are parallel, which means there were no interactions between high 

concentration and temperature.  
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D.3 Diagnosis in the model 

 

Figure D- 7: Cook's distance versus run number for (a) salt removal percentage and (b) power 

density. 

 

The Cook’s distance versus run number for salt removal percentage and power density are 

illustrated in Figure D-7 (a and b), respectively. Looking at Cook distance calculations, it 

ranges from 0 to 1 in both graphs. No runs are outside the limits for both graphs; thus, there is 

no need to investigate these runs further. 

 

Figure D- 8: DFFITS versus run number for (a) salt removal percentage and (b) power density. 

 

Figures D-9, D-10, D-11, D-12, D-13, and D-14 show the last significant tool, DFBETAS, 

versus run number for the intercept (A, B, C, AB, AC, and BC for salt removal percentage). 

As shown by Appendix calculation C-16, DFBETAS limits were ±0.707. From Figure D-9 to 

Figure D-14, all runs are inside the DFBETAS limits, which indicates that no coefficients for 

all terms change due to the effect from runs. 
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Figure D- 9: DFBETAS for A versus run number for salt removal percentage.  

 

 

Figure D- 10: DFBETAS for B versus run number for salt removal percentage. 
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Figure D- 11: DFBETAS for C versus run number for salt removal percentage. 

 

 

Figure D- 12: DFBETAS for AB versus run number for salt removal percentage. 
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Figure D- 13: DFBETAS for AC versus run number for salt removal percentage. 

 

 

 

Figure D- 14: DFBETAS for BC versus run number for salt removal percentage. 

 

Figures D-15, D-16, D-17, D-18, D-19, and D-20 depict the DFBETAS verses runs number for 

the intercepts (A, B, C, AB, AC, and BC for power density). Run 2 and 9 are outside the 

DFBETAS limits for A, Run 2 and 10 are outside the DFBETAS limits for B, Run 2 and 10 

are outside the DFBETAS limits for C, Run 10 and 18 are outside the DFBETAS limits for 

AB, Run 1,10 and 18 are outside the DFBETAS limits for AC and Run 1 and 10 are outside 

the DFBETAS limits for BC. The DFBETAS limits outside indicate that the coefficients of 

those terms vary or change due to the effect of runs. 

 

 



137 

 

 

Figure D- 15: DFBETAS for A versus run number for power density. 

 

Figure D- 16: DFBETAS for B versus run number for power density. 
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Figure D- 17: DFBETAS for C versus run number for power density. 

 

 

Figure D- 18: DFBETAS for AB versus run number for power density. 

 

 

Figure D- 19: DFBETAS for AC versus run number for power density. 



139 

 

 

Figure D- 20: DFBETAS for BC versus run number for power density. 

 

Box-Cox Plot is another tool that may be utilized to detect diagnosis in the model “Power 

Transforms” graph. Figure D-21 and Figure D-23 show the Box-Cox plots for power 

transformations for salt removal percentage and power density, respectively. The blue line 

located on the right hand in both graphs elucidates the current transformation (at Lambda =1 

for none), and the green line shows the excellent lambda value unless the confidence interval 

includes 1. 



140 

 

 

Figure D- 21: Box-Cox plot for power transformation for salt removal percentage. 

 

 

Figure D- 22 Box-Cox plot for power transformation for power density. 

 

The current lambda (λ) is 1 for both salt removal percentage and power density. The software 

recommends the standard transformation that is nearly closest to the best λ and that which is 

within the 95% CI. In this case, the Lambda for salt removal percentage and power density are 

precisely 1, respectively. This best describes that the recommendation will be “None.” 

 

Table D-1 Presents the confirmation report that may be utilised to make response estimations 

for any combinations of process variables. The predicted mean values are similar to the 
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predicted median, as shown in the confirmations report. Thus, this indicates that the model can 

predict actual outcomes. The software uses the model acquired from practical results to 

estimate the interval (PI) and mean for the number (n) of confirmation runs at the conditions 

employed, yielding the highest salt removal percentage and power density at a lower flow rate. 

 

Table D- 1 Confirmation of best factor settings for salt removal percentage and power density 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two-

sided     

Confidence = 95% n=1   

Factor Name Level 
Low 

Level 

High 

Level 

Std. 

Dev. 
Coding 

A 
High 

Concentration 
1.50 1.0000 2.00 0.0000 Actual 

B Flowrate 1198.00 896.00 
1500.0

0 
0.0000 Actual 

C Temperature 30.00 20.00 40.00 0.0000 Actual 

       

Response Predicted Mean 

Predicte

d 

Median 

Observed 
Std 

Dev 
n SE Pred 

95% PI 

low 

95% PI 

high 

Salt 

removal 15.3323 15.3323  
1.7828

5 
1 2.22827 10.4279 20.2367 

Power 

density 10.7521 10.7521  
0.5964

86 
1 0.745511 9.11122 12.3929 
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APPENDIX E - EQUIPMENTS USED IN EXPERIMENT 
 

Purite water-deionizer 

A deionized machine was used to synthesize the solutions. 

 

 

Figure E- 1: Purite water-deionizer  

 

 ICP-OES 

ICP-OES was used for the characterization of the solutions.  

 

 

 

Figure E- 2: Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
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Test tube rack 

 

A test tube rack was used to store solutions before being transported to UKZN-PMB School 

of Chemistry. 

 

 

Figure E- 3: Test tube rack. 
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                  APPENDIX F – ICP RESULTS 
 

This appendix illustrates conditions selected for characterization and results obtained from 

ICP-OES. 

 

 

Figure F- 1: Conditions of the instruments provided by (UKZN-PMB School of Chemistry). 

 



145 

 

  

Figure F- 2:  ICP Results provided by (UKZN-PMB School of Chemistry). 
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 APPENDIX G - CONFERENCE ABSTRACT 

 

This appendix illustrates the research outputs of this study.  
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 APPENDIX H - CONFERENCE PAPER 
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