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Abstract

The production of biodiesel is an energy and water intensive process. The wastewater that is
produced during this process is high in concentrations of COD, BOD, FOG and various other
contaminants. Since it contains low levels of nutrients, it is difficult to degrade using natural
processes such as conventional activated sludge wastewater treatment. The discharge of
untreated biodiesel wastewater also raises serious environmental concern. It interferes when
remediated with biological processes and results in additional costs during the production of
biodiesel when penalties and fines are applied. Conventional treatment processes are not capable
of treating contaminants and pollutants in biodiesel to satisfactory concentrations and hence

advanced treatment processes are necessary.

In this research, a lab scale integrated treatment process was used to investigate the successful
reduction of contaminants, in particular COD, BOD and FOG. The integrated treatment process
used in this study consisted of three consecutive steps; acidification, electrochemical oxidation
and adsorption using chitosan as an adsorbent.

The electrochemical oxidation process with IrO»-Ta,Os/Ti anodes was applied to treat biodiesel
wastewater. Different operating conditions were tested to establish favourable conditions. The
current density applied as well as the concentration of NaCl as the supporting electrolyte greatly
affected the process. A NaCl concentration of 0.08M was deemed sufficient, whereas a current

density of 1 mA/cm? showed superior performance compared to lower or higher current densities.

Adsorption of pollutants in biodiesel wastewater was investigated using Chitosan as the
adsorbent. Various chitosan concentrations, initial pH of the wastewater and repetitive adsorption
stages were investigated. It was discovered that all three operating conditions greatly affect the
performance of the process. The three consecutive adsorption stages using a chitosan

concentration of 4.5 g/L at a pH of 2 resulted in the highest pollutant removal.

It was observed that the integrated treatment process could reduce COD, BOD and FOG levels
by 94%, 86% and 95% respectively. This concludes that the treated effluent complies with local

industrial effluent discharge standards, which could be disposed safely without further treatment.
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Chapter 1 Introduction

1. Background

Global energy consumption has been increasing significantly due to substantial population growth
and changes in lifestyle (Masum et al., 2013). The transportation sector, being particularly energy
demanding, relies primarily on diesel engines which are more efficient and cost effective than
gasoline engines (Habibullah et al., 2014). The majority of the energy is currently supplied by
petroleum-based fossil fuels. This however, has led to a rapid depletion of the worlds reserves of
fossil fuel (Masum et al., 2013).

To meet the growing demand of the population, past research efforts were focussed on the
development of fossil crude oil, coal and natural gas based refinery. However, from ecological and
environmental points of view, fossil fuel resources are not regarded as sustainable. At the moment
90% of the energy carriers originate from fossil fuels which are associated with the emission of
carbon dioxide to the atmosphere (Chandra et al., 2012).

Increased emission of unburned hydrocarbons, carbon monoxide and nitrogen oxides due to
combustion of fossil fuels contributes to environmental pollution. As a result, environmental effects
such as global warming, smog, deforestation, ozone depletion and acidification are on the rise
(Sundus et al., 2017). Every year our earth’s atmosphere receives roughly 25 billion tons of CO»

through anthropogenic activities (Abbasi & Abbasi, 2011).

Solutions aimed at reducing the rapid consumption of non-renewable fossil resources such as
petroleum, natural gas, coal and minerals, need to be established. Kamm et al., (2012) suggests
that larger parts of the global economy be systematically converted to a sustainable bio-based

economy with bio-energy, biofuels, and bio-based products as its main pillars.

Alternative fuels, such as biodiesel, should realise a harmonious correlation with sustainable
development, energy conversion, efficiency and environmental preservation (Haseeb et al., 2011).
Biodiesel is renewable, bio-degradable, non-toxic and possesses properties close to that of diesel

fuel, and can be produced from vegetable oil and animal fats (Fazal et al., 2011).



Additionally, biodiesel can be blended with conventional diesel to various degrees that can be
used in conventional compression ignition engines with no modification. The usage of these
blends can improve fuel quality and could have a positive effect on emissions (Sundus et al.,
2017). According to Jaruwat et al. (2010) the demand for biodiesel as an alternative fuel is
increasing exponentially and is being met through the conventional production process. The alkali-
catalysed transesterification of vegetable oils produces a high conversion of triglycerides (i.e.

vegetable oils) to fatty acid methyl esters (biodiesel) (Chavalparit & Ongwandee, 2009).

Estimated global biodiesel production will increase from 30.1 Million m3 in 2015 to 41.1 Million m3
by the year 2025 (Foley et al., 2015). The biodiesel production process is water and energy
demanding with additional environmental and economic costs. The amount of highly polluting
biodiesel wastewater, produced through the traditional wet washing process, increases when

removing excess contaminants (Ngamlerdpokin et al. 2011).

For every 100L of biodiesel produced an estimated 20L to 120L of biodiesel wastewater is
discharged, depending on the amount of biodiesel washing steps involved (Jaruwat et al., 2010;
Chavalparit & Ongwandee, 2009; Kumjadpai et al., 2011; Rattanapan et al., 2011).

Biodiesel wastewater is characterised by a high pH and low concentrations of nitrogen and
phosphorous which renders the wastewater difficult to degrade naturally. Direct discharge of this
wastewater may lead to sewer line clogging and disturbances in microbial activity (Daud et al.,
2017). It is therefore clear that effective treatment of biodiesel wastewater is needed to meet
effluent standards, reduce its environmental hazards, and conserving water resources (Kumjadpai
et al., 2011).

Water has a significant role in our daily activities, its overall consumption is growing daily because
of our increasing living standards (Gorjian & Ghaobadian, 2015). Scarcity of water is a broad issue
that is a concern for national governments and policy making bodies across the world, as such,
imbalances in water supply has led to increased attention to the utilisation and allocation of water

supply in the water-energy section (Thopil & Pouris, 2016).



1.1. Research problem

Biodiesel wastewater is classified as an industrial wastewater. The discharge of industrial
wastewater in the City of Cape Town is regulated under the “City of Cape Town: Wastewater and
Industrial Effluent By-Law, 2013”. Currently, an industrial biodiesel production company operating
in the City of Cape Town discharges wastewater into the sewer that does not comply with the
industrial discharge standards. These actions incur additional costs in terms of fines. Therefore,
research studies are being conducted to effectively treat biodiesel wastewater to reduce the
adverse effects it has on the environment and biological processes in wastewater treatment
facilities, abide by more stringent effluent requirements and avoid fines. Effective treatment of the

wastewater may result in recycling of the water during the production process.

1.2. Research questions

1. Can electrochemical oxidation followed by adsorption using chitosan be used to treat
biodiesel wastewater sufficiently so that it meets the required industrial wastewater

discharge standards?

2. What effect does current density and NaCl concentration have on the removal of COD,
BOD and FOG during electrochemical oxidation of biodiesel wastewater?

3. How will the adsorption rate change when the pH is adjusted, and chitosan concentration

altered?



1.3. Aims and objectives
The aim of this research is to remove COD, BOD and FOG from biodiesel wastewater in an

integrated treatment process using electrochemical oxidation followed by adsorption with

chitosan, to meet the required industrial effluent discharge standards.

The research objectives are to:

1. Investigate electrochemical cell operating conditions in terms of various current densities
and NaCl concentrations on the removal of COD, BOD and FOG.

2. Study the effect of pH and chitosan dosages on the adsorption rate during the removal
COD, BOD and FOG.

1.4. Significance of this research

Effective treatment of biodiesel wastewater may result in compliance with industrial wastewater
discharge standards, cost savings regarding fines payed as well as reduced fresh water usage

through recycling of water in the production process.



1.5. Delineation of the study

During this study the removal of COD from biodiesel wastewater was observed through an
integrated treatment process. This process consists of three consecutive steps:

1. Acidification;
electrochemical oxidation and
adsorption using chitosan.
- Acidification of biodiesel wastewater was only evaluated using H>SO,.

- Electrochemical oxidation occurred at 60°C using IrO»-Ta>Os/Ti anodes.

- Adsorption using chitosan was investigated using pH values ranging from 2 — 6 with a
constant stirring rate of 350 rpm at ambient conditions.

- All other variables are delineated.



1.6. Structure of the thesis

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

gives the introduction and background to this study. The research problem and
research questions are highlighted. The aims and objectives of the research are
explained, and the significance of the study is outlined.

gives an in-detail literature study related to the research.

describes the research methodology.

gives the results and discussion in terms of each individual process used as well

as the factors affecting them.

is the conclusion and recommendations made during this study.
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Chapter 2 Literature review and theory

2. Introduction

This chapter presents a general overview of biodiesel production, biodiesel wastewater
generation, characteristics of biodiesel wastewater, local industrial effluent standards as well as
the state of fresh water supply in South Africa. Included is a review of the literature on conventional
and novel biodiesel wastewater treatment methods and technologies. However, the focus is on
electrochemical oxidation using IrO»-Ta,Os/Ti anodes followed by adsorption using chitosan as
two of the treatment methods. Certain factors affecting electrochemical oxidation and adsorption

have been assessed.

2.1. Global Fresh water supply

To understand the natural water cycle and the effect that human activities might have, it is
necessary to have reliable estimates of water resources that are stored in various water bodies
and in different physical states. Available estimates of the amounts of water on earth are given in
Figure 2.1. The total volume of fresh water, 35 million km3, amounts to only 2.5% of the total water
in the hydrosphere. 68.7% of this, 24 million km3, comes in the form of ice and permanent snow
situated in the Antarctic and arctic regions. The main sources of human water consumption
originates from fresh water rivers and lakes which contain approximately 0.26% or 90 000 km? of

the global fresh water reserves (Shiklomanov, 1993).
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Figure 2. 1: Earth's water supply (WWF-SA, 2016)

2.2. Water in South Africa

Water availability and accessibility in Africa will be subjected to additional stress due to climate
change (B.E. et al., 2014). The population at risk of water stress could reach 460 million people
by the year 2025 when the availability of water is predicted to be less than 1000 m3/person/year
in nine African countries and 1000-1700 m3/person/year in twelve African countries (Nkhonjera,
2017).

South Africa is a semi-arid country subjected to water stress due to low rainfall and high
evaporation rates (llemobade et al., 2009). It is considered one of the 30 driest countries in the
world (Thopil & Pouris, 2016), and recently experienced a severe drought during 2015-16 (Vogel
& Zyl, 2016). The country is approaching physical water scarcity and will face higher levels of
water stress by the year 2040 (Harding et al., 2017).

Water in South Africa is governed by the Water Services Act of 1997 and the National Water Act

(NWA) of 1998. It is founded on the principle that all water forms part of a unitary, independent
water cycle, and should therefore be governed under consistent rules.
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The NWA contains provisions for the protection, use, development, conservation, management
and control of South African water resources. The transformation in the water resource sector
includes a shift from central management to decentralised institutions, including the establishment
of Water Management Areas which are mainly defined by hydrological catchment borders (WWF-
SA, 2016).

The country has been divided into 19 catchment based water management areas (Figure 2.2) to
facilitate water management. Nine of these areas encounter moderate shortages and six face

severe shortages (Water Resources Group, 2009).
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Figure 2. 2: Projections of water shortages by the year 2030 (Water Resources Group, 2009)

The National Water Resource Strategy (Department of Water Affairs, 2004), provided a high-level
reconciliation of the requirements for, and availability of water in 2000. The country and each of
the 19 water management areas were considered. The total yield of water available from the river

systems in South Africa on a reliable basis, was estimated at 13 227 million m3/annum.
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Local requirements were estimated at 12 871 million m3/annum whereas 170 million m3/annum
was being released or transferred out of South Africa. Even though this implied that a surplus
existed for the country, water deficits were observed in more than half of the water management
areas. The implication is that South Africa’s surface water resources would be fully committed
over the medium to long term and that a mix of water sources would be required to reconcile

supply and demand (Department of Water Affairs, 2013).

A total renewable water supply of 68 000 million m3 was estimated by Water Resources Group,
(2009), including approximately 19 000 million m3 of renewable ground water. Currently only 15
000 million m3is accessible and reliable. This includes 1 500 million m3 from ground water sources.
Ground water amounts to 15% of the total volume available, however over 300 towns and 65% of

the rural population depend on this resource for their water supply.

Municipalities are challenged to explore alternative sources and efficient management of water
supply, given that water use is approaching water yield. Continuous pollution of surface and
ground water resources give rise to additional complications (Adewumi et al., 2010).

Furthermore, Department of Water Affairs, (2013) states that reconciliation strategies have been
completed for 8 large systems including the Western Cape and KwaZulu-Natal metropolitan areas.
The quality of water is one of the fundamental considerations in water resource management and
the Department of Water Affairs lists the main sources of pollution as follows:

¢ Urban and industrial effluent discharges into the environment

¢ High concentrations of salinity in irrigation return flows

¢ Mining operation wash off and leachates

¢ Inadequate sanitation in some areas of human settlement

The ongoing severe drought has depleted water reserves and resulted in water restrictions being
implemented. The economic and socio-economic effects of the drought across the region are
evident, extensive and have negatively affected key sectors of the economy, such as agriculture

and food security (Baudoin et al., 2017).
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2.3. Water usage in South Africa

South Africa has an approximate per capita consumption of 235 litre/capita/day, which is higher
than most other countries since the international gross average consumption is only 173
litre/capita/day. The figure was based on the total water supplied which includes losses as well as

all commercial and industrial uses (Mckenzie et al., 2012).

A detailed water usage per sector is given by Siebrits & Fundikwa, (2017) in Figure 2.3 where
irrigation accounts for 67%, urban 18%, mining 5%, rural 4%, afforestation 3%, power generation

2% and outward transfers 1%.

Mining
Irrigation 5%
67% Rural
4%
Afforistation

3%

Power Generation
2%

Transfers out
1%

= Irrigation =Urban =Mining = Rural = Afforistation =Power Generation = Transfers out

Figure 2. 3: Water use in South Africa by sector (Siebrits & Fundikwa, (2017).

The annual average surface runoff is 49 Billion m3 of which only 30% can be allocated at a high
assurance of supply. With the majority (98%) of the usable portion already allocated at a high
assurance of supply, only 2% of unallocated usable resources are left. The country faces high
levels of water wastage and inefficient use where 37% of the allocated water supply is lost due to
leaks in the current urban infrastructure (WWF-SA, 2016).
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Certain non-drinking applications such as landscape irrigation, toilet and urinal flushing, and a
variety of industrial processes does not need water with the same quality as that of drinking water.
However, high quality drinking water is often used for these applications in South Africa which is

an unsustainable practice.

Re-use of wastewater as an alternative could form an important component of wastewater
management as well as water resource management. This could dramatically reduce
environmental impacts associated with the discharge of wastewater to surface waters. It is
therefore essential to evaluate the potential of wastewater reuse as a viable alternative in the drive
towards overcoming the challenges of current and future water shortages in South Africa
(Adewumi et al., 2010).
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2.4, City of Cape Town: Wastewater and Industrial Effluent By-Law, 2013

The City of Cape Town: Wastewater and Industrial Effluent By-Law, 2013 was officially published
in the Western Cape Provincial Gazette no. 7227 on 7 February 2014 (Government, 2014). The
by-law defines “wastewater” as “any liquid waste, whether or not containing matter in solution or

suspension, and includes domestic liquid waste and industrial effluent, but excludes storm water”.

It further defines “Industrial effluent” as “any liquid whether or not containing matter in solution or
suspension, which is given off in the course of or as a result of any industrial trade, manufacturing,
mining or chemical process or any laboratory, research, service, or agricultural activity, and
includes matter discharged from a waste grinder” (City of Cape Town, 2013). The discharge of

biodiesel wastewater is thus controlled under this By-Law.

The maximum limits of permitted discharges, relevant to this research project, are given in Table

2.1. The full table with all the parameters, as per the By-law, can be found in Appendix A.

Table 2. 1: Maximum limits of permitted discharges (City of Cape Town, 2013).

Parameter Unit Not less than Not to exceed
Temperature at point of entry °C 0 40

Electrical conductivity at 25°C mS/m 500

pH Value at 25°C 5.5 12

Chemical Oxygen Demand mg/L 5000

Total dissolved solids at 105°C mg/L 4000

Qils, greases, waxes and fat mg/L 400

The By-law further stipulates that any person who commits an offence, in term of the by-law, is
liable to a fine or conviction, to a term of imprisonment not exceeding 12 months, or to both such

fine and such imprisonment, to be assessed by the City (City of Cape Town, 2013).
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2.5. Biodiesel

Biodiesel is also defined as monoalkyl ester of fatty acid or Fatty Acid Methyl Ester (FAME)
(Yaakob et al., 2013). It is biodegradable, non-toxic, almost sulphur free and non-aromatic
(Burisi¢c-Mladenovi¢ et al., 2018). Since biodiesel can be used as a blending agent or as a direct
replacement for diesel fuel in engines, it has been attracting increasing attention worldwide
(Demirbas, 2009). When biodiesel is blended with petroleum based diesel it is referred to as BXX,
where XX denotes the percentage of biodiesel in the blend. Blends such as B20 or lower have
been utilised by marketers and end users since it can be used in all engines without modification
(Silitonga et al., 2013).

Traditionally biodiesel is derived from biomass such as vegetable oils (Simasatitkul et al., 2012)
or animal fats (lto et al., 2012), however, recent studies pursued other sources such as micro-

algae (Faried et al., 2017) and scum sludge (Wang et al., 2016) amongst others.

Various methods and processes are used for the production of biodiesel. These include alkali
catalysed (Chitra et al., 2005; Meher et al., 2006), acid catalysed (Wang et al., 2006; Jacobson et
al., 2008), enzymatic catalysed (Christopher et al., 2014; Adewale et al., 2017), membrane
technology (Ferrero et al., 2014; Atadashi, 2015), micro-algae (Faried et al., 2017), microwave
assisted (Leadbeater & Stencel, 2006; Xiang et al., 2017), ultrasonic assisted (Stavarache et al.,
2003; Mootabadi et al., 2010) and supercritical conditions (CAO et al., 2005; Tan et al., 2010).
However, biodiesel is commercially produced through a process known as transesterification

(Daud et al., 2014), since it is physically and chemically similar to conventional diesel.

Transesterification is a reaction between vegetable oil (triglycerides) and alcohol that forms esters
and glycerol as shown in Figure 2.4. This reaction occurs in the presence of a catalyst in order to
improve the reaction rate and yield (Ma & Hanna, 1999). A stoichiometric ratio of 3:1 alcohol to
triglyceride is needed for the transesterification reaction, however, practically a higher ratio is used

to shift the reaction to the right since this reaction is reversible (Enweremadu & Mbarawa, 2009).

16



0 0
\

CH,-O-C-R, CH;-O-C-R

0 0 CH,-OH
‘ : (Catalyst) || |
CH-0-C-R, ' 3CH;OH - CH;-0-C-R, ‘ CH-OH

!

0 0O CH,-OH

1 !
CH,-0-C-R, CH;-0-C-R4
(Triglycerides) (Methanol) (Mixture of fatty esters) (Glycerol)

Figure 2. 4: Biodiesel reaction (Ma & Hanna, 1999).

The conversion reaction, transesterification, consists of three consecutive reversible reactions,
shown in Figure 2.5. Initially, triglycerides are converted to diglycerides. This is followed by the
conversion of diglycerides to monoglycerides. The third step involves the conversion of
monoglycerides to glycerol. One ester molecule is produced for each glyceride in each of the three
steps.

Triglyceride + R'OH ——— Diglyceride + RCOOR!

~
Diglyceride + R'OH ————— Monoglyceride + RCOOR!

Monoglyceride + R'OH ————  Glycerol + RCOOR'

Figure 2. 5: Biodiesel production reaction steps.
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2.5.1. Biodiesel wastewater

Biodiesel wastewater is mostly generated through the purification step of biodiesel production.
The purification process is necessary to ensure that excess impurities and contaminants are
removed to ensure a high quality end product (Daud et al., 2014). Generally, biodiesel purification
occurs through the wet washing process (Huaping et al., 2006; Alba-Rubio et al., 2012), as well
as the dry washing process (Kouzu & Hidaka, 2013; Shibasaki-Kitakawa et al., 2013).
Alternatively, some studies have shown interest in biodiesel purification using membrane
technology (Atadashi et al., 2012; Gomes et al., 2010).

2.5.2. Biodiesel wastewater generation

The wastewater used in this study was generated through the wet washing process. The high
volumes of wastewater generated through the wet washing process leads to added economic and
environmental impacts (Ferrero et al., 2014). Biodiesel wastewater should thus be handled with
care and adequately treated before discharge in order to minimize negative effects to the
environment (Atadashi et al., 2012; Stojkovic¢ et al., 2014).

Since the wet washing process is able to produce a purified biodiesel that satisfies stringent quality
standards imposed by EN 14214 or ASTM D6751, it is the most used purification method
(Atadashi et al., 2012). During the wet washing process water with a temperature between 50 and
60°C, sometimes acidified by the addition of a mineral acid, is used for the washing of crude
biodiesel. In doing so, salts and trace amounts of residual glycerol and methanol are effectively

removed because of their high solubility in water (Stojkovic et al., 2014).

Similarly, soaps and catalyst are also removed from crude biodiesel (Gomes et al., 2010; Daud et
al., 2014). Depending on the specifics of the production process used to produce biodiesel large
amounts of water may be required to effectively purify biodiesel (Stojkovi¢ et al., 2014; Encinar et
al., 2007).
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The advantages and disadvantages of wet and dry washing are outlined in Table 2.2.

Table 2. 2: Advantages and disadvantages of wet and dry washing (Stojkovic et al., 2014)

Method | Advantage Disadvantage
Wet simple and effective in removing glycerol N
i large quantities of water
washing | and methanol
removal of soluble compounds and soap | formation of free fatty acids possible
o _ emulsions may be formed in the
99% pure biodiesel possible
presence of soaps
could use aqueous solutions of acid time consuming
lower running cost compared to dry large amounts of wastewater
washing generated
Dry _ _ standard specification might not be
_ easier that wet washing
washing met

drastic reduction in water usage

glycerol should be removed before dry

washing

decreased production time

methanol not removed

continuous operation possible

slightly higher running cost

uses less space

extra equipment needed
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2.5.3.

Biodiesel wastewater characteristics

Untreated biodiesel wastewater contains various impurities such as glycerol, soap, metals,

methanol, Free Fatty Acids (FFA), catalyst and glycerides. It has an opaque white colour and a

pH rang of 8 - 11. The wastewater has a low concentration of nitrogen and phosphorous which

makes it difficult to degrade naturally and hazardous to the environment as these conditions do

not promote bacterial growth (Pitakpoolsil & Hunsom, 2014; Veljkovic¢ et al., 2014).

Typical biodiesel characteristics can be found in Table 2.3. Furthermore, biodiesel derived

wastewater contain long-chain fatty acids which has been shown to be toxic towards anaerobic

consortium through adsorption onto the cell wall which interferes with transport and protective

functions (Siles et al., 2011).

Table 2. 3: Typical biodiesel wastewater characteristics.

pH COD (mg/L) FOG (mg/L) BOD (mg/L) Reference

11 15100 (Suehara et al., 2005a)

8.9 30980 6020 (Chavalparit & Ongwandee, 2009)
9-10. 312000 - 588800 | 18000 - 22000 | 168000 - 300000 (Jaruwat et al., 2010)
8-10 60000 - 150000 | 7000 - 15000 30000 - 60000 (Rattanapan et al., 2011)

312000 - 588800 | 18000 - 22000 | 168000 - 300000 (Ngamlerdpokin et al., 2011)

10 542400 21048 224630 (Kumjadpai et al., 2011)

9-10 29595 - 54362 1040 - 1710 1492 - 2286 (Pitakpoolsil & Hunsom, 2013)
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2.6. Conventional wastewater treatment technologies

Treatment technologies that are conventionally used for the treatment of wastewater are briefly
discussed.

2.6.1. Adsorption

Worch (2012) describes adsorption as an enrichment of chemical species from a fluid phase on
the surface of a liquid or solid. Adsorption as a water treatment process has been proved to be
efficient. Molecules are adsorbed onto active energy rich sites that can interact with solutes in the
adjacent aqueous phase due to specific electronic and spatial properties. Similarly, Gold (2014)
states that adsorption is an increase in the concentration of a dissolved substance at the interface
of a condensed and liquid phase due to the operation of surface forces. It can also occur at the

interface of a condensed and gaseous phase.

Adsorption is a surface phenomenon with a common mechanism for organic and inorganic
pollutant removal. When a solution containing a solute comes into contact with a solid having a
highly porous surface structure, liquid-solid intermolecular forces of attraction will cause the solute
molecules to be concentrated or deposited at the solid surface. The retained solute on the solid
surface is called the adsorbate. The solid onto which the adsorbate is deposited is called the
adsorbent (Rashed, 2013).

Adsorption is used as a treatment method for its versatility and efficiency in the separation of a
wide range of chemical compounds as well as its ease of operation (Zhang et al., 2010). According

to Wong (2006) the success of an adsorbent depends on its equilibria and kinetic performance.

A better performing adsorbent is one with a large surface area which requires less time to reach
adsorption equilibria (Bhatnagar & Minocha, 2006). Rashed (2013) classify adsorbents as either
natural or synthetic. Natural adsorbents include charcoal, clay and clay minerals, zeolites and ores
which are relatively cheap, abundant and has the potential for modification to enhance their

adsorption capabilities.
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Synthetic adsorbents on the other hand are prepared from agricultural wastes, household wastes,
industrial wastes, sewage sludge as well as polymeric adsorbents. Each of these adsorbents has
their own characteristics in terms of porosity, pore structure and adsorption surfaces. Some
wastes used include coconut shell, rice husks, sawdust, chitosan and seafood processing wastes.
Physiochemical and microbiological pre-treatment is sometimes required to enhance the
adsorption process (Pitakpoolsil & Hunsom, 2014).

2.6.2. Coagulation and Flocculation

Various authors (Li et al., 2016; Daud et al., 2015; Ang et al., 2016) report on the use of coagulation
for the treatment of wastewater. A coagulant is added to separate small particles from a solution
over time. According to Yang et al. (2016) a coagulant is typically added to rapidly mixed
wastewater which destabilises the colloidal particles through electrostatic interactions. This is
followed by a slower agitation period where the destabilised particles aggregate/agglomerate and
form larger flocs which settle out (Daud et al., 2015). The formation of flocs are responsible for the
removal or reduction of COD, BOD, suspended solids and turbidity (Saraswathi & Saseetharan,
2012).

Coagulants can be classified into three groups: inorganic, organic polymers and natural
coagulants (Yang et al.,, 2016). Typical coagulants used include Alum and Poly-Aluminium
Chloride (Rodriguez Boluarte et al., 2016), ferric chloride and ferric sulphate (Daud et al., 2015)
and chitosan (Renault et al., 2009) amongst others.

The development of natural coagulants is due to several issues that exist around the excessive
use of conventional coagulants. Corrosion, production of non-biodegradable sludge and the
presence of some neurotoxic and carcinogenic monomers are given as some reasons (Ang et al.
2016). Ngamlerdpokin et al. (2011) states that coagulation provides a low operating cost and that
the materials are readily available. However, its principle disadvantages are the need for a large

treatment area as well as residual coagulants in the treated wastewater.
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2.6.3. Electrocoagulation

According to Emamjomeh & Sivakumar (2009) electrocoagulation (EC) is an efficient method for
the treatment of various types of wastewaters. The process is characterised by the destabilisation
of emulsified, dissolved and suspended contaminants in a solution. This occurs as a result of
electrochemical dissolution of sacrificial electrodes which produce anions. These metal ions
neutralise the negatively charged dispersed particles as well as reacting with hydroxyl ions at the
anode (Liu et al. 2016).

The hydroxyl ions generate iron and aluminium hydroxides known to be efficient coagulants
(Zongo et al., 2009). Khandegar & Saroha (2013) found that the flocs that are formed are large,

more stable and contain less water bound to them and therefore can be removed through filtration.

The hydrogen gas formed at the cathode assist in the flotation of the flocs to the surface (Zongo
et al., 2009). Lobo et al. (2016) states that EC is an attractive treatment process as it lacks added
chemicals, produces less sludge and has simple operational needs.

Other advantages according to Khandegar & Saroha (2013) include removal of species that
chemical coagulation does not remove, readily filterable sludge utilised as a soil additive and
minimal start-up time; disadvantages of EC include periodic replacement of sacrificial anodes,
possible formation of toxic chlorinated compounds and limited use in wastewater with low

dissolved solids.
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2.6.4. Biological Treatment

von Sperling (2008) describes biological treatment of wastewater as biological mechanisms and
processes that take place within a body of water where organic and inorganic matter is converted
biologically to inert mineralised materials. Industrial biological treatment aims at utilising these
processes under controlled conditions and higher rates. Biological treatment is suitable for all
types of wastewater containing biodegradable material if the proper analysis and environmental
control is applied (Tchobanoglous et al. 2003). However, biodiesel wastewater is characterised by
a high pH, low nutrient concentrations and high free fatty acids. These conditions inhibit microbial
growth and therefore biological treatment of biodiesel wastewater should occur under optimum
conditions (Veljkovi¢ et al., 2014).

Tchobanoglous et al. (2003) lists five main types of metabolic functions of biological treatment:
Aerobic, which occurs in the presence of oxygen; Anaerobic, which occurs in the absence of
oxygen; Anoxic, where nitrate nitrogen is converted to nitrogen gas in the absence of oxygen, also
called denitrification; Facultative processes, where the presence or absence of molecular oxygen
does not matter and lastly, a combination of all the processes to achieve a specific objective.

In recent years biological treatment in combination with various other technologies has been
studied for the treatment of various wastewaters such as: Interior micro-electrolysis/Fenton
oxidation-coagulation and biological degradation (Xu et al., 2016); Combined biological and
photocatalytic treatment of real coke oven wastewater (Sharma & Philip, 2016); Advanced
treatment of biologically treated coking wastewater by membrane distillation coupled with pre-
coagulation (J. Li et al.,, 2016); and Physical-chemical and biomethanization treatment of

wastewater from biodiesel manufacturing (Siles et al., 2011).
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2.7. Treatment Technologies used in this study

A review conducted by Veljkovi¢ et al. (2014) shows that the current BDWW treatment
technologies focus on physical, chemical, physico-chemical, electrochemical, biological and
integrated treatment processes. These processes aim at reducing the COD, BOD and FOG

concentrations as a pre-treatment prior to effluent discharge.

This research will focus on the following processes:
1. Acidification
2. Electrochemical oxidation

3. Adsorption with chitosan
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2.8. Acidification

Acidification using strong acids such as H>SO4, HNO3z and HCI are commonly used as a pre-
treatment step in the treatment of BDWW (Ngamlerdpokin et al., 2011; Rattanapan et al., 2011,
Jaruwat et al., 2010).

Veljkovi¢ et al. (2014) states that coalescence of fine oil droplets into larger ones occur because
the adjustment of pH affects the electrical forces and carboxyl functional groups on the surface of

the oil droplets.

According to Rattanapan et al. (2011) acidification is a process that destroys the protective layer
of the emulsifying agent and overcomes the repulsive effects of electrical double layers. This
allows for the coalescence of fine oil droplets into larger oil droplets. By using HCI and H.SO, at
a pH of 3 lead to a 50% reduction in COD and 80% removal of FOG.

Jaruwat et al. (2010) explains that the addition of H,SO4 at a pH of 2.5 separates the wastewater
mixture into two phases, an oil-rich top phase and an aqueous phase with low turbidity. FITR
spectra of the oil-rich phase was similar to that of the original biodiesel. This indicates that the oil-
rich phase could be recovered biodiesel. The extraction of biodiesel from wastewater occurs when
a proton substitutes a Na atom in the soap to form fatty acids and substitute H.O molecules that

combines biodiesel to produce free biodiesel.
Similarly Ngamlerdpokin et al. (2011) found that addition of H,SO4, HNO3; and HCl at a pH of 2.5

automatically separates the wastewater into two phases. The oil-rich top phase consists of FFA

and FAME, whereas the bottom phase contains the residual agueous phase with low turbidity.
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2.9. Electrochemical oxidation

The presence of persistent pollutants in water has led to great environmental concern. These
pollutants are detected in trace amounts, however, their presence results in environmental risk
due to their toxicity (Eljarrat & Barceld, 2003). These pollutants are classified as recalcitrant and

therefore difficult to remove through conventional treatment processes (Subedi & Kannan, 2015).

In an effort to treat these recalcitrant pollutants, electrochemical advanced oxidation processes
have been receiving increased attention for the treatment of various pollutants such as
pharmaceuticals (Dominguez et al., 2012), pesticides (Martinez-Huitle et al., 2008) and carboxylic

acids (Scialdone et al., 2011), amongst others.

Besides being able to effectively treat these recalcitrant pollutants electrochemical advanced
oxidation processes present other advantages such as the possible operation under ambient
conditions, smaller physical footprint requirements, no additional waste being produced and the
ability to be integrated with existing conventional treatment technologies. Electrochemical
Oxidation falls into the group of electrochemical advanced oxidation processes and has been the
subject of many studies given its ease of scalability and versatility (Garcia-Segura et al., 2018).
Electrochemical processes mainly rely on the redox reactions that occur at the electrodes.
Oxidation of pollutants occur at the anode, whereas reduction of heavy metals occur at the
cathode (Garcia-Segura et al., 2018).

The Electrochemical Oxidation (EO) process is based on the in situ generation of the hydroxyl
radical (*OH) (Comninellis, 1994). After fluorine, the hydroxyl radical is the strongest oxidizing
species with a high standard reduction potential. This allows it to non-selectively react with most
organics which ultimately results in their complete or partial mineralization to CO,, water and

inorganic ions (Comninellis, 1994; Garcia-Segura & Brillas, 2011).
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2.9.1. Electrochemical oxidation mechanism

There are two ways in which organics can be oxidised during EO. Direct anodic oxidation and
indirect oxidation (Panizza & Cerisola, 2009; Rajkumar & Palanivelu, 2004).

Direct oxidation occurs when pollutants are oxidised directly at the anode surface through the
generation of physically adsorbed active oxygen (adsorbed hydroxyl radicals), or chemisorbed
oxygen (oxygen in the oxide lattice MOy.1) (Comninellis, 1994). Complete mineralisation or

selective conversion into oxidation products are schematically described in Figure 2.6.

Ht+e"

Figure 2. 6: Schematic of anodic oxidation (Comninellis, 1994).
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The work done by Comninellis, (1994) describes two limiting cases: “Active anodes” and “non-
active anodes”. In both cases the first reaction (a) involves the oxidation of water molecules that

lead to the formation of adsorbed hydroxyl radicals shown in Equation a:

M+H,0 - M( OH)+H" +e (Equation a)

With active anodes the interaction between the electrode (M) and the hydroxyl radical (*OH); the
adsorbed hydroxyl radical may interact with the anode and form a higher oxide (MO) (Equation
b).

M("OH) — MO+H" +e” (Equation b)

Consequently, with active anodes the redox couple MO/M acts as a mediator in the oxidation of
organics (Equation c), which is in competition with the side reaction of oxygen evolution due to
the chemical decomposition of the higher oxide (Equation d):

MO+R - M+RO (Equation c)

MO ->M+ ;0
% 2 (Equation d)

The oxidative reaction via the surface redox couple MO/M (Equation c¢) can be much more
selective than the reaction involving hydroxyl radicals (Equation €). According to Moreira et al.
(2017) active anodes such as Ruthenium dioxide (RuOy), iridium dioxide (IrO2), platinum (Pt),
graphite and other sp? carbon based electrodes are typical examples of active anodes.

When considering non-active anodes, weak interactions exist between the hydroxyl radical and
the electrode surface. The oxidation of organics is mediated by the hydroxyl radicals (Equation €)

that may result in fully oxidised products such as COs.

M(HO*)+R — M+mCO, +nH,O+H" +e” (Equation €)
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In the descriptive schematic (Figure 2.6) R is the fraction of an organic compound containing no
heteroatoms, which needs one oxygen atom to be fully transformed into CO,. This reaction
competes with the side reaction of hydroxyl radicals to oxygen (Equation f) without any
participation of the anode surface:

. 1 + -
M(HO )—)M"‘EOZ-I-H +€ (Equation f)

A non-active anode does not participate in the anodic reaction and does not provide any catalytic
active site for the adsorption of reactants and/or products from the aqueous medium. In this case
the anode serves only as an inert substrate which can act as a sink for the removal of electrons
(Martinez-Huitle & Ferro, 2006).

Anode materials can be classified in terms of their oxidation power in acidic media as shown in
Figure 2.7. The oxidation potential of the anode is directly related to the over-potential for oxygen
evolution and to the adsorption enthalpy of hydroxyl radicals on the anode surface. For a given
anode material, the higher the O, over-potential, the higher is the oxidation power (Comninellis et
al., 2008).
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Oxidation Over-potential of  Adsorption enthalpy Oxidation

Electrode potential (V) O, evolution (V) of M-OH power of anode
Ru0,-TiO, 1.4-1.7 0.18 Chemisorption of
(DSA-CI,) OH radical
Ir0,-Ta,04 1.5-1.8 0.25
(DSA-0O,)
Ti/Pt 1.7-1.9 0.3
Ti/PbO, 1.8-2.0 0.5
TifSn0,-Sbh,05 1.9-2.2 0.7 \/
p-Si/BDD 2226 1.3 Physisorption of
OH radical

Figure 2. 7: Oxidation power of various anode materials. (Comninellis et al., 2008)

2.9.2. Instantaneous current efficiency

The Instantaneous Current Efficiency (ICE) is a measure of the amount of current directly used
for the oxidation of organics, it is calculated using Equation (1.1), (Almomani & Baranova, 2012;
Panizza et al., 2001).

In Equation 1.1, COD at time t is [COD]t : COD attime t+At is [COD] electrolysis time is

t+At ,
t; current intensity (A) is ; Faraday constant (96485 C/mol) is ; and the volume of wastewater in

the electrochemical reactor (l) is L.

D] — D Equation 1.1
[CO ]t8I[ATO ]t+At FLX].OO ( q )

ICE (%) =
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2.9.3. Mixed metal oxide anodes

Mixed Metal Oxide (MMO) anodes have been studied for a wide range of purposes including
semiconductors, sensors, photoconductive thin films and electrode materials. Remarkable
progress has been made in the research of MMOQO’s application as the anode material for
electrochemical oxidation of recalcitrant pollutants in an aqueous environment (Wu, Huang and
Lim, 2014). Several anodic materials have been tested, but most of them presented important
drawbacks such as a rapid loss of activity (graphite), release of toxic ions (PbO), high cost (Si-
boron-doped diamond and limited service life (SnOy). IrOz-based anodes and in particular the
binary system IrO»-Ta,Os, are reported to exhibit good performance in anodic stability and electro
catalytic activity and are actually one of the most adopted catalyst for oxygen evolution in industrial

electroplating processes (Scialdone et al., 2009).

Because of the high electric conductivity, sufficient electrochemical activity, and long performance
life, the mixed oxides of IrO,-Ta,Os on a Ti substrate, or IrO»-Ta,0s/Ti, are widely used as an
anode for electrochemical engineering applications, such as waste water treatment, electroplating
and electroforming. The IrO2-Ta>Os/Ti anode is one type of dimensionally stable anode (DSA) and
is an effective electron sink during anodic reactions without dimensional loss (Huang et al., 2017).
Ti based IrO,—Ta,0s coated anodes were rapidly developed in the past decades for their high
stability and extreme durability under aggressive operation conditions. The thermal decomposition
method of IrO>—Ta»Os coatings is well-accepted for their low cost and uncomplicated preparation
(Yan et al., 2015).
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2.9.4. Addition of NaCl

Although MMO anodes have low oxygen over-potential and therefore a low organic removal
efficiency, they possess a high electro-catalytic activity for chlorine evolution. Indirect oxidation of
CI forms powerful oxidants of active chlorines (HCIO and CL.). When the active chlorine species
are transferred to the bulk solution they promote reactions and lead to the mediated oxidation of

organic contaminants (Zhou et al., 2011)

The addition of chloride ions can increase the performance of organic removal through the
interaction of active chlorine in the oxidation process. When chloride anion is oxidised on the
anode surface, it releases Chlorine (Equation 2.1). Electro generated chlorine diffuses away from
the anode and is hydrolysed yielding HCIO and CI (Equation 2.2) through disproportionation, with
hypochlorous acid in acid-base equilibrium with hypochlorite anion species through Equation 2.3
(Garcia-Segura et al., 2018; Rajkumar et al., 2005; Rajkumar & Palanivelu, 2004).

2CI" >Cl, +2e” (Equation 2.1)
Cl,+H,0 >HOCI+H" +CI (Equation 2.2)
HOCI <> H" + OCI™ (Equation 2.3)
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2.10.  Adsorption using Chitosan

The use of chitosan as a natural adsorbent has been studied for a variety of contaminants such
as various dyes (Zhai et al., 2017; Shajahan et al., 2017), heavy metal ions (Gokila et al., 2017,
Mohammad et al., 2017), and oily wastewater (Soares et al., 2017; Elanchezhiyan & Meenakshi,
2017).

Some characteristics of Chitosan include hydrophilicity, biocompatibility, biodegradability and
antibacterial properties (Riccardo A. A. Muzzarelli, 1983). It has been used commonly because of
the abundant amino (-NHz) and hydroxy (-OH) groups present in chitosan chains which serve as

coordination and reaction sites (Wu et al., 2009).

This amino and hydroxyl groups significantly contributes to its high affinity for adsorbates (Kim et
al., 2016; Kyzas & Bikiaris, 2015). When the chitosan is used in acidic solutions, the amino groups
are even easier to protonate and then adsorb anions and a wide range of molecules through
electrostatic forces (Shajahan et al., 2017; Muxika et al., 2017). Chitosan molecules have a strong
positive charge at pH < 6.2, this allows it to bind to negatively charged molecules or polyanions
through electrostatic interactions (Se-Kwon Kim, 2011).

These properties lead to chitosan being an effective adsorbent for the removal of dyes, odour,

organic pollutants and inorganic pollutants from industrial wastewater (Muxika et al., 2017).

The interaction between oil molecules and the adsorption site of chitosan (-NH; group) is expected
to increase under acidic conditions (Sokker et al., 2011), since the adsorbent surface is completely
covered with hydronium ions (Laus et al., 2010), which would promote a high removal efficiency
of anionic pollutants. Under acidic conditions, the hydrogen atom (H*) in the solution could

protonate the amine groups (-NH>) of chitosan, Equation 2.4.

R'-NH,+ H" < R'-NH, (Equation 2.4)
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The anionic charge of FAME or FFA in biodiesel wastewater (R-COO") can combine with the
positive charge of the amine functional group of chitosan, as in Equation 2.5, resulting in the
destabilisation of the emulsion by a charge neutralisation mechanism (Pitakpoolsil & Hunsom,
2013).

R'-NH; +R-COO0" < R'-NH;O00C-R (Equation 2.5)

2.10.1. Structure

Chitosan is obtained from the alkali deacetylation of chitin (Guibal et al., 2006), which is the second
most abundant biopolymer in nature (Chang & Juang, 2004). The chitosan molecule is a
copolymer comprised of d-glucosamine and N-acetyl-D-glucosamine units that are linked by B-
1,4 glycosidic linkages as shown in Figure 2.8 (Soares et al., 2017; Muxika et al., 2017). The ratio
between the two units are considered as the Degree of Deacetylation (Verlee et al., 2017).
Chitosan’s properties are determined by its molecular weight and degree of deacetylation (DD).
At a DD of approximately 50%, chitin becomes soluble in aqueous acidic medium and is then
called chitosan (Yang et al. 2016; Muxika et al., 2017).

CHITIN CHITOSAN
CH3 CH3
"y OH o:< ] r OH O:< .
NH

=0 NH,. 1o
HO Q Ho Deacetylation HO % ho

\ o O \ o o

NH ™ NH2
0 OH (CH;CO-) 2 -

L CH3 | i

Figure 2. 8: Chitin and chitosan (Muxika et al., 2017).
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2.10.2. Adsorption equilibrium and isotherms

The equilibrium adsorption isotherm is fundamental in describing the interactive behaviour
between solutes and adsorbents and plays a significant role in the design of adsorption systems
(Chiou & Li, 2002).

The Langmuir, Freundlich and Dubinin-Raduschkevich isotherm (D-R) are described on an

individual basis below.

2.10.3. Adsorption equilibria

The amount of COD adsorbed at equilibrium can be calculated with Equation 2.6:

C,-C, )V
Qe: % (Equation 2.6)

Where, Q. is the amount of COD adsorbed on the adsorbent at equilibrium (mg/g), Co is the initial
concentration of COD in solution (mg/L), Ce is the concentration of COD in solution at equilibrium

(mg/L), m is the mass of adsorbent used (g) and V the volume of COD solution.

2.10.4. Langmuir Isotherm

The Langmuir isotherm has been used extensively to describe the adsorption of adsorbents as
well as its equilibrium behaviour (Liu, 2006).

The following Langmuir isotherm, Equation 2.7, was used to describe the equilibrium data (Laus
et al., 2010):

_ qm KLCG

L K,C,

(Equation 2.7)
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Where C. is the equilibrium solution concentration (mg/g), ge is the amount of COD adsorbed at
the equilibrium (mg/g), K. is the Langmuir constant related to the affinity of binding sites (L/mg)
and gm represents a practical limiting adsorption capacity (mg/g) when the surface is fully covered
with contaminant molecules and allows for the comparison of adsorption performance (Chiou &

Li, 2002), K. and gm can be determined from a linearized form of Equation 2.7. as shown in

Equation 2.8.
C_lg,. t
Q. dn K0y (Equation 2.8)

Therefore, a linearized plot of (Ce/ge) versus Ce gives a straight line with slope 1/gm and intercept
1/gmKL.

The essential features of the Langmuir isotherm can be expressed in terms of a dimensionless
constant separation factor, R, expressed by Equation 2.9, where C, is the initial concentration of
COD (mg/L) (Sokker et al., 2011).

1

R=——
1+KG (Equation 2.9)

The value of R, indicates the type of adsorption either to be unfavourable (R, >1), linear (R. = 1),
favourable (0 < R_ < 1) orirreversible (R. = 0) (Bhatt et al., 2012; Bouberka et al., 2007).

2.10.5. Freundlich Isotherm

Adsorption best described by the Freundlich isotherm is considered occurring through a multi-
layer process where the amount of adsorbed solute per unit adsorbent mass increases gradually
(Chung et al., 2015).

The Freundlich isotherm is mathematically expressed as shown in Equation 2.10 (Vazquez et al.,
2007):
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_K.Ch
Q. =KeC (Equation 2.10)

This isotherm is usually used in special cases of heterogeneous surface energy which is
characterised by the heterogeneity factor 1/n and ge is the solid phase sorbate concentration at
equilibrium (mg/g), Ce. is the liquid phase sorbate concentration at equilibrium (mg/g), Ks is the
Freundlich constant (Sokker et al., 2011). A linear form of the Freundlich isotherm can be obtained

by taking logarithms of Equation 2.10, as shown in Equation 2.11:

logq, =log K. +llog C.
n (Equation 2.11)

Therefore, a plot of linearized log ge versus Ce enables the constant Ks and exponent 1/n to be
determined.

If n is equal to unity, the adsorption is linear. This means that the adsorption sites are
homogeneous (as in the Langmuir model) in energy and no interaction takes place between the
adsorbed species. A value of 1/n < 1 reflects favourable adsorption where the sorption capacity
increases, and new adsorption sites occur. However when the value of 1/n is larger than 1 the
adsorption bond becomes weak and unfavourable adsorption takes place, resulting in decreased

adsorption capacity (Ozcan et al., 2004).

2.10.6. Dubinin-Raduschkevich Isotherm

Since the Langmuir and Freundlich isotherms do not give information on the adsorption

mechanism (Laus et al., 2010), the Dubinin-Raduschkevich isotherm (D-R) can be used.

This isotherm is an analogue of the Langmuir isotherm, but is more general, since it does not
assume a homogeneous surface or constant sorption potential (Aksoyoglu, 1989). The D-R
isotherm can be used to calculate the mean free energy of adsorption, which is used to identify

chemical and physical adsorption.
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The Dubinin-Raduschkevich isotherm, Equation 2.12, predicts the nature of the adsorbate
sorption onto the adsorbent and it is used to calculate the mean free energy of sorption (Kilislioglu
& Bilgin, 2003).

_ _ 2
0 =Un eXp( ke ) (Equation 2.12)

Were Ce is the equilibrium solution concentration (mg/g), ge is the amount of COD adsorbed at the

equilibrium (mg/g), K is a constant related to the adsorption energy (mol?/kJ?), gm is the theoretical
saturation capacity (mg/g), € is the Polanyi potential (J/mol) calculated with Equation 2.13.

e=RTIn {1+ Cij
e (Equation 2.13)

The linear form of Equation 2.12 is shown in Equation 2.14:

_ L2
Ing, =Ing, ke (Equation 2.14)

The values of gm and K were deduced by plotting Ln(qge) versus €£2. The mean energy of adsorption

(E) can be calculated from Equation 2.15.
E = (-2K)*2 (Equation 2.15)

This parameter gives information about the adsorption mechanism as either chemical ion-
exchange (8 kJ/mol < E < 16 kJ/mol) or physical adsorption (E < 8 kdJ/mol) (OZCAN et al., 2005).

39



CHAPTER 3

Research Methodology



3. Research Methodology

3.1. Introduction

In this chapter the details are given regarding the use of equipment and materials as well as
experimental procedures followed during all experimental runs conducted. Descriptions of

instruments used are also included.

3.2. Research design

During this research, a quantitative experimental approach was used. This study consists of three
parts. The first entails the investigation of electrochemical oxidation of biodiesel. The second
focusses on adsorption using chitosan as the adsorbent whereas the third combines the previous
two processes into one integrated treatment process for the evaluation of COD removal.

3.3. Experimental details

Crude biodiesel wastewater was collected from a commercial biodiesel producer operating in the
Cape Town area. The name and location of the commercial biodiesel producer is not disclosed as
part of an agreement between the company and this research project. The wastewater was
collected when available and therefore varied slightly in composition since it was a “real” feed. All
experiments were conducted at the Cape Peninsula University of Technology in Chemical

Engineering Environmental Research Laboratory 1.11.
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3.3.1. Acidification

As a pre-treatment, all wastewater collected for experimental use was acidified using H,SO4 at a
final pH ranging between 1 to 6. Acidification occurred in a 6L round bottom flask which was
magnetically stirred at ambient conditions. The acidified wastewater was mixed for 2 hours and
allowed to stand for 12 hours to ensure complete phase separation. The oil rich top phase was
removed from the remaining aqueous phase through slow decantation and analysed to quantify

pollutant removal. All acidification experiments were duplicated.

3.3.2. Electrochemical oxidation

The biodiesel wastewater was subjected to electrochemical oxidation occurring in a 1L glass
reactor. Two commercial IrO,—Ta>Os anodes (NMT electrodes South Africa) was employed with a
total surface area of 400 cm?. The distance between the anodes were kept at 0.02 m. To ensure
good mass transfer and a constant temperature of 60°C, a magnetic heater/stirrer was used. A
regulated power supply was employed to supply external electricity to the system. During the
treatment process samples were taken in 2-hour intervals and analysed for properties including
COD, EC, TDS, Salinity, pH and Turbidity, following standard methods. The experiments are

shown in Table 3.1. The experimental setup of the electrochemical reactor is shown in Photo 3.1.
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Table 3. 1: Electrochemical oxidation experiments runs.

Experimental Run | Current density (mA/cm?) NaCl (M) Time (hrs.)
1 0.5 0.08 100
2 0.75 0.08 100
3 1 0.08 100
4 1.25 0.08 100
5 1.75 0.08 100
6 2 0.08 100
7 4 0.08 100
8 1 0 100
9 1 0.02 100

10 1 0.04 100
11 1 0.06 100
12 1 0.08 100
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Photo 3. 1: Electrochemical Reactor

Experiments were conducted in a 1L glass beaker. The electrodes IrO—Ta>Os had a working
surface area of 200 cm?2. The distance between the anode and cathode was 1cm apart while the
electrodes were connected to a power supply. The volume of the solution in the reactor was 1L
where the biodiesel wastewater was magnetically stirred and kept at a constant temperature of
60°C. All experiment were conducted with NaCl (>99%, Aldrich) as the electrolyte. The
experiments were performed in duplicate and the relative statistical analysis performed to validate
the results. Samples were taken initially and thereafter in two-hour intervals to quantify COD, pH,
EC, TDS, Salinity and Turbidity.
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3.3.3. Electrochemical oxidation factorial trial

Response surface methodology based Central composite design. A central composite design is
the most commonly used response surface design experiment. This is a factorial or fractional
factorial design with centre points, augmented with a group of axial points which allows for
curvature estimation. It can be used to estimate first- and second-order terms as well as model a

response variable with curvature by adding centre and axial points.

In this study a two factor 5 level central composite experimental design with an alpha of 1.189 was
used to statistically analyse the effect of current density and electrochemical oxidation time. The
response surface methodology was based around operating conditions determined during the
initial tests to better understand the effects of current density and electrochemical oxidation time

on the COD removal. Stat-Ease Design Expert V 10.0.0 was used during this experimental design.
The selected variables, based around the results obtained during the initial test experiments, were

current density (mA/cm?) and electrochemical oxidation time (hours). Their ranges are shown in
Table 3.2.

Table 3. 2: Factors in Central composite design

Levels used
Factor Variable
+1 -1 +alpha | -alpha | center point
Current density (mA/cm?) A +1(1.25) | -1 (0.75) | 1.35 0.64 1
Electrochemical
o B +1 (96) | -1(48) 98.7 39 69
oxidation time (hours)
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Once the operating variables and their ranges were determined, experiments were identified
based on the Centre composite design which consisted of 13 experiments with 7 center points.
The experiments were designed in a random order through Design Expert software. Randomised
experiment runs ensure that the conditions of the previous experiments don’t affect the current
experiment and ensures that the current experiment can predict the conditions of the following
experiment. The 13 experiments were completed in duplication to ensure that statistical analysis
may be performed in order to validate the results. Each experiment was allowed to run for 100
hours at the specified conditions after which the needed response values were noted in the
modeling software as required. The complete experimental matrix is shown in Table 3.3. The
+alpha and -alpha values of 1.35 and 0.64 mA/cmz2 were taken as the closes tested values, in this

case 1.25 and 0.5 mA/cm?, respectively.

Table 3. 3: Central composite design experimental matrix.

Standard | Experimental | Factor 1 A: Current Factor 2 B: Response 1 COD
order Run density (mA/cm?) Time (hours) Removal (%)
3 1 1 39 40
8 2 1 69 74
13 3 0.64 69 62
4 4 1 69 75
2 5 1.25 90 77
1 6 1 69 76
10 7 1.35 69 50
9 8 0.75 48 35
11 9 1 69 74
6 10 1.25 48 47
7 11 1 98.7 86
5 12 1 69 75
12 13 0.75 90 62
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3.3.4. Adsorption with Chitosan

During the adsorption of COD from biodiesel onto chitosan, the concentration of chitosan, initial
pH of water and adsorption time were investigated. For the adsorption stage, the pH of the
agueous phase was adjusted to be within the preferred range (2 - 6) by the addition of NaOH
(Merck 106498). Approximately 200ml of BDWW was treated by the addition of Chitosan powder
(2.5 — 4.5 g/L) as the adsorbent in a glass beaker with a constant stirring rate (350 rpm) for a

selected adsorption time of 3hrs (Pitakpoolsil & Hunsom, 2013).

The concentration of COD in the wastewater was measured every hour by taking a sample and
filtering it with a 0.45 um syringe filter and standard analysing methodology followed thereafter.
The treated wastewater was then separated from the adsorbent by vacuum filtration through filter
paper (No.1 Whatman WHA1001070). Fresh Chitosan was used to repeat the adsorption stages.
This was done three times. The experiments were done in duplicates to statistically validate the

results. Experiments were followed as shown in Table 3.4.

Table 3. 4: Chitosan adsorption experiments and conditions.

Experimental Run Dosage g/L g/200ml pH
1 2.5 0.5 2
2 3.5 0.7 2
3 4.5 0.9 2
4 2.5 0.5 4
5 3.5 0.7 4
6 4.5 0.9 4
7 25 0.5 6
8 3.5 0.7 6
9 4.5 0.9 6
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3.3.5. Integrated treatment process

The integrated treatment of biodiesel wastewater consisted of the combinations of acidification,
electrochemical oxidation and adsorption stages. Since each of these processes were
investigated on a stand-alone basis, the best performing operating conditions of each process
were used for the integrated treatment process. Once the operating conditions were determined,

a full integrated experiment was performed.
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3.4.

Research apparatus

The following apparatus and equipment were used during the experiments to collect data and

measure the removal of COD from biodiesel wastewater during acidification, electrochemical

oxidation and adsorption processes.

3.4.1.

3.4.2.

Glass ware

The 5 litres round bottom flask used for acidification

2 Litre bottles were used to store the acidified water over night

1 litre beakers were used during the electrochemical oxidation and adsorption processes
500 ml bottles were used to store the products of electrochemical oxidation and adsorption

processes

Equipment

A Dragonlab MS-H Pro magnetic heater/stirrer was used during electrochemical oxidation
for stirring the solution at a constant rpm and keeping the solution at a constant
temperature. During the adsorption processes the magnetic stirrer/heater was only used

for stirring purposes.

Photo 3. 2: Magnetic heater/stirrer.

A TR 420 Thermo-reactor from MERCK was used during the COD measurements.
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Photo 3. 3: Thermo-reactor

The COD concentration was determined by Chromosulfuric acid oxidation method using Merck
reagents. The Analytical procedure and sample preparation followed can be found in Appendix

F. The TR 420 Thermo-reactor was used for digestion. The NOVA 60 photometer was used to
determine the COD concentration photometrically.

¢ NOVA 60 Photometer for determination of COD concentrations

Photo 3. 4: Photometer
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e Multimeter
The Crison CM 35+ was used to measure the EC, TDS and Salinity.

Photo 3. 5: Multiparameter meter.

e pH meter

Photo 3. 6: pH meter
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e Turbidity meter

Photo 3. 7: Turbidity Meter

3.4.3. Materials

The following consumables were utilised during experiments.

- HSO. (Merck >99%)

- NaOH (Sigma-Aldrich >97%)

- NacCl (Sigma-Aldrich >99.5%)

- Chitosan (Sigma-Aldrich >75% deacetylated, from shrimp shells)
- MMO anodes (NMT Anodes South Africa)

- COD Solution A (Merck 1.14538.0065)

- COD Solution B (Merck 1.14539.0495)
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CHAPTER 4

Results and Discussion



4. Results and Discussion

4.1. Biodiesel wastewater characteristics

The industrial biodiesel wastewater used during this study was tested for certain characteristics.
The average values are shown in Table 4.1. The COD, BOD and FOG values are much higher
than what is required by the City of Cape Town: Wastewater and Industrial Effluent By-Law, 2013.

Table 4. 1: Characteristics of the Biodiesel wastewater used in this study.

Parameter Unit Tested value CCT: Requirements
COD mg/L 55000 - 65 000 5000
FOG mg/L 500 - 550 4000
BOD mg/L 38 000 — 40 000 none
Salinity g/L 2.03 none
EC mS/cm 3.5 500 000
TDS g/L 2.3 4000
pH 9.8 55-12
Turbidity NTU 380 none

The COD with an average value of 60000 mg/L was 11-fold higher than the requirements, whereas
the FOG (550 mg/L) was in range. The pH, electrical conductivity and total dissolved solids were

in range with values of 9.8, 3.5mS/cm and 2.3 g/L respectively.
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4.2, Acidification of biodiesel wastewater

Demulsification of BDWW was carried out using H.SO, at various pH values as indicated in Figure
4.1. The addition of acid as a proton donor destabilises the emulsion through the reduction of
electric forces or destruction of the electrical double layer which enables the coalescence of fine

oil droplets into larger ones, resulting in phase separation.
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Figure 4. 1: Oil removed through acidification.

The oil rich top layer has a similar colour to that of oil/biodiesel, whereas the residual agueous
phase has a lower turbidity and reduced pollutant concentrations. 1.65 — 2.2% (v/v) vegetable oil
was removed in the pH range 1 — 3, however, insufficient amounts of oil 0.2 — 0.15 % (v/v) was
removed in the pH range 4 — 5, whereas no oil was recovered under pH conditions ranging from

6 to 9. Therefore, acidic conditions are favourable for oil removal.
Furthermore, acidification was able to remove 11% of COD, 10% of BOD and significant amounts

of FOG, 80%, and 70% turbidity as shown in Table 4.2. Other parameters such as TDS, EC and

salinity showed slight reductions.
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Table 4. 2: Characteristics of biodiesel wastewater after acidification.

Parameter Unit Initial Value Acidified
COD mg/L 55000 — 60 000 53250
FOG mg/L 500 - 550 106
BOD mg/L 38 000 — 40 000 36225
Salinity g/L 2.03 15
EC mS/cm 3.5 2.6
DS g/L 2.3 1.7
pH 9.8 2
Turbidity NTU 380 100

Rattanapan et al., (2011) adjusted the pH of biodiesel wastewater to a value of 3, and found that
it was sufficient for the removal of FOG and COD, reporting removal efficiencies of 80% and 45%
respectively. Similarly, Ngamlerdpokin et al., (2011) reports that higher levels of oil removal was

achieved with a pH value ranging between 1 and 2.5. It is therefore clear that acidification plays a

significant role as a pre-treatment step.
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4.3. Instantaneous current efficiency

Initial experimental runs were conducted to determine the operational parameters. These initial
experimental results gave an indication to parameters that need to be investigated in the
electrochemical oxidation of biodiesel wastewater as shown in Table 4.3. The Instantaneous
Current Efficiency (ICE) was calculated to quantify the effect that current density and NacCl

concentration has on the electrochemical oxidation process.

Table 4. 3: Initial test experiments.

Experimental Run | Current density (mA/cm?2) Time (hrs.) NaCl (M)
A 1 24 0
B 2 24 0
C 4 24 0
D 1 24 0.02
E 1 24 0.04
F 1 24 0.06
G 1 24 0.08
H 1 24 0.1

The Instantaneous Current Efficiency (ICE) was calculated by equation (1.1) in Chapter 2, at a

constant 2-hour time interval, over a period of 24 hours.

[coD], ~[coD]
8IAt

BALEL %100

ICE (%) =
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4.3.1. Effect of current density

The calculated ICE % values for experimental runs A, B and C are shown in Figure 4.2. The data
for these experiments can be found in Appendix C. Experimental run A with a current density of
1 mA/cmz? achieved the highest ICE value of 3.3% at 2 hours, after which it gradually decreased
to 1.1% at 24 hours. Experimental runs B and C achieved significantly lower ICE values of 1.7%
and 0.3% respectively. It decreased to values lower than 0.2% at the 24 hour period. Normally,
the ICE (%) decreased with an increase in current density. Almomani & Baranova, (2012) and
Coledam et al., (2014) found that an increase in current density resulted in a decrease of ICE due
to the side reaction of oxygen evolution and/or mass transport limitations. According to Wu et al.,
(2014b) the oxygen evolution reaction is not favoured at lower current densities, which explains

why higher ICE values were obtained at the lower current densities.

Instantaneous current efficiency (OM NacCl)
4
3.5 1 mA/cm?
3 2 mA/cm?
< 2.5 4 mA/cm?
EI 2
Q15
1
0.5
0
0 5 10 15 20 25
Time (hrs)

Figure 4. 2: Instantaneous current efficiency - Effect of current density.

Based on the initial experimental runs, a current density of 1 mA/cm? showed favourable results
and was chosen for subsequent experimental runs to determine the effect of NaCl as a supporting

electrolyte.
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4.3.2. Effect of NaCl concentration

The effect of NaCl concentration (M) on the electrochemical oxidation at 1 mA/cm2 was
investigated by varying the NaCl concentration between 0 and 0.1 M, as shown in Table 4.3. The
calculated ICE % values for experimental runs D — G are shown in Figure 4.3. The data for these

experiments can be found in Appendix C.

ICE vs. Time (NaCl)
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5
0 °
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Figure 4. 3: Instantaneous current efficiency - Effect of NaCl concentration.

The ICE increased with an increase in NaCl concentration, thus, confirming the positive effect that
NacCl has on the electrochemical oxidation of BDWW. A maximum of 28.5% and 26% efficiency
was observed at 0.08M NaCl and 0.1M NaCl, respectively. An efficiency of 3.3% was observed
when no NaCl was added. Coledam et al., (2014) reported that higher ICE values are observed

in the presence of NaCl compared to that without.

Based on the results obtained a NaCl concentration of 0.08 M was chosen for all subsequent

experimental runs.
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4.4. Electrochemical oxidation experiments

As mentioned above, the initial experimental results gave an indication to parameters that need
to be investigated in the electrochemical oxidation of biodiesel wastewater. Four experimental
runs were performed as shown in Table 4.4. Each of these experimental runs operated for 100

hours at 60°C with a constant NaCl concentration of 0.08M.

Table 4. 4: Electrochemical oxidation - experiments

Experimental Run | Current density (mA/cm?) NaCl (M) Time (hrs.)
1 0.5 0.08 100
3 1 0.08 100
6 2 0.08 100
7 4 0.08 100

Samples were taken every two hours to quantify COD, EC, TDS, Salinity, Turbidity, and pH. Detail
results can be found in Appendix C. The COD removal % for each of these experimental runs is
shown in Figure 4.4. It is observed that the COD removal gradually increases with an increase in

time. After 96 hours it stabilises and increases slowly for another 4 hours as shown in Figure 4.4.

COD vs. Time

100
90
80
70 —&—Run 6 (2 mA/cm?)
60
50
40
30
20
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—#—Run 1 (0.5 mA/cm?)

—e—Run 3 (1 mA/cm?)

—8—Run 7 (4 mA/cm? 0.08M)

COD Removal (%)

0 20 40 60 80 100
Time (hours)

Figure 4. 4: COD removal (%) — experiments
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Figure 4.5, shown below, represents the COD, BOD and FOG results of experimental runs 1 (0.5
mA/cm?), 3 (1.0 mA/cm?), 6 (2.0 mA/cm?2) and 7 (4.0 mA/cm?), respectively. It can be observed
that the experimental run 3 with a current density of 1.0 mA/cm?2 shows the highest removal of
COD (86%), BOD (88%) and FOG (85%) removal, whereas experimental run 1 with a current
density of 0.5 mA/cm? shows the least removal. It can also be observed that removal efficiency
for current density 2.0 and 4.0 mA/cm? are also quite significant. Wu et al (2014b) states that
when high removal efficiencies has been reached, as shown in experimental 3, the increase of
current density thereafter will not have a significant effect as observed with experimental run 6

and 7.

Final COD, BOD FOG concentrations

100

® COD Removal
= BOD Removal
» FOG Removal

% Removal

0.5 1 2 4
Current density (mA/cm?)

Figure 4. 5: COD, BOD & FOG removal efficiencies - experiments

Comninellis et al., (2008) and Martinez-Huitle & Andrade, (2011) explain these trends by stating
that the IrO, — Ta;Os anodes are a good catalyst for the oxygen evolution side reaction and
therefore only permit for the partial oxidation of organics. However, the effective oxidation of
pollutants is possible at lower current densities and longer electrolysis time, as shown with these

results.
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Table 4. 5: Final concentrations for COD, BOD & FOG - experiments

Current Density (mA/cm?)

Final COD (mg/L)

Final BOD (mg/L)

Final FOG (mg/L)

Experimental run 1 (0.5) 21524 16020 42
Experimental run 3 — (1.0) 7086 4354 16
Experimental run 6 — (2.0) 13629 11531 32
Experimental run 7 — (4.0) 11695 8503 22

The final COD, BOD and FOG values for each experiment are shown in Table 4.5. Significant

reductions in these parameters where observed when compared to the CCT effluent standards.

Experimental run 3 with a current density of 1 mA/cmz2 performed particularly well with a final COD

value of 7086 mg/L, however this value is about 2000 mg/L above the required industrial discharge

standard and needs further treatment.
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4.4.1. Additional electrochemical oxidation experiments

Based on the results obtained in experimental runs 1, 3, 6 and 7, additional experiments were
completed to better understand the effect of current density on the electrochemical oxidation of
BDWW. The current density of these experiments was chosen in small increments where values
were chosen below and above 1 mA/cmz2 to investigate any significant changes, as shown in Table
4.6. In experimental runs 2, 4, and 5, the current density was 0.75, 1.25 and 1.75 mA/cmz2,

respectively.

Table 4.6: Electrochemical oxidation: Additional experiments.

Experimental Run | Current density (mA/cm?) NaCl (M) Time (hrs.)
2 0.75 0.08 100
4 1.25 0.08 100
5 1.75 0.08 100

Samples were taken every two hours to quantify COD, EC, TDS, Salinity, Turbidity, and pH. These
results can be found in Appendix C.

The % COD removal for each of these experimental runs is shown in Figure 4.6. These
experimental runs follow the same trend as before where COD removal gradually increases with

time. It stabilises at 96 hours with small increment increases up to 100-hour mark.
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Figure 4. 6: COD removal (%) - Additional experiments.
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Figure 4.6, shown above, represents the COD results of experimental runs 2 (0.75 mA/cm32), 3
(2.0 mA/cm?), 4 (1.25 mA/cm?) and 5 (1.75 mA/cm?), respectively. It can be observed that for the
first 40 hours, the COD removal rate is almost similar for all experimental runs. After the 50-hour
mark, experimental run 3 (1.0 mA/cm?) removal rate increases by almost 20% and decreases as
it reaches almost equilibrium at the 100 hour mark. Experimental runs 4 (1.25 mA/cm2) and 5 (1.75
mA/cm?) follow a similar trend, but slower. For experimental runs 2 (0.75 mA/cm?), the % COD

removal is the slowest, as expected and confirmed with literature.

In Fig 4.7, the final COD, BOD and FOG % removal for the various current densities is as follows:
At 0.75 mA/cm2 COD, BOD and FOG removal achieved a maximum 69%, 69% and 62%; 1.25
mA/cm2, COD, BOD and FOG removal achieved a maximum of 82%, 79% and 77%; 1.75 mA/cm?2
removal COD, BOD and FOG removal achieved a maximum 79%, 72% and 72%.

100 Final COD, BOD, FOG concentraitons.
90
80
70
60
50
40
30
20
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m COD Removal

% Removal

= BOD Removal
= FOG Removal

0.75 1 1.25 1.75

Current density (mA/cm?)

Figure 4. 7: COD, BOD & FOG removal efficiencies - Additional experiments.

When comparing the smaller current density increments, the current density of 1 mA/cm? achieves
the highest removal of COD, BOD and FOG at the same operating conditions.
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Experimental run 4 with a current density of 1.25 mA/cm? achieved a COD removal efficiency of
82% with a final COD removal concentration of 9903 mg/L as shown in Table 4.7. Similarly,
experimental run 3 with a current density of 1.0 mA/cm? achieved a COD removal efficiency of
86% with a final COD removal concentration of 7086 mg/L. Therefore, increasing the current
density, with small increments, below or above 1 mA/cm? resulted in lower pollutant removal

efficiencies.

Table 4. 7: Final concentrations for COD, BOD & FOG - Additional experiments.

Current Density (mA/cm?) | Final COD (mg/L) | Final BOD (mg/L) Final FOG (mg/L)
Experimental run 2 (0.75) 14856 11327 40
Experimental run 3 (1) 7086 4354 16
Experimental run 4 (1.25) 9903 7483 24
Experimental run 5 (1.75) 11904 9966 30

Santos et al., (2006) studied the electrochemical oxidation of oily wastewater using a Ruo.34Tio.6602
anode which falls into the same family as IrO, — Ta;Os anodes, namely Dimensionally Stable
Anodes (DSA).

The operating temperature of 50°C was similar to the temperature used in this research although
higher current densities were applied. At a current density of 100 mA/cm?2 and 70 hours of
electrolysis, the system achieved 57% COD removal. These results obtained by Santos et al.,
(2006) were not significant in terms of COD removal. However, their results strengthen the notion
that lower current densities are more favourable for COD removal when using these types of

anodes.
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4.4.2. Effect of current density on pollutant removal

The effect of current density on the electrochemical oxidation of BDWW using IrO,— Ta>Os anodes
were investigated over a range of 0.5 — 4 mA/cm? at an initial pH of 2 as shown in Figure 4.8.
Lower current densities in the range of 1 — 1.25 mA/cm? performed better than higher current

densities of 2 — 4 mA/cm2.
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Figure 4. 8: Effect of current density on COD removal.

An increase in the current density from 0.5 to 1 mA/cmz followed an increase in COD removal from
66% to 86% respectively within 100 hours of oxidation. The increase of current density above 1.0
mA/cm? a slight decrease could be observed, but followed a consistent COD removal in the range
of 80%.

In Figure 4.9, the final % COD removal at the 100-hour mark was compared with the different
current densities tested at a constant pH of 2. As expected, the current density of 1.0 mA/cm?

shows the best results.
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COD Removal vs. Current density
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Figure 4. 9: Final values for COD removal — Current density.

The observed COD removal was due to the oxidation of organic pollutants to intermediate species
and possible complete mineralization, in the wastewater. Electro-oxidation of organic
contaminants using IrO,— Ta,Os active anodes (M) occurs through mediated oxidation in the bulk

solution (Garcia-Segura et al., 2018).

67



4.43. Effect of NaCl concentration on pollutant removal

NacCl at various concentrations, between 0 — 0.1M, was added into the bulk of the electrochemical
cell, as a supporting electrolyte. The aim of adding NacCl is to increase the removal of pollutants.
The experiments with corresponding operating conditions are shown in Table 4.8. The data for

each experiment can be found in Appendix C.

Table 4. 8: Electrochemical oxidation: Addition of NaCl experiments.

Experimental Run | Current density (mA/cm?2) Time (hrs.) NaCl (M)
8 1 100 0
9 1 100 0.02
10 1 100 0.04
11 1 100 0.06
3 1 100 0.08
12 1 100 0.1

The influence of NaCl was investigated without any electrolyte added and thereafter changing the
NaCl concentration by increasing it by 0.02M until its final experimental run of 0.1M. Samples
were taken every two hours to quantify COD, EC, TDS, Salinity, Turbidity, and pH (Appendix C).
Below, Figure 4.10 shows the % COD removal over a 100-hour time. It can be observed
throughout this period, the influence that NaCl has on the removal rate of pollutants and more
specifically, COD. As the NaCl concentration increases, so does the % COD removal.

At a NaCl concentration of OM, a maximum COD removal of 48.7% was achieved after 100 hours.
However, the addition of NaCl at a concentration of 0.06M and 0.08M yielded a 78.5% and 86%
COD removal, respectively. When the NaCl concentration further increased to 0.1M similar yet
slightly lower COD removal efficiencies of 84% was observed, indicating that a NaCl concentration

of 0.08M is sufficient at a maximum 86 % removal.
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Figure 4. 10: Effect of NaCl concentration on COD removal.

Ltaief et al., (2017) noted that the indirect oxidation of pollutants in wastewater by active-chorine
species generated by the anodic oxidation of chlorides are widely applied. Although, the addition
of NaCl resulted in a decrease of total organic carbon, compared to when an inert supporting
electrolyte (Na;SO.) was used. This could be attributed to the possible formation of oxidation

resistant chlorinated intermediates.

Fajardo et al., (2017) found that the degradation rate of pollutants depends on the supporting
electrolyte used. Similar to the results obtained during this study, the authors also found that the
addition of NaCl resulted in better degradation values. This behaviour was ascribed to the
generation of diverse oxidising species which were able to react directly or indirectly with the

organic compounds.
The final % COD, BOD and FOG removal efficiencies are compared at various NaCl

concentrations in Figure 4.12, below. When NaCl concentration was at OM, a final COD, BOD and

FOG removal 49%, 55% and 79%, were achieved, respectively.
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Figure 4. 11: Final values for COD removal - NaCl concentration.

As the NaCl concentration increases to 0.08M, the % COD, BOD and FOG removal reached a
maximum of 86%, 88% and 85%, but at NaCl concentration of 0.1M, 84%, 83% and 83% was
attained. These results reiterate that a NaCl concentration of 0.08M is sufficient for pollutant

removal as stated above.
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Figure 4. 12: Effect of NaCl concentration of pollutant removal efficiencies.
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According to Rajkumar et al., (2005), Zhang et al., (2006) and Jaruwat et al., (2010), the NaCl as
a supporting electrolyte has the ability to enhance pollutant removal by oxidizing organic
compounds. This happens through the production of active chloro- species (CL,/OCL) that are
electrochemically generated by the reduction of chloride ions to chlorine. For complete
mineralization to occur, the reaction with water, need to produce hypochlorous acid that reacts

and oxidises pollutants to intermediate species or CO; and H0O.

Table 4. 9: Final concentrations for COD, BOD & FOG - NaCl experiments

NaCl concentration (M) | Final COD (mg/L) Final BOD (mg/L) Final FOG (mg/L)

Experimental Run 8 (0) 25184 16361 22
Experimental Run 9 (0.02) 16445 11188 28
Experimental Run 10 (0.04) 13832 9410 25
Experimental Run 11 (0.06) 10230 6959 20
Experimental Run 3 (0.08) 7086 4354 16
Experimental Run 12 (0.1) 8805 5990 18

The final COD, BOD and FOG concentration values for each experimental run are shown in Table
4.9. Experimental run 3 with a NaCl concentration of 0.08M achieved a final COD concentration
of 7086 mg/L, which is better than what was achieved with a NaCl concentration of 0.1M and final
COD concentration of 8805 mg/L.
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4.5. Energy consumption

The mean energy consumption was calculated for each of the different current densities
investigated, using Equation 4.1. where i, Vi, At, COD, Vg, and E corresponds to current (ampere),
mean cell voltage (volt), reaction time (h), chemical oxygen demand (gO./L), electrolyte volume

(L), and mean energy consumption (kWh/kg COD removed), respectively.

E- VAt (Equation 4.1)
- uation 4.
(COD,—COD, )V, A

Calculated values for the mean energy consumption are shown in Table 4.10. As expected, the
mean energy consumption increases with an increase in current density. However, this is not only
due to a higher current applied, but also an indication of the efficiency of energy usage during
COD removal as shown in Fig 4.13.

Table 4. 10: Mean energy consumption.

Current Density (mA/cm?2) Mean Energy Consumption
(kWh/kg COD removed)
0.5 68
0.75 101
1 13.5
1.25 16.9
1.75 536
2 27.0
4 54.0

Figure 4.13 shows the mean energy usage at different current densities. The former is than
compared to the corresponding % COD removal. It was observed that the lowest mean energy
consumption of 6.8 kWh/kg COD removed, occurred at a current density of 0.5mA/cm? and
corresponds with a % COD removal of 66%. The current density of 1ImA/cm?2 used twice as much
energy, 13.5 kWh/kg COD removed, but resulted in the highest COD removal at 86%.
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Further increases in current density only amounted to more energy consumed with lower COD

removal efficiencies.
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Figure 4.13: Mean energy consumption.

The values for mean energy consumption obtained in this study are reasonable and in line with

values obtained in literature for various types of wastewaters as shown in Table 4.11.

Table 4. 11: Energy consumption for various wastewater types.

Wastewater type

Energy consumption
(kWh/kg COD removed)

Literature

olive oll 1.237-12.3 (Israilides et al., 1997)

tannery 4.8 - 200 (Vlyssides & Israilides, 1997)

textile 11.2 (Zou et al., 2017)
Biodiesel 13.5 This study

According to Zou et al., (2017) as the current density increases so does the energy consumption.

The excess energy consumed is due to side reactions. This is similar to what has been observed

in Figure 4.13.
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4.6. Development of COD removal model

Design-Expert software was used to analyse the measured responses. The significance test for
the regression models and the significance test of individual model coefficients were determined
by the same statistical software package for all responses. The resulting ANOVA shown in Table
4.12 for the COD removal quadratic model outlines the analysis of variance for this response and
shows the significant model terms affecting the COD removal. This table also demonstrates
additional adequacy measures, for example, R2 and adjusted R2. The R2 value indicates the
degree of fit and are defined as the ratio of the explained variation to the total variation. It is
suggested that a good model fit should be for a R2 of at least 0.8. In this study these adequacy
measures were found to be 0.905 as shown in Table 4.12, suggesting that this quadratic model
was a good fit for this data. The model was significant as indicated by the very low probability
value of less than 0.05. A p-value that is lower than 0.05 suggests that the model is statistically

significant at the 5% level of significance.

Table 4.12: ANOVA for Response surface reduced quadratic model.

Source Sum of Squares df Mean Square F Value p-value
Prob > F

Model 2850.74 4 712.68 18.97 0.000382 significant

A-Current Density 13.86 1 13.86 0.37 0.560415

B-Time 1846.92 1 1846.92 49.17 0.000111

AN2 766.04 1 766.04 20.39 0.001960

B"2 340.26 1 340.26 9.06 0.016819
Residual 300.49 8 37.56
Lack of Fit 297.69 4 74.42 106.32 0.000259 significant
Pure Error 280 4 0.70
Corrected Total 3151.23 12
R2 0.9046 Adjusted R2 0.857
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A represents the current density, B represents the electrochemical oxidation time, whereas A2 and
B2 is the quadratic effect of the current density and electrochemical oxidation time respectively.
The final model in terms of coded factors is represented in Equation 4.2, and the uncoded actual
factors are shown in Equation 4.3.

COD Removal = 74.8 + 1.32*A +15.19*B -10.49*A2 - 6.99*B2 (Equation 4.2)

COD Removal = -223.79 + 341.06*A + 2.91*B -167.9*A2 - 0.0158*B2 (Equation 4.3)

These models can be used to predict the yield stress within the range of the factorial trial, by
substituting the values of A and B or their -1 to 1 codes as shown in Table 3.2. The actual units
for parameter A and B are mA/cmz2 and hours, respectively.

The coded equation (Equation 4.2) is useful for identifying the relative impact of the factors by
comparing the factor coefficients. This equation should not be used to determine the relative
impact of each factor because the coefficients are scaled to accommodate the units of each factor
and the intercept is not at the centre of the design space.

In Equation 4.3 a positive sign before a term indicates an increasing effect, while a negative sign
indicates a decreasing effect on COD removal.
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46.1. CODremoval model validation

Model validation is important to obtain an adequate model. The COD removal model validation
was evaluated by plotting a normal probability (%) against the internally studentised residuals as
shown in Figure 4.14. The relationship between normal probability and internally studentised
residuals fits well linearly as seen in Figure 4.14. The linear fit means that no response transform

was necessary, and that there was no specious problem with the normality of the data.
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Figure 4.14: Normal probability (%) and internally studentised residuals.
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The validation of the COD removal model was assessed by evaluating the relationship between
the actual and the predicted values as shown in Figure 4.15. This figure indicates that the
developed model was adequate for the prediction of COD removal since the predicted values were
relatively close to the observed COD removal values. This was also explained by the R? value of
0.9046, indicating that the model explains 90% of the variation.
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Figure 4.15: Predicted COD removal vs actual (experimental) COD removal.
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4.6.2. Effect of process parameters on COD removal

The COD removal during electrochemical oxidation of biodiesel wastewater is directly related to
the process parameters investigated, either as a main or as a part of an interaction effect. The
reason for predicting the COD removal is to develop a model, to aid in the selection of an

appropriate range for process optimisation.

The primary factor most affecting COD removal appears to be electrochemical oxidation time. The
model indicates that if the electrochemical oxidation time decreases with 1 coded unit, the COD
removal decreases with 23 units, which in this case is % COD removal. This is mainly since COD
removal increases with increasing electrochemical oxidation time. Current density also plays a
significant role; however, its effect is not as pronounced in the tested range, 0.75 mA/cm? - 1.25
mA/cm2, When the current density is changed by 1 coded unit then the % COD removal decreases
with approximately 10%. Figure 4.16 shows a perturbation plot highlighting the effect of current
density and electrochemical oxidation time on COD removal. Comparisons of the effect of factors
can be made at a certain point in the design space using a perturbation plot. It does however not
show the effect of interactions of the factors.
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Figure 4.16: Perturbation plot showing the effect of current density and electrochemical oxidation time on
COD removal.

Figure 4.17 shows the interaction of current density and electrochemical oxidation time as well as
its effects on COD removal, within the design space. A 2-D contour and 3-D surface plot is shown
in Figure 4.18 and Figure 4.19, respectively. These plots show the positive influence of increasing
electrochemical oxidation time as well as the effects of changes in current density. Figure 4.18
shows that an increase in electrochemical oxidation time beyond 79.5 hours results in 80% COD
removal, with a maximum COD removal from 90 hours onwards. Similarly, with a current density
ranging between 0.875 — 1.125 mA/cm2 a COD removal of 80% can be achieved. The
experimental results confirm these indications with the maximum COD removal of 86% reached
at a current density of 1 mA/cmz for 100 hours of electrochemical oxidation time. The model thus
successfully described the electrochemical oxidation of biodiesel wastewater within the design

space of the model.
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Figure 4. 17: Interaction effect between current density and electrochemical oxidation on COD removal.
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4.7. Adsorption using chitosan

The adsorption of COD from biodiesel wastewater onto chitosan was investigated at pH values
ranging from 2 to 6, and chitosan concentrations ranging from 2.5 — 4.5 g/L as shown in Table 3.4.

The results of these experimental runs can be found in Appendix D.

4.7.1. Effect of adsorption time

The adsorption capacity, using Equation 2.6, was calculated to investigate the effect of adsorption
time on the adsorption capacity of COD onto chitosan. Initially it was evaluated over 5 hours using
chitosan at 3.5 g/L where samples were taken every hour. A mixing rate of 350 rpm and initial pH

of 2 was used.
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Figure 4. 20: Single stage adsorption capacity

In Figure 4.20, it can be observed that the adsorption rate over the first 2 hours control the rate of
the reaction and reach a concentration of 500 mg/g. Thereafter it stabilises, reaching some form
of equilibrium. The increase in adsorption rate in the first 2 hours is explained by (Stang et al.,
1994), stating that this occurrence is due the increased interaction between pollutant molecules
and chitosan particles, as well as an increased adsorption of oil droplets as they broke into smaller

sizes leading to greater interfacial contact time.
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No further increases in adsorption were noticed beyond 3 hours, possibly since chitosan has
reached its saturation point. Consequently, an adsorption time of 3 hours was selected as
optimum for the adsorption of COD present in BDWW onto chitosan. At these conditions a single

adsorption stage achieved % COD removal of 23%.
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4.7.2. Effect of initial wastewater pH

The effect of initial wastewater pH on the pollutant removal was investigated over a pH range 2, 4
and 6. The adsorbent, chitosan powder, was used at the following concentrations: 2.5, 3.5 and
4.5 g/L, respectively. A constant mixing rate of 350 rpm and adsorption time of 3 hours per
adsorption stage, at ambient conditions, was witnessed. The initial pH of the wastewater affects
the surface chemistry of the adsorbent as well as the chemistry of the pollutants in the BDWW
(Pitakpoolsil & Hunsom, 2013)
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Figure 4. 21: Effect of pH on single stage adsorption capacity

Figure 4.21 demonstrates the comparison of the adsorption capacity over the 3 pH values at a
constant chitosan concentration of 3.5g. It can be observed that the adsorption capacity of COD
is at its highest of 147 mg/g at a pH of 2 and decreases as the pH increases, indicating that

pollutants were better removed in more acidic conditions.
This can be explained by the hydrogen atom (H+) in the solution, protonating the amine groups (-

NH?) in chitosan, resulting in interaction with anionic molecules (Sokker et al., 2011) the strong

acidic conditions destabilise the oil molecules. Chitosan stimulates a physico-chemical effect to
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demulsify and increase the droplet size that improves the adsorption of oil (Sakkayawong et al.,
2005) and Ruhsing Pan et al., (1999) attribute the increase in chitosan adsorption capacity under
acidic conditions to an increase in the number of protonated amine groups in the chitosan polymer.
Therefore, the pH of 2 was identified for further experimental runs.
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4.7.3. Effect of Chitosan dosage

The effect of the chitosan powder concentration on the adsorption capacity of COD was evaluated
over a concentration range of 2.5, 3.5 and 4.5 g/L at a pH of 2. The adsorption capacity of COD

increased significantly with corresponding adsorbent dosages as shown in Figure 4.22.
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Figure 4. 22: Multi-stage adsorption capacity.

Figure 4.22 shows the results of adsorption capacity over adsorbent dosages. These experimental
runs were over a 9-hour period. Fresh chitosan powder was added after every 3 hours at the same
dosage concentration as mentioned before. In Figure 4.20, it was observed that equilibrium was
reached after 3 hours, indicating that the adsorbent reached its saturation point. Based on this
observation, previously, fresh Chitosan was added every 3 hours. According to Pitakpoolsil &
Hunsom, (2013) the addition of fresh chitosan concentration assist with the increase of adsorption
capacity at constant concentrations, however the adsorption capacity of

the chitosan decreases with each additional stage since the process becomes inefficient in the
presence of low concentrations of pollutants. The maximum adsorption capacity of 171 mg/g
was observed at a dosage of 4,5 g/L after three consecutive adsorption stages using fresh
chitosan. Lower adsorption capacities of 137 mg/g and 71 mg/g were obtained at chitosan
dosages of 3.5 g/L and 2.5 g/L.
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In Figure 4.23, below, the three dosage concentration stages of a 9-hour period are shown with
% COD removal. At a dosage concentration of 4.5g after 9 hours, a maximum % COD removal of
55% was achieved. Atlower dosages of 3.5g and 2.5g, lower % COD removal efficiencies of 40%
and 35% were achieved, respectively. Thus, an increase in concentration dosage enhanced the
adsorption capacity. Ahmad et al., (2005) found that an increase in chitosan dosage lead to an
increase in oil removal, however this is only true at low dosages, since chitosan possesses a high
charge density and therefore only low amounts are needed. Similarly, Thirugnanasambandham
et al., (2014) found that an increase in chitosan dosage results into increased pollutant removal

efficiencies since higher concentrations lead to higher reaction sites.
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Figure 4. 21: COD removal at adsorption stages

Figure 4.24 represent the effect of various chitosan concentrations and three different pH values
on the % COD removal over 9 hours. A maximum COD removal of 55% was achieved at a pH of
2 and a chitosan dosage of 4.5 g/L. The % COD removal decreased as the pH increased from 2
to 6 and the % COD removal increased as the chitosan concentration increased from 2.5 g/L to

4.5 g/L.
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Adsorption operational conditions
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Figure 4. 22: Adsorption operational parameters

The increased removal capacities at lower pH values are explained by the destabilization of oil
molecules at strong acidic conditions. Due to the structure of chitosan, the amine groups (-NH?)
are protonated that leads to interaction with anionic molecules in the water (Sokker et al., 2011).
Similarly an increase in protonated amine groups in the chitosan polymer induces a physical-
chemical effect (Ruhsing Pan et al., 1999) which increases the droplet size of oil. This improves
the adsorption of oil onto chitosan (Sakkayawong et al., 2005). The increase in adsorption capacity
with an increase in chitosan concentration are due to more reaction sites available for pollutant
removal (Thirugnanasambandham et al., 2014). However, according to Ahmad et al., (2005), this
is only true for low concentrations since chitosan possesses a high charge density and therefore
only low amounts are needed.
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4.8. Adsorption equilibrium and isotherms

The data obtained from the adsorption experiments where COD concentrations between 65 000
mg/L and 40 000 mg/L were fitted with the Langmuir, Freundlich and Dubinin-Raduschkevich

isotherms.

According to Chiou & Li, (2002), the equilibrium adsorption isotherm is essential in describing the
interactive behaviour between solutes and adsorbents. These isotherms are central when

designing adsorption systems (Chiou & Li, 2002).

The Langmuir and Freundlich models were applied at the start. However, since these models do
not give information on the adsorption mechanism (Laus et al., 2010), the Dubinin-Raduschkevich

isotherm (D-R) was applied.

Aksoyoglu, (1989) states that the Dubinin-Raduschkevich isotherm (D-R) is an equivalent of the
Langmuir isotherm, but is more general, since it does not assume a standardized surface or
constant sorption potential. The D-R isotherm can be used to calculate the mean free energy of
adsorption, which is used to identify chemical and physical adsorption.
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4.8.1. Langmuir isotherm

The equilibrium data of each experiment at a pH of 2, outlined in Table 3.4, were fitted to the
Langmuir Isotherm given in Equation 2.7. The results can be found in Appendix D.

_ quLCe
* 1+K.C,

K. and gm was determined from a linearized form of Equation 2.7. as shown in Equation 2.8.

&:iCe+ L

qe qm KLqm

Therefore, a linearized plot of (Ce/ge) versus Ce gives a straight line, with slope 1/gm and intercept
1/gmKL. The linearized plots of chitosan dosages 2.5, 3.5, and 4.5 g/L are shown in Figure 4.25.

The calculated values are in Table 4.13.

Linearised Langmuir Linearised Langmuir Linearised Langmuir
Isotherm (2.5 g/L) Isotherm (3.5 g/L) Ischerm (4.5 g/L)
16 25 25
» 155 20 20
g 15 3.—15 g 15
O 810 & 10
14.5 5 5 R2 = 0.9995
R2 =0.9895 R2 =0.9375 0
14 0
2800 3200 3600 4000 3000 3500 4000 4500 1500 2500 3500
Ce Ce Ce

Figure 4. 25: linearized Langmuir isotherms

The essential features of the Langmuir isotherm R was calculated using Equation 2.9. The

calculated values are shown in Table 4.13.

91



oL _
1+K.C,

Table 4. 13: Langmuir isotherm parameters at a pH of 2

Langmuir Isotherm parameters at a pH of 2
Langmuir 25g/L 3.5g/L 45g/L
R? 0.9895 0.9375 0.9995
Qm 909.1 144.9 129.9
Ke 0.000096 0.000163 0.00228
Ru 0.698 0.514 0.101

As the chitosan concentration dosage increased from 2.5, 3.5 and 4.5 g/L the corresponding R,
values decreased from 0.698, 0.514 and 0.101 respectively. Thus, indicating a favorable
adsorption. The value of R, gives an indication of the favorability of the adsorption (Stromer et al.,
2018), since these values fall within the favorable range, 0<R.<1. These results show that COD

adsorption onto Chitosan is favorable at these conditions.
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4.8.2. Freundlich Isotherm

The equilibrium data of each experiment at a pH of 2, outlined in Table 3.4, were fitted to the
Freundlich Isotherm given in Equation 2.10. The results can be found in Appendix D.

Equation 2.10 was used to fit the equilibrium data:
Qe = KFCE%

The linear form of the Freundlich isotherm, Equation 2.11, was used to plot log ge versus Ce. See
Figure 4.26. This allowed for the determination of the constant K and exponent 1/n. The calculated

values are given in Table 4.14.

log g, =log K, +llog C.
n

Linearised Freundlich Linearised Freundlich Linearised Freundlich
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2.6 2.22 Rz =0.9998
2.35 2.5
& &5 g 22
(@] o [@)]
2 23 S 23 2 218
_ 2.2 _
528 R2 = 0.9995 01 R2=0.9943 216
) 343 363 35 36 37 3.00 3.50 4.00
log Ce log Ce log Ce

Figure 4. 23 :Linearized Freundlich isotherms
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Table 4. 14: Freundlich isotherm parameters

Parameters
Freundlich 25¢g/L 3.5¢g/L 45 g/L
R2 0.9982 0.9943 0.9998
Ny 0.7562 2.647 0.2262
Ks 1.379 1191.7 19.43

Values of n were found to be 1.3224, 0.3777 and 4.4209 for dosages of 2.5, 3.5 and 4.5 g/L
respectively as shown in Table 4.14. Therefore, adsorption was favourable at dosages of 2.5 and
4.5 g/L and unfavourable at 3.5 g/L, since the values of n was more than 1, as stated in Chapter
2. The Freundlich isotherm adequately describes the adsorption kinetics of COD onto chitosan.
These results are consistent with those observed by Ahmad et al., (2005), who found that the

Freundlich isotherm fitted the adsorption of palm oil mill effluent onto chitosan.
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4.8.3. Dubinin-Raduschkevich isotherm

The equilibrium data of each experiment at pH of 2, outlined in Table 3.4, were fitted to the Dubinin-
Raduschkevich isotherm given in Equation 2.12. The results can be found in Appendix D.

A, =, exp(—ks’)

The Polanyi potential (€) (J/mol) was calculated with Equation 2.13.

£=RTIn [1+ ij
Ce

The linear form of Equation 2.12 allows for the values of gm and K to be deduced by plotting Ln(qe)
versus €2 as shown in Figure 4.27, these calculated values are presented in Table 4.15.
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Figure 4. 24: Linearized D-R isotherms
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The mean energy of adsorption (E) can be calculated from Equation 2.15.

E = (-2K)*2

Table 4. 15: D-R isotherm parameters

Parameters
D-R 2.5g/L 3.5g/L 45 g/L
R2 0.9878 0.9994 0.9723
Qm 1.94 20.07 1.10
K 14.224 22.402 11.584
E (kJ/mol) 0.187 0.149 0.208

This parameter gives information about the adsorption mechanism as either chemical ion-
exchange or physical adsorption. Calculated values are shown in Table 4.15. Values of 0.187,
0.149 and 0.208 kJ/mol were observed at dosages of 2.5, 3.5 and 4.5 g/L respectively, indicating

that physical adsorption occurred at all chitosan dosages, since these values are all below 8

kJ/mol as stated by Laus et al., (2010) and OZCAN et al., (2005).
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4.9. Integrated treatment

The integrated treatment of biodiesel wastewater consisted of three consecutive treatment steps:
(1) acidification, (2) electrochemical oxidation using IrO,—Ta>Os anodes and (3) adsorption using
chitosan as adsorbent. The electrochemical oxidation of biodiesel wastewater was investigated at
the start in order to determine the operating conditions that would result in the maximum COD
removal. The same methodology were applied with the adsorption process. The operating
parameters of these two individual processes were established and pollutant removal confirmed.
Thereafter they were combined as consecutive steps in order to remove COD, FOG and BOD

from industrial biodiesel wastewater in an integrated process.

During the acidification step at a constant pH of 2, a % COD removal of 11% was achieved. The
second step with the electrochemical oxidation process taking place over a 100-hour time period
at a current density of 1mA/cm2 and a NaCl concentration of 0.08M removed the % COD to 86%.
During the third treatment step, adsorption with chitosan powder, at a pH of 2 and a chitosan
dosage of 4.5 g/L, a 55% COD removal was achieved after three repetitive adsorption stages.
These individual processes and their respective COD removal efficiencies are shown in Table
4.16.

Table 4. 16: Integrated treatment COD removal

Process COD (mg/L) COD removal (%)
Initial 65000 -
Acidification 55000 11
Electrochemical oxidation 7800 86
Adsorption 3850 55

The biodiesel wastewater effluent obtained after electrochemical oxidation in Experimental Run 3
was used as a feed for the third treatment step, adsorption using chitosan, at a pH of 2 and a
chitosan dosage of 4.5 g/L for three consecutive steps. The results of this integrated treatment

process are shown in Figure 4.28.
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Table 4. 17: Integrated treatment process: Final pollutant concentrations

Parameter Initial (mg/L) Final (mg/L) Removal (%) CCT:2013
COD 65000 3850 94 5000
BOD 19405 2620 86 -
FOG 265 12 95 4000

The initial COD concentration of the raw biodiesel wastewater was 65000 mg/L. After the first
acidification step, the COD was reduced to 55000 mg/L (11 % COD removal). In the second step,
during a 100 hours’ time period with an electrochemical oxidation cell at a current density of 1
mA/cm2 and a NaCl concentration of 0.08 M the COD was further reduced to 7800 mg/L (86 %
COD removal). The final step of adsorption with chitosan where three consecutive adsorption
stages at a pH of 2 and chitosan dosage of 4.5g/L was followed, reduced the COD further to 3850
mg/L (51% COD removal). The reduction of the initial COD concentration of 65000 mg/L to a final
COD concentration of 3850 mg/L resulted to an overall % COD removal of 94%. Table 4.17 shows
the final % BOD and FOG removal using this integrated process to 86% and 95% respectively.

A study completed by Siles et al., (2010) treated biodiesel wastewater with an integrated treatment
process that consisted of acidification-electrocoagulation and anaerobic co-digestion. During this

treatment process the COD was reduced by 80% - 90%.

Rattanapan et al., (2011) studied the treatment of biodiesel wastewater using an integrated
treatment process consisting of acidification, coagulation and dissolved air flotation. This process
was able to reduce FOG by 85% - 95% and COD by 40% - 50%.

A combined electro-flotation and electro-oxidation process used in a study by Palomino Romero
et al., (2013) showed that the system could successfully treat biodiesel wastewater using Ti/RuO

anodes. The COD was reduced by 95%, whereas FOG was completely removed.
This study confirms that an integrated process using acidification, electrochemical oxidation and

adsorption using chitosan can reduce the COD, BOD and FOG according to the City of Cape

Town: Wastewater and Industrial Effluent By-Law, 2013, discharge standards.
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Photo 4. 1: Wastewater after each respective treatment stage.
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Photo 4.1 shows the COD concentration after each integrated step. A clear distinction can be seen
between the untreated and treated wastewater when looking at the colour and the clarity. There
was no significant change in colour and clarity visible to the naked eye between the

electrochemical and adsorption effluents.

Figure 4.28 shows the integrated system where COD concentration and % removal over the time
intervals for each of the treatment processes. COD was reduced from 65 000 mg/L to 3850 mg/L
after acidification, 100 hours of electrochemical oxidation and three consecutive adsorption
stages, indicating successful treatment of industrial biodiesel wastewater using the integrated

treatment process.
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CHAPTER 5

Conclusion and Recommendation
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Chapter 5: conclusion and recommendation

5.1. Conclusion

The integrated treatment process utilised in this study consisted of three consecutive steps,
Acidification, electrochemical oxidation and adsorption. The treatment processes were
investigated on a separate basis after which favourable conditions were combined into an
integrated treatment process.

The first step, acidification at a final pH of 2 removed the COD, BOD and FOG by 11%, 10%, and
80% respectively.

The second step, electrochemical oxidation, using a current density of 1 mA/cmz2, with a NacCl
concentration of 0.08 M, showed excellent removal efficiencies. These conditions could reduce
COD, BOD and FOG by 86%, 88% and 85% respectively. The current density and NaCl
concentrations had significant effects on the performance of the electrochemical oxidation
process. This process was modelled using a central composite design. The proposed model could

describe the process with a 90% accuracy level.

The third and final step, adsorption using chitosan, showed favourable results when a chitosan
concentration of 4.5g/L at a pH of 2 was used. Three consecutive adsorption stages using fresh
chitosan at these conditions resulted in a maximum of 55% COD, 54% BOD and 55% FOG
removal. The pH had a major impact on the performance of the process. Under acidic conditions,

the COD % removal increased with an increase in chitosan concentration.

The integrated treatment process was able to reduce COD, BOD and FOG levels by 94%, 86%
and 95% respectively. This resulted in a treated effluent that complies with local industrial effluent
discharge standards. Using this integrated process, the treated biodiesel wastewater effluent

could be disposed of safely without further treatment and saving cost.
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5.2.

1.

Recommendation

In the production of biodiesel, different processes and techniques are applied in industry.
This results in wastewater quality of various standards and characteristics that need to be

investigated as feed into the current integrated treatment process.
IrO—Ta,Os anodes are classified as active anodes that operate through mediated
oxidation of organics. More recent Boron Doped Diamond (BDD) anodes that operate

through direct oxidation should be investigated.

Membrane technology should be used as a polishing step to lower contaminant levels for
recycling application during the biodiesel production process.
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APPENDICES



Appendix A

City of Cape Town: Wastewater and Industrial Effluent By law, 2013
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Section A: General Not less than | Not to exceed
1 | Temperature at point of entry 0 40
2 | Electrical conductivity at 25°C 500
3 | pH Value at 25°C 5.5 12
4 | Chemical Oxygen Demand 5000

Section B: Chemical substances other than heavy metals - maximum concentrations

1 | Settleable solids )60 minutes) 50 ml/l

2 | Suspended solids 1000 mg/I

3 | Total dissolved solids at 105 °C 4000 mg/l

4 | Chloride as C 1500 mg/l

5 | Total sulphates as SO4 1500 mg/l

6 | Total phosphates as P 25 mg/l

7 | Total cyanides as CN 20 mg/l

8 | Total Sulphides as S 50 mg/l

9 | Phenol Index 50 mg/l

10 | Total sugars and starches as glucose 1500 mg/l

11 | Oils, greases, waxes and fat 400 mg/l

12 | Sodium as Na 1000 mg/l

Section C: Metals and inorganic content - maximum concentrations Group 1

1 | Total Iron as Fe 50 mg/l
2 | Total chromium as Cr 10 mg/l
3 | Total copper as Cu 20 mg/l
4 | Total zinc as Zn 30 mg/l

Total collective concentration of all metals in Group 1 shall not exceed 50 mg/I

Section C: Metals and inorganic content - maximum concentrations Group 2

5 Total arsenic as A 5 mgl/l
6 Total boron as B 5 mgl/l
7 Total lead as Pb 5 mgl/l
8 Total selenium as Se 5 mgl/l
9 Total mercury as Hg 5 mg/I
10 Total titanium as Ti 5 mgl/l
11 Total cadmium as Cd 5 mgl/l
12 Total nickel as Ni 5 mgl/l

Reference: (City of Cape Town, 2013)
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Appendix B

Data from initial electrochemical oxidation experiments: Instantaneous current efficiency.
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The effect of current density on the instantaneous current efficiency, at the following experimental

conditions.

Experimental parameters

Volume of reactor, 1L
Temperature of solution, 60°C

NaCl concentration, 0.08 M
Current Density, 1-4mA/cmz?
Time, 24 hrs.
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Table B 1: Results from experiment A.

Experiment Current density (mA/cm?2) Time (hrs.) NaCl (M)
A 1 24 0

Parameter | Units Experiment A

Time hrs. Initial 2 4 6 8 10 12 24
Salinity g/l 1.3 0.9 1.1 11 1.0 11 1.1 1.1
EC mS/cm 2.2 1.9 1.9 1.9 1.8 1.9 1.9 2.0
TDS g/l 15 1.3 1.3 1.2 1.2 1.2 1.2 1.3
Turbidity NTU 23.5 15.7 11.8 12.3 8.8 4.0 2.8 0.9
pH 2.7 15 1.3 1.4 15 15 1.1 1.4
COD g/L 87.9 79.3 72.3 69.1 67.5 64.4 60.3 54.6
COD Rem | % 0 9.8 17.7 21.4 23.2 26.8 31.4 37.9
ICE (%) 0 3.3 3.0 2.4 1.9 1.8 1.8 1.1

Table B 2: Results from experiment B.
Experiment Current density (mA/cm?) Time (hrs.) NaCl (M)
B 2 24 0

Parameter | Units Experiment B

Time hrs. Initial 2 4 6 8 10 12 24
Salinity g/l 1.3 0.7 1.2 1.1 1.2 1.1 1.2 1.3
EC mS/cm 2.2 1.2 2.0 2.0 2.1 2.0 2.1 2.4
TDS g/l 15 0.9 1.3 1.3 14 1.3 1.4 15
Turbidity NTU 23.5 10.1 8.1 2.8 4.6 3.2 1.8 0.6
pH 2.7 1.3 14 1.3 14 1.3 1.2 1.0
COD g/L 50.0 41.1 43.2 44.1 44.1 43.8 41.7 39.3
COD Rem | % 0.0 17.7 13.5 11.9 11.8 12.3 16.6 21.5
ICE (%) 0.0 1.7 0.6 0.4 0.3 0.2 0.3 0.2
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Table B 3: Results from experiment C.

Experiment Current density (mA/cm?2) Time (hrs.) NaCl (M)
C 4 24 0

Parameter | Units Experiment C

Time hrs. Initial 2 4 6 8 10 12 24
Salinity g/l 14 15 14 14 14 14 14 14
EC mS/cm 2.4 2.6 2.6 2.5 2.5 2.4 2.4 2.6
TDS g/l 1.6 1.7 1.7 1.6 1.6 1.6 1.6 1.6
Turbidity NTU 15.3 8.3 5.7 9.0 4.3 3.3 1.2 1.1
pH 1.9 14 14 14 1.6 14 14 14
COD g/L 50.1 47.2 45.7 44.3 42.2 41.3 38.7 35.4
COD Rem | % 0.0 5.7 8.9 11.6 15.8 17.6 22.8 29.4
ICE (%) 0.0 0.3 0.2 0.2 0.2 0.2 0.2 0.1

129




The effect of NaCl concentration on the instantaneous current efficiency, at the following experimental

conditions.

Experimental parameters

Volume of reactor, 1L
Temperature of solution, 60°C

NaCl concentration, 0.02-0.1M
Current Density, 1 mA/cmz
Time, 24 hrs.
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Table B 4: Results from experiment D.

Experiment Current density (mA/cm?) Time (hrs.) NacCl (M)
D 1 24 0.02

Parameter | Units Experiment D

Time hrs. Initial 2 4 6 8 10 12 24
Salinity g/l 11.8 11.8 11.8 10.2 10.1 104 11.0 11.7
EC mS/cm 18.6 18.6 18.6 16.2 16.3 16.9 17.3 184
TDS g/l 12.1 12.6 11.3 10.5 104 10.9 115 12.0
Turbidity NTU 45.4 354 30.2 28.4 25.2 1.3 1.0 0.9
pH 2.3 2.1 12.0 15 1.3 1.0 0.6 0.8
COD g/L 48.7 47.5 44.2 42.1 43.8 35.1 34.2 31.0
COD Rem | % 0.0 2.5 9.2 135 10.1 27.9 29.8 36.3
ICE (%) 0.0 5.3 9.9 9.4 15.0 11.7 10.3 6.3

Table B 5: Results from experiment E.
Experiment Current density (mA/cm?) Time (hrs.) NaCl (M)
E 1 24 0.04

Parameter | Units Experiment E

Time hrs. Initial 2 4 6 8 10 12 24
Salinity gll 13.1 10.1 9.0 8.3 8.2 8.2 8.2 9.1
EC mS/cm 20.2 15.9 13.8 13.6 135 134 134 14.2
TDS gll 13.1 10.7 9.2 8.9 8.6 8.6 8.7 9.3
Turbidity NTU 88.5 28.9 11.6 2.5 1.0 1.0 1.0 0.7
pH 2.6 2.3 2.0 1.5 1.3 1.3 14 14
COoD g/L 41.6 39.7 34.1 31.4 32.5 33.9 36.7 35.4
COD Rem | % 0.0 4.6 18.0 24.5 21.9 18.5 11.8 14.9
ICE (%) 0 9.9 16.4 14.7 9.7 6.5 3.6 2.2
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Table B 6: Results from experiment F.

Experiment Current density (mA/cm?) Time (hrs.) NacCl (M)
F 1 24 0.06

Parameter | Units Experiment F

Time hrs. Initial 2 4 6 8 10 12 24
Salinity g/l 7.5 8.2 8.2 7.1 6.8 7.0 7.5 6.9
EC mS/cm 14.0 13.3 9.3 11.7 11.2 114 11.9 11.3
TDS g/l 9.2 8.7 7.2 7.3 7.3 7.4 7.8 7.4
Turbidity NTU 20.6 3.2 3.1 4.1 1.2 0.6 0.8 0.5
pH 1.6 1.3 1.1 1.1 1.1 15 14 1.0
COD g/L 47.3 43.1 43.1 44.7 41.6 41.5 39.2 40.7
COD Rem | % 0.0 8.9 8.9 5.5 12.1 12.3 17.1 14.0
ICE (%) 0.0 18.4 9.3 3.8 6.0 4.9 5.7 2.3

Table B 7: Results from experiment G.

Experiment Current density (mA/cm?) Time (hrs.) NaCl (M)
G 1 24 0.08

Parameter | Units Experiment G

Time hrs. Initial 2 4 6 8 10 12 24
Salinity g/l 4.2 4.2 4.0 3.8 4.0 3.7 3.7 3.9
EC mS/cm 7.1 7.1 6.8 6.5 6.9 6.3 6.3 6.7
TDS g/l 4.6 4.5 4.4 4.2 4.2 4.1 4.0 4.3
Turbidity NTU 15.6 5.0 2.0 1.1 1.0 1.0 1.0 0.7
pH 1.6 1.4 1.0 1.5 1.5 1.5 1.3 1.4
COD g/L 55.0 48.2 46.6 445 43.2 42.2 41.1 43.1
COD Rem | % 0.0 12.4 15.3 19.1 21.5 23.3 25.3 21.6
ICE (%) 0.0 28.6 17.5 14.8 12.3 10.7 9.8 4.2
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Table B 8: Results from experiment H.

Experiment Current density (mA/cm?) Time (hrs.) NacCl (M)
H 1 24 0.1

Parameter | Units Experiment H

Time hrs. Initial 2 4 6 8 10 12 24
Salinity g/l 11.4 10.1 9.8 11.6 11.8 11.9 11.7 11.5
EC mS/cm 18.0 15.7 15.8 16.8 19.1 19.8 18.2 184
TDS g/l 11.6 10.3 10.2 11.4 13.1 12.1 12.0 11.7
Turbidity NTU 94.8 28.3 10.6 6.1 2.8 1.9 14 3.0
pH 25 1.2 15 1.6 13 1.3 1.2 1.3
COD g/L 55.3 47.1 45.9 47.1 43.1 44.1 37.2 37.1
CODRem | % 0.0 14.8 17.0 14.8 22.1 20.3 32.7 32.9
ICE (%) 0 26.3 14.6 5.8 4.9 4.4 6.9 5.9
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Appendix C

Data from initial electrochemical oxidation experiments: Effect of current density and

NaCl concentration of COD removal.
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The effect of current density on the removal of COD, and other impurities, at the following experimental
conditions.

Experimental parameters

Volume of reactor, 1L
Temperature of solution, 60°C

NaCl concentration, 0.08 M
Current Density, 0.5-4 mA/cmz2
Time, 100 hrs.
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Table C 1. 1: Results from experiment 1.1.
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Experiment Current Density NacCl (M)
1.1 0.5 0.08

Parameter Units Experiment 1.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 1.5 2.0 2.2 2.3 2.4 2.3 2.1 2.2 2.4 25 25 2.4 25 2.6 25 2.7
EC mS/cm 2.6 34 3.9 3.9 4.1 4.0 3.7 3.8 4.1 4.4 4.4 4.3 4.4 4.5 4.4 4.5
TDS gll 1.7 2.3 25 2.6 2.7 2.6 2.3 25 2.7 2.9 2.8 25 2.8 2.9 2.9 3.0
Turbidity NTU 313 | 13.7 | 94 6.2 4.4 23 35 2.6 25 2.0 1.6 14 1.2 14 1.2 1.2
pH 1.9 1.2 1.2 1.0 1.1 1.0 1.2 15 1.0 1.2 1.0 11 1.2 11 1.2 1.2
COD Total g/L 59.2 | 58.0 | 54.3 | 525 | 52.6 | 49.8 | 498 | 49.0 | 448 | 453 | 41.7 | 40.8 | 405 | 38.7 | 38.1 | 36.3

% COD Removal 0.0 2.0 84 | 113 | 11.1 | 16.0 | 159 | 173 | 243 | 235 | 29.6 | 31.2 | 31.7 | 34.6 | 35.7 | 38.7

Parameter Units Experiment 1.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 2.6 2.7 25 2.6 25 2.6 2.6 2.6 2.9 2.6 2.9 2.7 2.3 25 2.9
EC mS/cm 4.6 4.5 4.3 4.4 4.3 45 5.0 4.7 4.7 4.8 5.0 4.6 4.0 4.3 5.0
TDS g/l 2.9 2.9 3.1 2.9 2.8 2.9 3.2 3.0 3.2 3.2 3.2 3.0 2.6 2.8 3.3
Turbidity NTU 1.0 1.8 11 1.0 11 1.4 1.3 2.2 1.6 1.8 14 1.3 1.3 1.0 24
pH 1.2 11 1.2 1.2 1.2 1.7 1.2 11 1.2 1.2 1.2 1.2 1.3 1.2 11
COD Total g/L 344 | 293 | 282 | 303 | 243 | 232 | 22.7 | 226 | 25.6 | 25.7 | 25.7 | 23.4 | 20.7 | 199 | 19.7

% COD Removal 419 | 505 | 524 | 488 | 59.1 | 60.8 | 61.7 | 61.8 | 56.8 | 56.6 | 56.5 | 60.4 | 65.0 | 66.5 | 66.7




Table C 1. 2: Results from experiment 1.2
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Parameter Units Experiment 1.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gl 4.2 4.3 4.0 3.8 3.9 3.7 3.8 3.8 4.0 4.2 4.1 4.1 3.2 3.8 3.7 4.0
EC mS/cm | 7.1 7.2 6.8 6.5 6.6 6.4 6.2 6.6 6.9 7.2 6.6 7.2 6.6 6.5 6.4 6.7
TDS g/l 4.6 4.7 4.4 4.2 4.3 4.0 4.1 4.2 4.3 4.6 4.3 4.3 4.1 4.2 4.2 4.4
Turbidity NTU 15.6 8.2 5.2 55 1.9 2.0 11 1.3 0.8 1.6 1.7 1.7 1.0 0.8 0.9 0.6
pH 1.6 1.1 1.1 1.2 11 1.2 1.3 1.6 1.3 1.3 1.0 0.9 1.0 13 1.3 1.2
COD Total g/L 56.0 | 54.9 | 53.9 | 495 | 50.2 | 504 | 47.6 | 46.0 | 449 | 453 | 429 | 432 | 432 | 43.0 | 416 | 42.2
% COD Removal 0.0 1.9 3.7 116 | 104 | 100 | 149 | 178 | 198 | 191 | 234 | 228 | 229 | 23.2 | 25.7 | 24.7
Parameter Units Experiment 1.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 3.8 4.0 3.9 4.2 3.9 4.0 3.9 4.3 4.7 4.5 5.0 4.9 4.4 4.4 4.5
EC mS/cm | 6.8 6.7 6.6 6.7 6.7 6.8 6.7 7.3 7.8 7.6 8.0 7.8 7.9 7.6 7.8
TDS g/l 4.2 4.4 4.1 4.5 4.3 4.3 4.4 4.5 51 5.0 5.3 5.3 5.2 5.2 5.2
Turbidity NTU 0.8 0.6 0.8 0.7 0.7 14 0.7 20 1.8 0.9 0.7 0.7 0.7 0.5 0.5
pH 1.2 1.1 1.3 1.3 14 14 11 11 2.0 1.0 1.0 11 14 11 1.2
COD Total g/L 445 | 433 | 393 | 366 | 323 | 233 | 23.0 | 231 | 23.0 | 231 | 235 | 21.8 | 19.0 | 19.8 | 193
% COD Removal 205 | 22.7 | 298 | 347 | 422 | 583 | 58.8 | 58.7 | 59.0 | 58.7 | 58.1 | 61.0 | 66.1 | 64.7 | 65.6
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Figure C. 1: Average COD removal from experiment 1.1 and 1.2.:

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
Experiment 1 .1 COD Removal 31 1196.94 38.6108 450.514
Experiment 1.2 COD Removal 31 1010.9 32.6098 469.921
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 558.193 1 558.193 1.21289 0.27516 4.00119
Within Groups 27613.1 60 460.218
Total 28171.3 61
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Table C 1. 3: Results from experiment 2.1

Experiment Current Density NacCl (M)
2.1 0.75 0.08
Parameter Units Experiment 2.1

Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity g/l 6.0 4.6 4.7 4.5 4.5 4.2 4.1 4.1 4.1 4.2 4.5 4.6 4.8 4.5 4.5 4.6
EC mS/cm 9.7 7.8 7.7 7.5 7.6 7.0 6.8 6.6 7.1 7.1 7.2 7.6 7.4 7.6 7.8 7.8
TDS g/l 6.3 5.0 5.0 4.9 4.9 4.5 4.4 4.4 4.4 4.6 4.7 5.0 4.8 4.9 51 5.0
Turbidity NTU 11.7 | 3.2 2.3 2.2 1.0 1.1 0.8 0.8 0.9 1.2 0.8 0.6 1.1 0.9 0.6 0.6
pH 1.0 0.5 0.4 0.6 0.7 0.7 0.6 0.6 0.6 1.3 1.2 1.0 1.1 1.3 1.3 14
COD Total g/L 416 | 40.8 | 404 | 38.9 | 39.0 | 36.6 | 358 | 37.3 | 34.2 | 36.0 | 339 | 30.7 | 31.6 | 26.0 | 27.3 | 24.2

% COD Removal 0.0 2.0 2.8 6.5 6.2 | 120 | 140 | 10.2 | 17.7 | 135 | 184 | 26.2 | 23.9 | 376 | 34.3 | 41.8

Parameter Units Experiment 2.1

Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity gll 4.6 4.9 5.1 5.2 5.3 5.4 5.8 5.2 5.4 5.7 8.3 7.8 6.3 7.2 8.6
EC mS/cm | 7.7 8.2 8.2 8.8 8.3 8.2 2.2 8.8 9.1 95 | 108 | 104 | 104 | 11.1 | 145
TDS gll 5.0 5.3 5.3 5.6 5.2 5.6 7.1 5.8 5.8 6.4 7.7 6.9 6.8 7.5 8.3
Turbidity NTU 0.4 0.7 0.6 0.6 0.5 0.8 0.7 0.7 0.7 0.5 1.3 1.1 0.5 1.1 0.5
pH 0.5 0.4 0.7 0.5 0.5 0.7 0.5 0.4 0.3 0.3 0.3 0.2 0.4 0.3 0.4
COD Total g/L 235 | 25.6 | 255 | 254 | 222 | 220 | 21.7 | 215 | 20.8 | 21.0 | 199 | 16.7 | 142 | 13.0 | 12.8

% COD Removal 434 | 385 | 386 | 389 | 46.6 | 47.1 | 478 | 484 | 50.0 | 495 | 52.1 | 59.8 | 65.9 | 68.7 | 69.2
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Table C 1. 4: Results from experiment 2.2
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Parameter | Units Experiment 2.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity g/l 5.6 5.5 5.1 5.8 5.2 5.4 6.2 5.2 4.8 5.5 6.3 6.1 6.0 5.9 8.1 10.5
EC mS/cm | 9.4 8.3 8.6 8.5 9.0 9.4 8.5 8.1 8.1 9.5 9.2 10.7 | 104 | 10.3 | 13.0 | 14.1
TDS g/l 6.1 6.0 5.5 5.6 6.0 5.5 5.3 5.3 5.3 5.7 6.3 6.2 7.2 7.0 8.5 10.2
Turbidity NTU 8.3 6.2 2.0 1.3 1.1 0.9 0.7 0.7 0.6 0.4 0.5 1.1 0.8 0.8 1.0 1.0
pH 0.7 0.7 0.6 0.2 0.2 0.3 0.2 0.3 0.5 0.3 0.5 0.5 13.1 0.2 0.2 0.5
COD Total o/L 416 | 40.2 | 404 | 385 | 393 | 354 | 354 | 359 | 350 | 359 | 323 | 306 | 31.1 | 265 | 275 | 234
% COD Removal 0.0 3.7 3.2 7.7 5.7 152 | 152 | 140 | 16.1 | 140 | 224 | 26.6 | 253 | 36.5 | 34.2 | 43.8
Parameter | Units Experiment 2.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 10.2 | 129 | 13.1 | 12.7 | 126 | 148 | 140 | 13.3 | 16.7 | 16,5 | 153 | 153 | 149 | 13.8 | 13.6
EC mS/cm | 16.0 | 18.7 | 22.2 | 21.3 | 20.1 | 21.7 | 23.0 | 21.9 | 21.9 | 265 | 25.0 | 243 | 251 | 242 | 23.8
TDS g/l 105 | 125 | 126 | 149 | 136 | 143 | 134 | 153 | 151 | 159 | 145 | 144 | 145 | 164 | 159
Turbidity NTU 0.8 0.7 0.9 0.9 0.8 0.9 0.7 0.5 0.9 0.8 0.6 0.6 0.6 0.8 0.7
pH 0.6 0.2 0.6 0.5 0.5 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.3
COD Total g/L 242 | 253 | 251 | 252 | 220 | 220 | 211 | 21.3 | 20.2 | 20.7 | 188 | 17.7 | 149 | 13.4 | 13.3
% COD Removal 421 | 393 | 398 | 39.6 | 472 | 474 | 495 | 488 | 515 | 50.3 | 55.0 | 57.5 | 64.4 | 67.8 | 68.1
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Figure C. 2: Average COD removal from experiment 2.1 and 2.2.

Anova: Single Factor

SUMMARY

Groups Count

Sum

Average

Variance

Experiment 2.1 COD Removal 31
Experiment 2.2 COD Removal 31

1031.35
1051.72

33.2693
33.9263

436.815
416.009

ANOVA

Source of Variation SS

df

MS

F P-value F crit

6.68979
25584.7

Between Groups
Within Groups

Total 25591.4

60

61

6.68979
426.412

0.01569 0.90074 4.00119
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Table C 1. 5: Results from experiment 3.1.
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Experiment Current Density NaCl (M)
3 1 0.08

Parameter | Units Experiment 3.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 15 1.9 2.0 2.0 2.1 2.2 1.9 2.1 2.3 2.3 2.4 2.3 2.3 2.3 2.4 2.5
EC mS/cm 2.6 3.3 3.4 3.5 3.6 3.8 3.3 3.7 4.0 4.1 4.1 4.0 4.1 3.9 4.2 4.2
TDS g/l 1.7 1.3 2.3 2.3 2.3 2.5 2.2 2.4 2.6 2.7 2.7 2.6 2.7 2.6 2.8 2.8
Turbidity NTU 31.3 5.6 3.8 3.0 2.4 2.5 3.0 1.7 2.1 1.9 1.7 1.7 1.6 1.8 1.7 1.6
pH 2.0 1.3 1.1 1.1 1.1 1.1 1.0 1.2 1.0 1.4 1.3 1.2 1.2 1.1 1.1 1.1
COD Total g/L 55 53.1 | 53.1 | 49.7 | 43.1 | 422 | 415 43 46.3 | 40.5 | 40.3 | 40.2 | 32.8 31 34.3 28

% COD Removal 0 3.4 3.4 9.7 217 | 23.3 | 245 | 21.8 | 158 | 26.3 | 26.7 | 26.9 | 404 | 436 | 37.6 | 49.1
Parameter | Units Experiment 3.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 2.3 2.5 2.4 2.5 2.5 2.4 2.5 2.3 2.7 2.4 2.3 2.6 2.2 2.3 2.4
EC mS/cm 4.0 4.2 4.1 4.3 4.3 4.1 4.3 4.1 4.7 4.2 3.9 4.5 3.8 4.0 4.2
TDS gll 2.6 2.8 2.7 2.8 2.8 2.7 2.8 2.6 3.0 2.7 2.6 2.9 2.5 2.6 2.7
Turbidity NTU 1.5 1.7 1.3 1.7 1.4 1.4 1.6 1.5 2.0 1.4 1.7 1.6 1.5 1.5 1.9
pH 1.1 1.1 1.1 1.1 1.1 1.2 1.1 1.1 1.3 1.1 1.0 1.1 1.1 1.1 1.1
COD Total g/L 25.9 16.6 17.1 16.4 17.2 14.1 11.9 10.9 11.3 11.3 11.6 9.9 8.6 8.3 7.8

% COD Removal 53.0 69.9 | 69.0 | 70.2 | 68.7 | 743 | 783 | 80.2 | 794 | 795 | 789 | 82.0 | 84.3 | 85.0 | 85.8




Table C 1. 6: Results from experiment 3.2.
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Parameter | Units Experiment 3.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 4.2 4.2 4.0 3.8 4.0 3.7 3.7 3.9 3.9 4.0 4.0 3.9 3.8 4.2 4.1 4.0
EC mS/cm 7.1 7.1 6.8 6.5 6.9 6.3 6.3 6.7 6.6 6.9 6.8 6.6 6.5 7.1 6.7 6.7
TDS gll 4.6 4.5 4.4 4.2 4.2 4.1 4.0 4.3 4.2 4.4 4.4 4.5 4.3 4.4 4.5 4.4
Turbidity NTU 15.6 5.0 2.0 1.1 1.0 1.0 1.0 0.7 0.5 0.6 0.6 0.8 0.8 0.6 0.7 0.6
pH 1.6 1.4 1.0 15 15 15 1.3 1.4 1.3 1.4 1.4 1.1 1.1 1.2 1.3 1.2
COD Total g/L 55 43.23 | 40.15 | 39.16 | 434 | 422 | 405 | 432 | 39.1 | 38.6 | 388 | 39.2 | 382 | 39.4 | 26.2 | 22.7
% COD Removal 0 21.4 27 28.8 | 21.1 | 23.2 | 26.32 | 215 | 288 | 29.9 | 294 | 288 | 30.5 | 28.3 | 524 | 58.7
Parameter | Units Experiment 3.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity gll 3.9 4.3 4.0 4.1 4.1 4.1 4.3 3.8 5.0 5.0 5.6 5.6 5.6 5.7 5.7
EC mS/cm 6.6 6.7 6.8 6.8 6.8 6.8 7.4 6.4 8.3 8.2 8.8 8.4 8.5 8.4 8.4
TDS gll 4.4 4.4 4.4 45 4.4 45 4.8 4.2 5.4 5.4 5.7 5.4 5.4 5.7 5.7
Turbidity NTU 0.7 0.4 0.6 0.7 0.6 0.5 0.6 0.6 0.6 0.5 0.8 0.8 0.8 0.5 0.5
pH 1.2 1.2 1.2 1.2 1.3 1.4 1.3 1.3 1.2 1.2 1.3 1.0 1.2 1.0 0.9
COD Total g/L 23.1 219 | 193 | 169 | 158 | 11.9 | 11.7 | 12.0 | 11.3 | 11.2 | 11.2 | 10.0 8.8 8.4 7.7
% COD Removal 57.9 60.1 | 649 | 693 | 71.3 | 78.4 | 78.7 | 78.2 | 79.4 | 79.7 | 79.7 | 81.9 | 84.0 | 84.7 | 85.9
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Figure C. 3: Average COD removal from experiment 3.1 and 3.2.
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
Experiment 3.1 COD Removal 31 1530.18 49.3606 830.424
Experiment 3.2 COD Removal 31 1512.7 48.7968 852.708
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 4.92823 1 492823 0.00586 0.93926 4.00119
Within Groups 50493.9 60 841.566
Total 50498.9 61
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Table C 1. 7: Results from experiment 4.1.
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Experiment | Current Density NacCl (M)
4 1.25 0.08

Parameter Units Experiment 4.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity g/l 11.8 | 9.8 9.6 10.7 | 10.2 | 109 | 85 | 100 | 10.3 | 12.0 | 114 | 129 | 119 | 118 | 142 | 155
EC mS/cm 184 | 159 | 155 | 156 | 16.8 | 180 | 13.7 | 16.1 | 17.0 | 17.1 | 18.7 | 18.0 | 19.7 | 183 | 204 | 239
TDS gll 12.0 | 10.2 | 9.9 105 | 11.3 | 10.7 | 8.9 10.6 | 103 | 116 | 11.1 | 123 | 13.6 | 13.0 | 13.8 | 15.6
Turbidity NTU 7.4 2.5 2.5 0.9 0.8 0.7 0.8 1.2 0.6 4.8 0.8 0.9 0.8 0.8 0.8 0.7
pH 1.1 0.4 0.4 0.1 0.3 0.2 0.3 0.2 0.4 0.3 0.1 0.3 0.2 0.2 0.4 0.3
COD Total g/L 50.1 | 409 | 49.6 | 409 | 383 | 455 | 51.2 | 419 | 34.7 | 344 | 305 | 298 | 289 | 31.2 | 234 | 255

% COD Removal 0.0 | 184 10 | 182 | 234 | 9.0 -2.2 | 164 | 30.8 | 31.2 | 39.0 | 404 | 423 | 37.6 | 53.3 | 49.0
Parameter Units Experiment 4.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 153 | 155 | 153 | 154 | 154 | 149 | 147 | 154 | 18.7 | 182 | 179 | 179 | 19.1 | 20.1 | 18.8
EC mS/cm | 235 | 23.8 | 23.7 | 229 | 239 | 223 | 26.0 | 25.7 | 254 | 29.0 | 28.1 | 28.0 | 279 | 27.3 | 28.2
TDS g/l 154 | 155 | 154 | 154 | 154 | 147 | 146 | 176 | 176 | 17.3 | 19.1 | 19.2 | 20.1 | 20.3 | 18.3
Turbidity NTU 0.6 0.7 0.7 0.6 0.6 0.9 0.5 0.9 0.7 0.6 0.7 0.6 0.6 0.6 1.2
pH 0.2 0.4 0.3 0.3 0.3 0.2 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3 0.2
COD Total g/L 292 | 218 | 25.7 | 28.4 | 252 | 173 | 18.1 | 16.4 | 145 | 144 | 142 | 9.8 9.5 9.4 9.0

% COD Removal 418 | 56.5 | 486 | 432 | 496 | 655 | 638 | 673 | 71.0 | 71.2 | 715 | 80.3 | 81.1 | 81.2 | 82.1




Table C 1. 8: Results from experiment 4.2.
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Parameter Units Experiment 4.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity g/l 108 | 10.1 | 9.6 95 | 101 | 9.7 9.1 8.8 8.3 9.8 9.7 105 | 105 | 9.9 10.2 | 111
EC mS/cm 17.1 | 155 | 15,7 | 15.7 | 15.1 | 16.1 | 15.0 | 13.2 | 133 | 16.2 | 16.2 | 154 | 174 | 158 | 154 | 184
TDS g/l 11.1 | 10.2 | 9.6 10.6 | 10.2 | 9.8 10.1 | 8.7 8.7 9.9 10.2 | 104 | 105 | 109 | 104 | 111
Turbidity NTU 113.3| 33.2 | 3.3 11 0.9 0.8 15 2.7 0.8 3.6 0.7 0.9 3.8 1.0 1.8 4.0
pH 14 0.6 0.6 0.8 0.6 0.7 0.7 0.6 0.5 0.6 0.6 0.4 0.8 0.5 0.6 0.6
COD Total g/L 49.2 | 46.6 | 425 | 450 | 413 | 414 | 408 | 315 | 36.1 | 35.0 | 352 | 351 | 32.6 | 325 | 29.4 | 29.0
% COD Removal 0.0 5.1 136 | 85 | 16.1 | 159 | 171 | 359 | 265 | 28.7 | 284 | 28.6 | 33.7 | 33.9 | 40.3 | 411
Parameter Units Experiment 4.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 116 | 114 | 125 | 11.8 | 128 | 13.7 | 139 | 142 | 147 | 143 | 13.3 | 149 | 15.0 | 13.3 | 14.3
EC mS/cm 188 | 185 | 18.1 | 17.6 | 188 | 209 | 21.8 | 222 | 21.6 | 223 | 209 | 220 | 23.2 | 23.3 | 241
TDS g/l 115 | 126 | 122 | 11.7 | 126 | 13.7 | 13.9 | 151 | 142 | 142 | 145 | 146 | 149 | 153 | 141
Turbidity NTU 0.9 0.9 0.9 0.9 0.7 0.8 0.5 0.7 0.8 1.1 0.8 1.0 1.0 0.6 0.7
pH 0.6 0.6 0.6 0.5 0.3 0.7 0.5 0.6 0.5 0.5 0.5 0.3 0.6 0.6 0.6
COD Total g/L 288 | 289 | 299 | 270 | 274 | 229 | 235 | 202 | 169 | 19.2 | 173 | 151 | 9.9 8.8 8.6
% COD Removal 414 | 412 | 39.1 | 451 | 442 | 534 | 52.2 | 58.8 | 65.7 | 61.0 | 649 | 69.4 | 79.9 | 82.1 | 824
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Figure C. 4: Average COD removal from experiment 4.1 and 4.2.
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
Experiment 4.1 COD Removal 31 1382.42 44.5941 651.41
Experiment 4.2 COD Removal 31 1254.21 40.4583 510.515
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 265.133 1 265.133 0.45637 0.50192 4.00119
Within Groups 34857.7 60 580.962
Total 35122.9 61
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Table C 1. 9: Results from experiment 5.1.

Table C 1. 10: Results from experiment 5.2.
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Experiment | Current Density NacCl (M)
5 1.75 0.08

Parameter Units Experiment 5.1
Time hrs. 0.0 2.0 4.0 6.0 8.0 | 100 | 120 | 24.0 | 26.0 | 28.0 | 30.0 | 32.0 | 34.0 | 36.0 | 48.0 | 50.0
Salinity g/l 12.1 9.5 9.2 96 | 106 | 105 | 101 | 89 | 103 | 121 | 116 | 129 | 133 | 119 | 11.8 | 11.6
EC mS/cm 19.0 153 | 15,8 | 155 | 160 | 172 | 16.1 | 143 | 170 | 19.7 | 187 | 20.1 | 195 | 19.2 | 19.1 | 181
TDS g/l 12.4 10.1 9.9 9.8 106 | 114 | 10.5 9.3 11.3 | 119 | 126 | 126 | 13.1 | 120 | 119 | 11.8
Turbidity NTU 51.7 7.7 1.1 1.2 1.2 1.3 1.3 1.1 2.3 11 1.2 1.3 0.7 1.9 1.7 0.9
pH 1.2 0.9 0.6 0.7 0.4 0.5 0.4 0.7 0.6 0.7 0.7 0.5 0.9 0.7 0.5 0.5
COD Total g/L 49.3 473 | 442 | 400 | 39.2 | 371 | 365 | 358 | 36.1 | 359 | 389 | 39.6 | 32.6 | 32.2 | 26.4 | 29.2

% COD Removal 0.0 40 | 103 | 188 | 205 | 24.7 | 26.0 | 275 | 26.8 | 27.2 | 21.0 | 19.6 | 33.8 | 34.7 | 46.4 | 40.8
Parameter Units Experiment 5.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 13.2 134 | 124 | 129 | 110 | 105 | 134 | 121 | 115 | 146 | 152 | 126 | 126 | 13.8 | 14.1
EC mS/cm 20.1 194 | 201 | 20.7 | 179 | 166 | 20.6 | 18.7 | 180 | 22.6 | 229 | 199 | 20.2 | 21.3 | 22.0
TDS g/l 13.3 13.1 | 133 | 126 | 116 | 115 | 135 | 12.2 | 11.7 | 150 | 15.7 | 124 | 129 | 139 | 146
Turbidity NTU 15 1.1 1.1 0.9 0.9 0.7 2.9 0.7 1.7 11 1.2 15 1.0 0.9 1.3
pH 0.5 0.5 0.6 0.5 0.6 0.8 0.6 1.1 0.5 0.5 0.5 0.5 1.0 0.9 0.7
COD Total g/L 28.2 268 | 26.0 | 243 | 234 | 213 | 21.2 | 170 | 17.7 | 16.6 | 159 | 153 | 10.0 | 10.2 | 10.0

% COD Removal 42.7 456 | 473 | 50.7 | 525 | 56.7 | 56.9 | 65.5 | 64.1 | 664 | 67.7 | 68.9 | 79.7 | 79.4 | 79.7




Parameter | Units Experiment 5.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity g/l 12.1 9.3 8.8 8.7 10.5 8.7 8.5 8.9 124 | 122 | 135 | 129 | 21.8 | 129 | 125 | 115
EC mS/cm | 19.0 | 145 | 13.7 | 145 | 173 | 139 | 138 | 145 | 180 | 198 | 19.6 | 20.1 | 20.3 | 205 | 20.1 | 18.2
TDS g/l 12.4 9.6 9.1 9.6 10.5 9.8 8.9 9.3 121 | 134 | 13.2 | 142 | 13.8 | 138 | 12.6 | 12.0
Turbidity NTU 51.7 4.0 4.1 2.6 2.3 2.0 1.3 0.9 11 1.3 0.7 1.2 1.5 1.3 1.1 1.5
pH 1.2 0.5 0.3 0.5 0.5 0.6 0.4 0.6 0.6 0.7 0.7 0.6 0.6 0.6 0.6 0.6
COD Total g/L 391 | 389 | 332 | 337 | 336 | 341 | 338 | 31.2 | 320 | 31.0 | 30.3 | 314 | 314 | 319 | 23.0 | 23.2
% COD Removal 0.0 0.4 151 13.8 141 12.7 135 | 20.0 18.0 | 206 | 224 | 19.7 19.7 18.3 | 41.1 | 40.7
Parameter | Units Experiment 5.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 12.08 | 13.51 | 13.66 | 12.64 | 12.6 | 11.32 | 14.36 | 14.34 | 14.14 | 15.2 | 13.81 | 13.75| 135 | 141 | 13.8
EC mS/cm | 224 | 21.8 | 20.2 |19.47 | 19.42 | 1731 | 223 | 222 | 21.7 | 236 | 21.2 | 21.3 | 215 | 225 | 21.8
TDS g/l 12.59 | 1355 | 13.41 | 12.73 | 12.72 | 10.89 | 14.11 | 14.24 | 14.17 | 1555 | 13.81 | 13.75 | 13.82 | 14.12 | 14.2
Turbidity NTU 092 | 092 | 099 | 094 | 0.88 | 0.78 | 0.74 0.6 0.67 | 0.74 | 0.69 | 0.64 | 0.68 0.7 0.97
pH 0.67 | 056 | 0.65 | 0.51 | 055 | 048 | 0.72 | 0.72 | 0.63 | 0.58 | 0.55 | 0.59 | 0.65 | 0.69 | 0.85
COD Total g/L 216 | 216 | 221 | 215 | 20.6 | 208 | 16.8 | 155 | 139 | 15.0 | 13.1 | 16.0 8.3 8.4 8.3
% COD Removal 44.6 448 | 434 | 451 | 47.3 | 46.8 | 57.0 | 60.3 644 | 615 | 66.5 | 59.2 | 78.7 78.6 | 78.7
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Figure C. 5: Average COD removal from experiment 5.1 and 5.2.

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
Experiment 5.1 COD Removal 31 1305.85 42.1241 514.494
Experiment 5.2 COD Removal 31 1167.04 37.6465 559.528
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 310.76 1 310.76 0.57868 0.44981 4.00119
Within Groups 32220.7 60 537.011
Total 32531.4 61
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Table C 1. 11: Results from experiment 6.1.

Table C 1. 12: Results from experiment 6.2.

151

Experiment | Current Density NaCl (M)
6 2 0.08

Parameter Units Experiment 6.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity g/l 11.2 | 90 | 115 | 125 | 132 | 135 | 125 | 96 | 10.3 | 125 | 13.6 | 139 | 135 | 14.2 | 12.6 12.5
EC mS/cm 176 | 147 | 185 | 188 | 20.2 | 21.1 | 19.7 | 148 | 17.4 | 188 | 21.6 | 21.1 | 21.7 | 21.1 | 22.0 12.7
TDS g/l 11.5 9.5 115 | 125 | 128 | 13.4 | 12.8 9.7 114 | 124 | 13.2 | 139 | 146 | 13.8 | 14.3 13.2
Turbidity NTU 244 | 4.8 1.0 0.8 0.6 0.3 0.5 1.2 0.9 4.2 0.8 0.9 0.7 0.8 1.0 0.8
pH 1.1 0.9 1.0 1.1 0.9 0.8 0.9 0.7 0.8 1.1 0.9 0.9 0.8 0.8 0.8 0.8
COD Total g/L 549 | 46.1 | 43.8 | 458 | 42.6 | 41.1 | 358 | 37.0 | 356 | 33.3 | 34.3 | 35.1 | 30.7 | 32.9 | 26.3 29.2

% COD Removal 00 | 16.0 | 20.2 | 16,5 | 224 | 252 | 348 | 32.7 | 35.1 | 394 | 376 | 36.0 | 441 | 40.1 | 52.1 46.8
Parameter Units Experiment 6.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity gll 141 | 136 | 139 | 144 | 125 | 13.2 | 127 | 145 | 145 | 139 | 152 | 154 | 165 | 19.3 | 18.7
EC mS/cm 214 | 21.3 | 21.9 | 225 | 19.7 | 195 | 195 | 22.0 | 21.0 | 23,5 | 229 | 23.8 | 22.6 | 26.9 | 26.8
TDS g/l 141 | 146 | 140 | 148 | 13.1 | 128 | 12,7 | 144 | 147 | 146 | 155 | 155 | 146 | 16.9 | 18.2
Turbidity NTU 1.2 1.0 0.7 0.8 0.7 0.7 0.9 15 0.9 0.7 0.7 0.8 0.7 0.7 1.0
pH 0.6 0.9 0.8 0.8 0.8 0.8 0.8 1.2 1.0 0.8 0.8 0.7 0.8 0.7 0.8
COD Total g/L 26.8 | 27.0 | 251 | 229 | 185 | 190 | 180 | 176 | 174 | 18.7 | 155 | 16.1 | 11.7 | 11.8 | 10.4

% COD Removal 51.2 | 50.8 | 54.3 | 58.3 | 66.3 | 654 | 67.2 | 679 | 68.2 | 659 | 71.7 | 70.6 | 78.8 | 78.6 | 81.1




Parameter Units Experiment 6.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 3.6 3.9 3.7 35 3.6 3.9 3.6 3.7 3.9 3.9 3.9 4.0 4.1 4.1 4.4 4.3
EC mS/cm 6.3 6.6 6.3 6.1 6.0 6.0 6.2 6.4 6.5 6.6 6.7 6.8 7.0 7.0 7.2 7.3
TDS gll 4.1 3.9 4.1 3.9 3.9 3.9 4.1 4.1 4.2 4.3 4.3 4.4 4.5 4.7 4.8 4.8
Turbidity NTU 258 | 9.7 8.8 2.3 15 1.0 1.3 1.0 0.9 0.9 0.9 0.9 1.0 1.0 0.9 0.9
pH 2.4 1.6 1.6 1.1 1.2 1.3 14 1.2 1.2 1.5 14 14 1.4 14 14 14
COD Total g/L 547 | 52.4 | 434 | 436 | 448 | 429 | 50.2 | 37.1 | 35.2 | 40.6 | 41.7 | 38.7 | 43.8 | 33.7 | 359 | 27.6
% COD Removal 0.0 41 | 206 | 203|181 | 215 | 82 | 321 | 356 | 25.8 | 23.6 | 29.2 | 199 | 384 | 34.3 | 49.6
Parameter Units Experiment 6.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity gll 4.4 4.5 4.3 4.6 4.6 44 | 127 | 144 | 140 | 148 | 151 | 157 | 146 | 18.0 | 18.7
EC mS/cm 7.3 7.6 7.3 7.6 7.8 74 | 195|219 | 219 | 231 | 228 | 23.1 | 22.7 | 273 | 27.7
TDS g/l 4.8 4.9 4.7 5.0 51 4.8 126 | 144 | 144 | 147 | 151 | 154 | 149 | 176 | 18.1
Turbidity NTU 1.0 0.9 0.5 1.2 1.1 11 0.8 14 0.9 0.7 0.8 0.7 0.8 0.8 1.0
pH 14 1.4 1.5 1.3 1.3 1.3 0.8 11 0.9 0.8 0.8 0.7 0.8 0.6 0.8
COD Total g/L 312 | 265 | 245 | 241 | 234 | 21.2 | 181 | 175 | 178 | 189 | 153 | 16.3 | 11.6 | 11.8 | 10.2
% COD Removal 429 | 515 | 55.1 | 558 | 57.2 | 61.2 | 67.0 | 68.0 | 675 | 654 | 720 | 70.1 | 78.7 | 785 | 81.3
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Figure C. 6: Average COD removal from experiment 6.1 and 6.2.

Anova: Single Factor

SUMMARY

Groups Count

Sum

Average

Variance

Experiment 6.1 COD Removal 31
Experiment 6.2 COD Removal 31

1495.39
1353.78

48.2384
43.6704

453.782
571.989

ANOVA

Source of Variation SS

df

MS

F P-value F crit

323.433
30773.2

Between Groups
Within Groups

Total 31096.6

60

61

323.433
512.886

0.63061 0.43026 4.00119
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Table C 1. 13:

Results from experiment 7.1.
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Experiment | Current Density NaCl (M)
7 4 0.08

Parameter Units Experiment 7.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 11.1| 10.7| 106 | 115 | 122 | 10.7| 11.2 99| 11.3| 11.8| 11.8| 124 | 131 | 127 13.1| 123
EC mS/cm 176 | 176| 173 | 185| 185| 16.8| 182 | 165 | 17.0| 181 | 189 | 20.2| 19.7| 20.1| 19.3| 19.6
TDS g/l 115 10.8| 116 | 116| 122 | 114| 11.7| 102 | 112 | 119 | 126| 124 | 124 | 13.0| 13.0| 133
Turbidity NTU 24.4 2.4 1.7 0.8 0.7 0.6 0.6 1.0 0.9 0.6 1.2 1.3 0.8 0.9 0.9 0.7
pH 1.0 0.7 0.8 0.9 0.9 1.0 0.9 0.9 0.9 11 0.8 1.0 0.8 1.0 1.0 0.7
COD Total | g/L 56.6 | 470| 542 | 515| 452 | 480 | 474 | 39.9| 404 | 394 | 38.2| 37.2| 359 | 395| 27.3| 29.9

% COD Removal 0.0 17.0 4.2 89| 20.1| 152 | 16.2| 294 | 286 | 304 | 326 | 342 | 365| 30.1| 51.8| 47.2
Parameter Units Experiment 7.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 130| 136 131 | 124 | 119| 117 | 13.1| 129 | 140 134 | 143 | 143 | 121 | 119 | 116
EC mS/cm 205| 204 | 20.6| 19.2| 179 181 | 205| 20.1| 21.3| 211 | 223 | 223| 19.2| 189 | 188
TDS g/l 127 | 133| 132| 11.7| 122 | 11.8| 134 | 13.0( 140 141 | 143 | 143 | 124 | 121 | 122
Turbidity NTU 1.2 14 1.1 1.1 1.0 0.8 0.9 0.9 1.0 0.7 1.1 1.1 1.0 1.2 1.0
pH 0.9 0.8 0.8 0.9 0.9 0.8 0.6 0.9 0.9 0.7 0.7 0.8 0.8 11 1.8
COD Total | g/L 260 | 234 232 160 153 | 157 145 129 11.2| 115 9.7 84| 10.2| 111 10.9

% COD Removal 541 | 586 | 59.1| 717 | 729 | 722 | 743)| 77.3| 803 | 79.7| 828 | 852 | 82.0| 80.5| 80.7




Table C 1. 14: Results from experiment 7.2.
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Parameter | Units Experiment 7.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 3.6 3.4 3.5 3.4 3.4 3.5 3.7 3.7 3.7 3.8 3.8 3.9 4.0 4.0 4.1 4.1
EC mS/cm 6.3 5.5 5.9 5.8 5.8 6.0 6.1 6.3 6.3 6.4 6.5 6.6 6.8 6.7 6.9 6.8
TDS gll 4.1 3.9 3.8 3.8 3.8 3.9 4.0 4.1 4.1 4.2 4.6 4.3 4.4 4.4 4.5 4.5
Turbidity NTU 258 | 9.0 8.8 4.0 15 0.9 11 0.9 1.0 0.8 0.8 0.8 0.9 0.9 0.9 0.7
pH 2.4 11 1.0 1.1 1.7 1.2 1.3 1.1 11 1.2 15 1.2 11 11 14 1.2
COD Total g/L 543 | 53,5 | 52.3 | 50.4 | 45.1 | 44.6 | 433 | 432 | 436 | 419 | 40.3 | 38.0 | 37.3 | 324 27.8 | 26.5
% COD Removal 0.0 15 3.7 7.2 169 | 178 | 20.3 | 205 | 198 | 229 | 258 | 30.1 | 31.2 | 40.3 48.7 | 51.2
Parameter Units Experiment 7.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 4.3 4.3 4.2 4.32 4.39 4.4 4,38 | 12.85 | 14.04 | 13.44 | 14.34 | 14.33 | 12.09 | 11.89 | 11.62
EC mS/cm 7.1 70 | 7.08 | 7.32 | 7.34 | 7.35 | 7.89 8.1 921 | 876 | 9.34 | 952 | 10.2 | 9.75 8.95
TDS gl 4.6 46 | 461 | 468 | 4.78 4.8 438 | 451 | 452 | 386 | 497 | 512 | 5.62 | 4.68 5.1
Turbidity NTU 0.9 1.3 | 1.18 1.1 069 [ 087 | 0.83 | 095 | 1.05 | 0.75 1.2 15 0.87 | 1.52 1.24
pH 1.3 15 (125 | 131 | 122 | 132 | 1.25 | 1.36 | 1.42 | 143 | 152 | 1.62 1.7 1.21 1.68
COD Total g/L 26.8 | 27.1 | 25.19 | 23.6 | 25.36 | 24.82 | 1452 | 13.31 | 11.28 | 12.6 | 10.84 | 11.65 | 10.29 | 11.17 | 10.84
% COD Removal 50.6 | 50.2 | 53.6 | 56.53 | 53.29 | 54.29 | 73.25 | 75.48 | 79.23 | 76.8 | 80.04 | 78.54 | 81.05 | 79.43 | 80.04
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Figure C. 7: Average COD removal from experiment 7.1 and 7.2.

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
Experiment 7.1 COD Removal 31 1513.9 48.8354 766.377
Experiment 7.2 COD Removal 31 1380.24 44.524 738.498
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 288.118 1 288.118 0.38291 0.53839 4.00119
Within Groups 45146.2 60 752.437
Total 45434.4 61
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The effect of NaCl on the removal of COD, and other impurities, at the following experimental conditions.

Experimental parameters

Volume of reactor, 1L
Temperature of solution, 60°C
NaCl concentration, 0-0.1M
Current Density, 1 mA/cmz
Time, 100 hrs.
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Table C 1. 15: Results from experiment 8.1.

Experiment Current Density NaCl (M)
8 1 0
Parameter Units Experiment 8.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48
Salinity g/l 11.9 9.2 8.1 7.4 7.6 6.4 6.9 13.1 8.3 121 | 125 | 121 | 12.0 | 119 | 123
EC mS/cm 187 | 15.2 | 125 | 124 | 125 | 11.2 | 104 | 20.2 | 124 | 189 | 19.7 | 18.8 | 18.8 | 19.2 | 19.1
TDS g/l 12.2 9.2 8.3 8.1 7.8 6.9 6.5 13.4 8.2 122 | 127 | 123 | 121 | 12.0 | 122
Turbidity NTU 511.6 | 95.4 29.5 115 6.6 54 5.2 2.7 2.5 1.5 1.5 0.5 1.0 0.9 15
pH 2.1 1.2 1.0 1.0 11 1.9 15 15 15 1.7 1.6 1.3 1.7 1.5 1.7
COD Total g/L 51.4 50.9 47.7 46.1 41.9 44.2 45.4 49.1 43.2 40.5 40.9 40.5 40.8 44.8 39.0
% COD Removal 0.0 1.0 7.2 104 | 186 | 14.1 | 11.7 4.5 159 | 21.2 | 205 | 21.3 | 20.7 | 129 | 24.2
Parameter Units Experiment 8.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 123 | 124 | 120 | 121 | 124 | 122 | 125 | 13.0 | 13.3 | 132 | 129 | 13.2 | 129 | 131 | 13.2
EC mS/cm 194 | 196 | 188 | 19.1 | 19.1 | 189 | 183 | 204 | 13.3 | 19.2 | 18.7 | 20.2 | 18.7 | 18.8 | 19.2
TDS gll 126 | 126 | 123 | 124 | 123 | 122 | 12.3 1.9 205 | 189 | 133 | 122 | 13.3 | 12.8 | 13.2
Turbidity NTU 0.8 3.2 0.8 0.8 0.8 0.9 1.4 0.8 0.8 0.9 0.7 0.8 1.0 1.0 0.8
pH 1.2 1.7 14 15 15 1.3 14 13.2 14 14 14 1.3 1.3 1.3 1.1
COD Total g/L 372 | 36.0 | 37.2 | 36.1 | 342 | 331 | 325 | 284 | 285 | 28.2 | 26.3 | 23.7 | 248 | 28.9 | 30.0
% COD Removal 27.7 | 30.1 | 27.7 | 29.7 | 335 | 357 | 36.8 | 44.7 | 445 | 452 | 488 | 53.9 | 51.8 | 43.7 | 41.7
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Table C 1. 16: Results from experiment 8.2.
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Parameter | Units Experiment 8.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 11.9 7.2 6.8 6.8 6.6 5.9 5.7 126 | 121 | 11.7 | 116 | 116 | 11.7 | 11.6 | 10.5 | 12.0
EC mS/cm | 187 | 122 | 11.3 | 109 | 11.1 | 109 | 103 | 19.7 | 189 | 182 | 184 | 184 | 18.2 | 182 | 16.8 | 18.9
TDS gll 12.2 8.2 7.1 7.2 7.2 7.1 6.9 126 | 124 | 119 | 12.0 | 119 | 11.8 | 126 | 11.0 | 12.6
Turbidity NTU |511.6 | 925 | 19.4 | 10.7 7.3 13.1 8.3 16.7 3.4 1.7 1.0 1.0 1.6 14 1.2 0.9
pH 2.0 2.0 15 1.6 1.6 1.4 15 1.2 1.3 1.6 1.3 1.6 0.5 1.2 1.2 1.4
COD Total g/L 51.2 | 505 | 50.8 | 48.3 | 46.1 | 46.6 | 46.1 | 423 | 432 | 41.0 | 41.7 | 40.4 | 405 | 40.3 | 41.9 | 42.1
% COD Removal 0.0 1.2 0.6 5.5 9.9 8.8 9.8 17.3 | 155 | 198 | 184 | 21.0 | 209 | 21.3 | 18.2 | 17.6
Parameter | Units Experiment 8.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity gll 119 | 119 | 118 | 11.6 | 115 11, 12.7 12, 128 | 13.0 | 129 | 134 | 128 | 12.7 | 13.3
EC mS/cm | 186 | 189 | 185 | 184 | 183 | 182 | 199 | 194 | 199 | 20.0 | 19.8 | 20.1 19. 18.7 | 20.1
TDS gll 12.1 | 123 | 120 | 12.0 | 12.1 | 115 | 129 | 12,6 | 125 | 13.3 | 129 | 134 | 14.1 | 125 | 13.3
Turbidity NTU 0. 0.7 0.5 0.5 0.6 1.4 0.4 0.7 0.82 0.9 0.7 0.8 0.9 0.9 1.1
pH 1.56 1.1 0.9 1.2 1.3 1.1 1.2 1.4 1.2 1.4 1.3 1.4 1.3 1.3 1.2
COD Total g/L 39.3 | 37.7 | 36.7 | 369 | 35.0 | 33.2 | 332 | 30.8 | 28.1 | 28.7 | 305 | 30.7 | 28.2 | 23.2 | 22.7
% COD Removal 231 | 262 | 283 | 278 | 315 | 352 | 351 | 398 | 451 | 440 | 40.3 | 399 | 448 | 54.7 | 55.7
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Figure C. 8: Average COD removal from experiment 8.1 and 8.2.

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
Experiment 8.1 COD Removal 31 828.663 26.7311 234.133
Experiment 8.2 COD Removal 31 777.204 25.0711 239.481
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 42.7098 1 427098 0.18036 0.67259 4.00119
Within Groups 14208.4 60 236.807
Total 14251.1 61
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Table C 1. 17: Results from experiment 9.1.
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Experiment | Current Density NaCl (M)
9 1 0.02

Parameter Units Experiment 9.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 11.8 | 11.8 | 11.8 | 10.8 | 10.2 | 109 | 109 | 109 | 11.0 | 112 | 119 | 123 | 11.9 | 12.0 | 12.0 | 12.2
EC mS/cm 18.6 19.2 184 | 174 | 16.1 17.7 17.7 176 | 174 | 183 | 19.0 | 18.8 18.7 19.0 18.8 | 19.2
TDS gll 12.1 | 117 | 11.4 | 107 | 105 | 11.1 | 11.1 | 11.1 | 11.0 | 122 | 120 | 124 | 124 | 125 | 12.4 | 12.4
Turbidity NTU 454 | 40.1 | 30.2 | 28.0 | 235 | 2.6 1.4 1.1 1.0 0.9 1.6 1.1 1.3 1.1 1.3 1.6
pH 2.3 2.1 1.8 1.7 0.8 0.7 0.7 0.4 0.5 1.5 1.6 1.6 1.8 14 1.3 14
COD Total g/L 55.0 | 53.1 | 486 | 444 | 326 | 42.0 | 40.1 | 36.0 | 29.0 | 27.0 | 26.3 | 31.3 | 299 | 35.2 | 27.5 | 30.1

% COD Removal 0.0 3.5 116 | 19.2 | 40.7 | 23.6 | 27.1 | 346 | 47.2 | 509 | 52.2 | 431 | 456 | 36.0 | 50.0 | 45.2
Parameter Units Experiment 9.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 13.2 13.9 13.3 135 | 135 134 | 135 | 14.7 | 148 150 | 146 | 14.6 13.9 14.0 14.9
EC mS/cm 20.2 | 21.3 | 20.7 | 21.3 | 21.2 | 20.9 | 20.2 | 227 | 225 | 23.1 | 225 | 21.3 | 221 | 22.0 | 225
TDS gll 13.2 | 140 | 13.6 | 135 | 135 | 139 | 140 | 147 | 147 | 151 | 147 | 148 | 152 | 153 | 145
Turbidity NTU 1.2 0.9 0.8 0.7 0.6 0.7 0.5 1.0 0.7 0.9 0.8 0.9 0.7 0.8 0.7
pH 1.9 2.0 1.7 14 1.3 1.4 1.3 1.3 1.7 1.6 1.7 15 15 15 1.8
COD Total g/L 259 | 243 | 255 | 223 | 219 | 20.1 | 21.6 | 19.4 | 180 | 18.4 | 182 | 20.5 | 19.6 | 19.0 | 18.7

% COD Removal 529 | 55,9 | 53.6 | 59.5 | 60.2 | 635 | 60.8 | 64.8 | 67.3 | 66.5 | 66.9 | 62.7 | 64.3 | 65.5 | 66.0




Table C 1. 18: Results from experiment 9.2.
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Parameter Units Experiment 9.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 43 50
Salinity g/l 118 | 11.8 | 11.8 | 10.2 | 10.1 | 104 | 11.0 | 11.7 | 124 | 125 | 122 | 125 | 125 | 129 | 12.6 | 135
EC mS/cm 186 | 186 | 186 | 16.2 | 16.3 | 169 | 17.3 | 184 | 19.7 | 191 | 193 | 19.7 | 20.1 | 199 | 194 | 21.1
TDS g/l 121 | 126 | 11.3 | 105 | 104 | 109 | 115 | 120 | 125 | 12.6 | 126 | 12.6 | 12.7 | 12.8 | 12.7 | 13.8
Turbidity NTU 454 | 354 | 30.2 | 28.4 | 25.2 1.3 1.0 0.9 0.9 1.0 0.6 0.8 0.9 1.0 0.8 0.7
pH 2.3 2.1 12.0 15 1.3 1.0 0.6 0.8 0.6 0.3 15 1.2 1.2 1.3 1.2 15
COD Total g/L 428 | 422 | 39.7 | 39.8 | 36,5 | 279 | 28.2 | 258 | 244 | 23.0 | 27.3 | 253 | 243 | 23.2 | 23.9 | 149
% COD Removal 0.0 14 7.2 6.9 146 | 347 | 342 | 39.7 | 431 | 46.1 | 36.1 | 408 | 43.2 | 459 | 442 | 65.3
Parameter Units Experiment 9.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity gll 138 | 142 | 142 | 141 | 142 | 144 | 149 | 158 | 151 | 148 | 148 | 149 | 15.0 | 153 | 149
EC mS/cm 217 | 222 | 220 | 21.8 | 19.9 | 199 | 23.1 | 245 | 232 | 22.7 | 221 | 228 | 229 | 23.6 | 22.9
TDS gll 141 | 142 | 143 | 143 | 142 | 144 | 150 | 16.1 | 151 | 148 | 15.1 | 15.2 | 15.0 | 15.2 | 15.0
Turbidity NTU 0.9 0.5 0.8 0.7 0.8 0.9 0.8 0.9 0.7 0.6 0.6 0.7 0.6 0.7 0.4
pH 1.1 1.1 1.0 1.3 1.3 1.3 1.0 14 14 1.3 14 1.4 1.3 11 1.3
COD Total g/L 141 | 143 | 161 | 183 | 216 | 222 | 204 | 171 | 16.2 | 16.2 | 158 | 151 | 15.1 | 144 | 14.2
% COD Removal 67.1 | 66.5 | 623 | 57.2 | 49.6 | 481 | 52.3 | 60.0 | 62.1 | 62.2 | 63.1 | 648 | 64.8 | 66.5 | 66.8
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Figure C. 9: Average COD removal from experiment 9.1 and 9.2.

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
Experiment 9.1 COD Removal 31 1460.88 47.1252 372.044
Experiment 9.2 COD Removal 31 1416.94 45.7078 427.459
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 31.1395 1 31.1395 0.0779 0.78113 4.00119
Within Groups 23985.1 60 399.751
Total 24016.2 61
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Table C 1. 19: Results from experiment 10.1
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Experiment | Current Density NaCl (M)
10 1 0.04
Parameter Units Experiment 10.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity g/l 13.1 | 10.7 | 9.1 8.5 8.6 8.2 8.3 8.3 8.6 8.6 8.5 8.4 8.6 8.4 8.4 7.4
EC mS/cm 20.2 | 168 | 147 | 141 | 133 | 136 | 135 | 142 | 125 | 125 | 25 | 125 | 124 | 124 | 133 | 12.1
TDS gll 131 | 109 | 9.6 8.8 8.8 8.9 8.8 8.9 8.3 8.3 8.3 8.3 8.2 8.2 8.2 7.8
Turbidity NTU 88.4 | 579 | 151 | 2.0 1.1 0.8 0.7 0.7 0.9 0.9 0.9 0.7 0.8 0.6 0.8 0.7
pH 2.6 15 14 14 1.5 1.5 14 1.5 1.5 1.4 14 1.6 14 1.3 1.3 1.5
COD Total g/L 422 | 41.3 | 375 | 31.7 | 30.0 | 28.3 | 33.8 | 33.7 | 353 | 36.6 | 37.2 | 353 | 342 | 336 | 31.2 | 29.6
% COD Removal 0.0 22 | 112 | 248 | 289 | 329 | 199 | 20.1 | 164 | 13.2 | 11.7 | 16.4 | 189 | 20.3 | 259 | 29.9
Parameter Units Experiment 10.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 7.4 7.4 7.4 7.5 7.4 7.5 7.5 8.8 103 | 11.1 9.0 9.1 9.2 9.2 9.5
EC mS/cm 121 | 121 | 121 | 122 | 122 | 122 | 124 | 145 | 169 | 165 | 147 | 148 | 149 | 149 | 15.2
TDS g/l 7.9 7.9 7.9 8.2 8.2 8.5 8.6 9.7 | 10.7 | 11.2 | 9.9 10.1 | 11.3 | 11.3 | 12.1
Turbidity NTU 0.7 0.6 0.6 0.7 0.6 0.6 0.7 0.4 1.1 1.0 1.2 1.1 0.9 0.5 0.6
pH 0.4 1.5 1.5 1.4 1.5 1.4 1.4 1.6 1.6 1.4 1.7 1.6 1.6 1.5 1.5
COD Total g/L 326 | 306 | 305 | 299 | 341 | 229 | 188 | 165 | 154 | 136 | 142 | 141 | 147 | 13.8 | 141
% COD Removal 228 | 274 | 27.8 | 29.2 | 19.2 | 456 | 555 | 60.9 | 635 | 67.8 | 66.4 | 66.6 | 65.1 | 67.3 | 66.6




Table C 1. 20: Results from experiment 10.2
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Parameter Units Experiment 10.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity g/l 13.1 | 10.1 9.0 8.3 8.2 8.2 8.2 9.1 8.2 8.0 7.5 7.5 7.5 7.4 7.6 7.6
EC mS/cm 202 | 159 | 138 | 136 | 135 | 134 | 134 | 142 | 136 | 176 | 124 | 124 | 124 | 116 | 123 | 12.7
TDS g/l 13.1 | 10.7 9.2 8.9 8.6 8.6 8.7 9.3 8.2 8.0 8.0 7.8 7.3 8.0 8.2 8.2
Turbidity NTU 885 | 289 | 11.6 25 1.0 1.0 1.0 0.7 0.9 0.8 0.9 0.9 0.7 0.6 1.0 0.9
pH 2.6 2.3 2.0 1.5 1.3 1.3 1.4 1.4 1.9 1.7 1.9 1.9 2.0 1.7 1.4 1.5
COD Total g/L 414 | 376 | 305 | 30.7 | 350 | 39.7 | 395 | 371 | 38.1 | 393 | 398 | 36.0 | 32.8 | 34.3 | 30.9 | 38.2
% COD Removal 0.0 9.2 26.3 | 25.7 | 154 4.0 4.4 10.4 7.8 5.1 3.7 129 | 20.7 | 17.0 | 253 | 7.7
Parameter Units Experiment 10.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity gll 7.7 7.7 7.7 7.8 7.8 7.9 8.8 8.9 9.7 9.0 8.6 9.2 9.1 101 | 11.2
EC mS/cm 12.7 | 12.7 | 127 | 129 | 13.0 | 128 | 143 | 140 | 158 | 156 | 135 | 135 | 14.2 | 144 | 147
TDS g/l 8.2 8.2 8.3 8.3 8.4 8.4 9.1 9.2 10.8 9.1 8.9 8.9 9.2 9.2 10.3
Turbidity NTU 0.8 0.9 0.7 0.9 0.8 0.7 0.7 0.6 0.8 0.8 0.5 0.6 0.6 0.6 0.6
pH 1.5 1.5 1.5 1.5 0.4 1.5 1.9 2.0 1.4 1.5 2.2 2.1 2.0 1.2 1.4
COD Total g/L 332 | 343 | 354 | 36,6 | 33.8 | 199 | 199 ( 222 | 19.7 | 179 | 169 | 174 | 140 | 14.0 | 13.6
% COD Removal 198 | 170 | 144 | 116 | 182 | 520 | 519 | 46.3 | 524 | 56.6 | 59.2 | 58.0 | 66.1 | 66.2 | 67.2
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Figure C. 10: Average COD removal from experiment 10.1 and 10.2.
Anova: Single Factor
SUMMARY
Averag Varianc
Groups Count Sum e e
Experiment 10.1 COD 1044.4
Removal 31 3 33.6914 475.448
Experiment 10.2 COD 852.39
Removal 31 4 27.4966 501.125
ANOVA
Source of Variation SS df MS F P-value F crit
594.82 0.2741 4.0011
Between Groups 4 1 594824 1.21819 2 9
29297.
Within Groups 2 60 488.287
Total 29892 61
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Table C 1. 21: Results from experiment 11.1
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Experiment | Current Density NaCl (M)
11 1 0.06

Parameter Units Experiment 11.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 7.5 11.4 7.6 7.3 7.4 6.8 7.4 6.9 8.2 8.0 8.6 9.9 9.6 9.7 8.8 8.9
EC mS/cm 140 | 180 | 123 | 123 | 119 | 113 | 123 | 11.3 | 123 | 128 | 143 | 146 | 156 | 155 | 149 | 141
TDS gll 9.2 11.7 8.0 7.7 7.8 7.3 7.9 7.4 9.0 8.3 9.8 9.8 10.2 | 104 | 11.3 | 9.3
Turbidity NTU 20.6 4.2 4.0 4.5 4.0 4.3 3.3 2.6 1.6 0.8 0.7 1.1 0.8 0.8 0.8 1.0
pH 1.6 1.1 0.7 1.6 15 1.2 0.8 1.6 1.2 1.3 0.4 15 1.1 14 1.4 14
COD Total g/L 48.7 | 438 | 42.7 | 476 | 40.9 | 409 | 366 | 405 | 394 | 366 | 379 | 351 | 36.0 | 351 | 35.6 | 32.0

% COD Removal 0.0 9.9 12.3 2.1 16.0 | 159 | 247 | 16.8 | 19.0 | 24.7 | 22.1 | 279 | 26.0 | 279 | 26.9 | 344
Parameter Units Experiment 11.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 9.6 104 | 11.7 | 10.9 | 101 | 10.2 | 10.1 | 115 | 10.2 | 120 | 128 | 12.0 | 123 | 10.8 | 11.1
EC mS/cm 16.1 17.5 17.2 17.9 16.3 15.2 15.5 16.8 16.6 19.7 19.0 19.2 18.9 17.2 17.2
TDS g/l 10.9 104 | 11.6 12.2 10.4 | 10.3 104 | 11.3 11.1 11.8 12.6 13.1 12.0 11.2 11.3
Turbidity NTU 0.6 0.8 0.9 0.6 0.9 1.0 1.1 0.6 0.8 0.6 0.5 0.6 0.7 1.0 0.8
pH 14 0.4 14 1.3 1.1 1.1 1.2 1.4 1.3 1.5 1.4 1.4 1.3 1.2 1.2
COD Total g/L 33.0 | 304 | 293 | 285 | 252 | 241 | 236 | 21.3 | 205 | 194 | 17.2 | 15.1 | 122 | 121 | 10.6

% COD Removal 322 | 375 | 399 | 414 | 482 | 505 | 51.6 | 56.2 | 579 | 60.2 | 64.7 | 69.0 | 749 | 75.1 | 78.3




Table C 1. 22: Results from experiment 11.2.
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Parameter Units Experiment 11.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 7.5 8.2 8.2 7.1 6.8 7.0 7.5 6.9 7.5 8.4 9.1 9.5 9.6 9.7 10.1 8.9
EC mS/cm 14.0 | 13.3 9.3 117 | 11.2 | 124 | 119 | 11.3 | 124 | 140 | 138 | 159 | 16.2 | 16.1 | 159 | 148
TDS gll 9.2 8.7 7.2 7.3 7.3 7.4 7.8 7.4 8.2 8.5 9.2 9.6 9.5 9.9 8.7 9.1
Turbidity NTU 20.6 3.2 3.1 4.1 1.2 0.6 0.8 0.5 0.8 0.9 0.9 0.9 0.7 0.9 0.9 1.9
pH 1.6 1.3 1.1 1.1 1.1 15 1.4 1.0 1.1 1.2 1.1 1.2 1.2 1.4 1.0 15
COD Total g/L 46.0 | 420 | 43.1 | 416 | 423 | 421 | 418 | 41.0 | 38.1 | 350 | 36.0 | 342 | 33.6 | 34.3 | 33.2 | 30.6
% COD Removal 0.0 8.6 6.2 9.6 8.0 8.5 9.1 109 | 17.2 | 239 | 21.7 | 25.6 | 26,9 | 255 | 27.8 | 33.4
Parameter Units Experiment 11.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity gll 10.3 | 100 | 108 | 114 | 111 | 121 9.6 110 | 11.2 | 112 | 1129 | 12.1 | 122 | 109 | 111
EC mS/cm 153 | 164 | 179 | 170 | 173 | 166 | 153 | 18.1 | 165 | 184 | 195 | 194 | 189 | 171 | 17.0
TDS gll 10.2 | 11.2 | 19.7 | 11.3 | 121 | 116 | 106 | 109 | 111 | 124 | 119 | 121 | 119 | 111 | 111
Turbidity NTU 1.1 0.4 0.7 0.6 1.2 0.8 0.6 4.6 0.7 0.9 0.8 0.6 0.8 0.7 0.7
pH 1.3 15 15 1.1 13.2 1.2 1.3 1.0 1.0 0.8 1.4 1.4 1.4 1.4 1.4
COD Total g/L 316 | 291 | 285 | 279 | 257 | 21.8 | 20.7 | 20.1 | 19.6 | 18.1 | 150 | 153 | 12.2 | 11.8 9.9
% COD Removal 31.3 | 368 | 380 | 39.2 | 441 | 526 | 550 | 56.3 | 574 | 60.6 | 67.3 | 66.7 | 73.4 | 744 | 785
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Figure C. 11: Average COD removal from experiment 11.1 and 11.2.
Anova: Single Factor
SUMMARY
Averag Varianc
Groups Count Sum e e
Experiment 11.1 COD 1136.1
Removal 31 1 36.6488 501.257
Experiment 11.2 COD 1116.9
Removal 31 4 36.0303 513.13
ANOVA
Source of Variation SS df MS F P-value  F crit
5.9304 0.9142 4.0011
Between Groups 5 1 5.93045 0.01169 5 9
30431.
Within Groups 6 60 507.194
30437.
Total 5 61
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Table C 1. 23: Results from experiment 12.1
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Experiment | Current Density NaCl (M)
12 1 0.1

Parameter Units Experiment 12.1
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity g/l 11.4 10.0 | 10.3 10.7 19.9 134 | 12.0 11.0 11.3 115 13.7 14.9 14.0 14.3 142 | 144
EC mS/cm 180 | 16.1 | 16,5 | 174 | 120 | 193 | 19.1 | 186 | 183 | 185 | 22.1 | 21.2 | 23.7 | 23.4 | 23.0 | 22.7
TDS g/l 11.6 10.5 10.7 11.7 4.4 13.0 12.6 115 115 12.6 13.0 14.3 16.3 16.4 16.6 | 16.6
Turbidity NTU 94.8 | 20.4 9.2 5.8 1.2 7.1 6.9 4.2 1.3 2.1 1.0 0.9 0.9 0.9 0.8 0.8
pH 2.5 1.3 1.3 1.2 1.3 1.4 1.2 1.5 1.2 1.1 1.3 1.4 1.3 1.3 1.4 1.3
COD mg/L 5425 | 4490 | 4345 | 4320 | 3605 | 3835 | 2995 | 3625 | 4365 | 4080 | 4020 | 3815 | 3480 | 3340 | 3050 | 2785
COD Total g/L 50.7 | 494 | 478 | 475 | 39.7 | 422 | 329 | 39.9 | 480 | 449 | 442 | 42.0 | 383 | 36.7 | 33.6 | 30.6

% COD Removal 0.0 172 | 199 | 204 | 335 | 293 | 448 | 332 | 195 | 24.8 | 259 | 29.7 | 359 | 38.4 | 43.8 | 48.7
Parameter Units Experiment 12.1
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 14.2 15.3 14.4 15.2 15.1 14.8 16.9 11.1 14.0 14.3 15.1 13.9 12.6 12.5 12.7
EC mS/cm 231 | 211 | 20.7 | 223 | 222 | 21.3 | 198 | 179 | 20.3 | 23.0 | 25.1 | 22.1 | 20.7 | 20.4 | 20.7
TDS g/l 172 | 159 | 171 | 168 | 170 | 18.0 | 152 | 114 | 136 | 158 | 145 | 13.7 | 13.7 | 13.6 | 14.1
Turbidity NTU 0.8 0.6 0.8 1.1 0.7 0.7 0.9 1.8 0.8 3.0 2.3 2.7 1.0 1.0 4.6
pH 1.3 1.4 1.0 1.3 1.3 1.4 1.4 0.9 1.2 0.9 1.0 0.5 0.7 0.7 0.9
COD mg/L 2685 | 2435 | 2015 | 1920 | 1728 | 1627 | 1533 | 1556 | 1203 | 1012 | 899 880 895 900 860
COD Total g/L 295 | 268 | 222 | 21.1 | 190 | 179 | 169 | 17.1 | 132 | 11.1 9.9 9.7 9.8 9.9 9.5

% COD Removal 50.5 | 55.1 | 629 | 64.6 | 68.1 | 700 | 71.7 | 71.3 | 77.8 | 81.3 | 83.4 | 83.8 | 835 | 834 | 84.1




Table C 1. 24: Results from experiment 12.2
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Parameter Units Experiment 12.2
Time hrs. 0 2 4 6 8 10 12 24 26 28 30 32 34 36 48 50
Salinity gll 114|101 | 98 | 116|118 | 119 | 11.7 | 115 | 116 | 13.3 | 136 | 15.0 | 15.6 | 15.4 | 15.3 | 14.2
EC mS/cm | 180 | 15.7 | 158 | 16.8 | 19.1 | 19.8 | 182 | 184 | 184 | 195 | 222 | 25.0 | 22.2 | 22.1 | 21.7 | 21.6
TDS g/l 11.6 | 103 | 10.2 | 114 | 131 | 121 | 12.0 | 11.7 | 11.8 | 13.0 | 150 | 145 | 15.0 | 15.0 | 15.0 | 14.6
Turbidity NTU 94.8 | 28.3 | 10.6 6.1 2.8 1.9 1.4 3.0 15 1.3 14 1.9 1.2 1.1 1.0 1.1
pH 2.5 1.2 1.5 1.6 1.3 1.3 1.2 1.3 1.3 1.6 15 15 15 15 14 15
COD Total g/L 509 | 44.6 | 439 | 46.7 | 46.2 | 45.7 | 40.9 | 34.0 | 39.8 | 39.0 | 38.4 | 35.8 | 343 | 325 | 28,5 | 25.9
% COD Removal 00 | 123|137 | 8.2 9.2 | 10.3 196 | 33.1 | 21.7 | 23.4 | 24.6 | 29.7 | 325 | 36.2 | 44.0 | 49.0
Parameter Units Experiment 12.2
Time hrs. 52 54 56 58 60 72 74 76 78 80 82 84 96 98 100
Salinity g/l 149 | 151 | 16.2 | 153 | 16.2 | 17.2 | 11.4 | 122 | 139 | 155 | 145 | 14.4 | 135 | 134 | 14.1
EC mS/cm | 223 | 21.7 | 221 | 22.0 | 21.3 | 20.3 | 20.1 | 204 | 22.8 | 220 | 234 | 229 | 221 | 21.9 | 20.1
TDS g/l 151 | 153 | 144 | 139 | 15.0 | 15.0 | 15.1 | 135 | 13.6 | 14.7 | 16.2 | 16.9 | 13,5 | 13.3 | 135
Turbidity NTU 1.0 1.0 1.2 0.7 0.7 0.9 1.2 1.4 0.8 0.9 1.1 1.2 0.9 08 | 0.7
pH 1.5 1.5 1.4 1.6 1.2 1.3 1.4 0.8 1.1 1.0 0.9 1.0 0.7 0.7 | 0.9
COD Total g/L 247 | 225 | 20.0 | 186 | 17.2 | 146 | 140 | 13.8 | 115 | 9.5 8.7 8.4 8.2 82 | 82
% COD Removal 515 | 557 | 60.6 | 63.4 | 66.1 | 71.3 | 726 | 729 | 77.4 | 81.3 | 82.9 | 83.5 | 83.8 | 83.8 | 84.0
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Figure C. 12: Average COD removal from experiment 12.1 and 12.2.
Anova: Single Factor
SUMMARY
Averag Varianc
Groups Count Sum e e
Experiment 12.1 COD 1420.3
Removal 31 1 45.8166 880.266
Experiment 12.2 COD 1436.8
Removal 31 2 46.3491 824.95
ANOVA
P-
Source of Variation SS df MS F value F crit
4.3955 4.0011
Between Groups 3 1 4.39553 0.00516 0.943 9
51156.
Within Groups 5 60 852.608
51160.
Total 9 61
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Appendix D

Data from the adsorption experiments: Effect of chitosan dosage and pH on the removal
of COD.
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The effect of chitosan dosage on the removal of COD, at the following experimental conditions.

Experimental parameters

Volume of reactor, 1L
Temperature of solution, ambient
Stirring speed, 350 rpm
Chitosan dosage, 25-45¢g/L
pH, 2
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Experiment pH Chitosan dosage
1.1 2 2.59g/L
Time (hours) COD (mg/L) % Removal
Initial 4510 0.0
1 4435 1.7
2 4025 10.8
3 3890 13.7
Experiment pH Chitosan dosage
1.2 2 2.5g/L
Time (hours) COD (mg/L) % Removal
Initial 3890
1 3720 17.5
2 3705 17.8
3 3340 25.9
Experiment pH Chitosan dosage
1.3 2 2.59g/L
Time (hours) COD (mg/L) % Removal
Initial 3340
1 3190 29.3
2 2975 34.0
3 2850 36.8

Table D. 1: Adsorption data from experiment 1.
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Experiment pH Chitosan dosage
2.1 2 3.5¢g/L
Time (hours) COD (mgl/L) % Removal
Initial 5805 0.0
1 5345 7.9
2 4620 20.4
3 4485 22.7
Experiment pH Chitosan dosage
2.2 2 3.5¢g/L
Time (hours) COD (mg/L) % Removal
Initial 4485
1 3970 31.6
2 3845 33.8
3 3665 36.9
Experiment pH Chitosan dosage
2.3 2 3.59/L
Time (hours) COD (mg/L) % Removal
Initial 3665
1 3470 40.2
2 3415 41.2
3 3150 45.7

Table D. 2: Adsorption data from experiment 2.
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Experiment pH

Chitosan dosage

3.1 2 4.5 g/L
Time (hours) COD (mg/L) % Removal
Initial 3895 0.0
1 3680 5.5
2 3250 16.6
3 3225 17.2
Experiment pH Chitosan dosage
3.2 2 4.5 g/L
Time (hours) COD (mg/L) % Removal
Initial 3225
1 2935 24.6
2 2905 25.4
3 2515 35.4
Experiment pH Chitosan dosage
3.3 2 4.5 g/L
Time (hours) COD (mg/L) % Removal
Initial 2515
1 2265 41.8
2 1850 52.5
3 1745 55.2

Table D. 3: Adsorption data from experiment 3.
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The effect of chitosan dosage on the removal of COD, at the following experimental conditions.

Experimental parameters

Volume of reactor, 1L
Temperature of solution, ambient
Stirring speed, 350 rpm
Chitosan dosage, 25-45¢g/L
pH, 4
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Experiment pH Chitosan dosage
4.1 4 2.59g/L
Time (hours) COD (mg/L) % Removal
Initial 4445 0.0
1 4345 2.3
2 4080 8.9
3 3855 15.3
Experiment pH Chitosan dosage
4.2 2 2.59g/L
Time (hours) COD (mg/L) % Removal
Initial 3855
1 3650 17.9
2 3590 19.2
3 3560 19.9
Experiment pH Chitosan dosage
4.3 2 2.5g/L
Time (hours) COD (mg/L) % Removal
Initial 3560
1 3550 20.1
2 3510 21.0
3 3505 21.1

Table D. 4: Adsorption data from experiment 4.
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Experiment pH

Chitosan dosage

5.1 4 3.5¢g/L
Time (hours) COD (mg/L) % Removal
Initial 4150 0.0
1 3820 8.0
2 3615 12.9
3 3455 16.7
Experiment pH Chitosan dosage
5.2 4 3.5¢g/L
Time (hours) COD (mg/L) % Removal
Initial 3455
1 3290 20.7
2 3275 21.1
3 3120 24.8
Experiment pH Chitosan dosage
5.3 4 3.5g/L
Time (hours) COD (mg/L) % Removal
Initial 3120
1 3030 27.0
2 2985 28.1
3 2975 28.3

Table D. 5: Adsorption data from experiment 5
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Experiment pH

Chitosan dosage

6.1 4 4.5 g/L
Time (hours) COD (mg/L) % Removal
Initial 4595 0.0
1 3825 16.8
2 3690 19.7
3 3580 22.1
Experiment pH Chitosan dosage
6.2 4 4.5 g/L
Time (hours) COD (mg/L) % Removal
Initial 3580
1 3515 23.5
2 3530 23.2
3 3380 26.4
Experiment pH Chitosan dosage
6.3 4 4.5 g/L
Time (hours) COD (mg/L) % Removal
Initial 3380
1 2910 36.7
2 2785 39.4
3 2760 39.9

Table D. 6: Adsorption data from experiment 6
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The effect of chitosan dosage on the removal of COD, at the following experimental conditions.

Experimental parameters

Volume of reactor, 1L
Temperature of solution, ambient
Stirring speed, 350 rpm
Chitosan dosage, 25-45¢g/L
pH, 6
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Experiment pH Chitosan dosage
7.1 6 2.59g/L
Time (hours) COD (mg/L) % Removal
Initial 3780 0.0
1 3660 3.2
2 3670 2.9
3 3565 5.7
Experiment pH Chitosan dosage
7.2 4 2.59g/L
Time (hours) COD (mg/L) % Removal
Initial 3565
1 3495 7.5
2 3605 4.6
3 3580 5.3
Experiment pH Chitosan dosage
7.3 6 2.59g/L
Time (hours) COD (mg/L) % Removal
Initial 3850
1 3510 7.1
2 3465 8.3
3 3325 12.0

Table D. 7: Adsorption data from experiment 7.
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Experiment pH Chitosan dosage
8.1 6 3.5¢g/L
Time (hours) COD (mg/L) % Removal
Initial 3990 0.0
1 3885 2.6
2 3860 3.3
3 3705 7.1
Experiment pH Chitosan dosage
8.2 6 3.5¢g/L
Time (hours) COD (mg/L) % Removal
Initial 3705
1 3565 10.7
2 3445 13.7
3 3275 17.9
Experiment pH Chitosan dosage
8.3 6 3.59/L
Time (hours) COD (mg/L) % Removal
Initial 3445
1 3300 17.3
2 3305 17.2
3 3275 17.9

Table D. 8: Adsorption data from experiment 8
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Experiment pH Chitosan dosage
9.1 6 4.5 g/L
Time (hours) COD (mg/L) % Removal
Initial 4280 0.0
1 4120 3.7
2 4015 6.2
3 3805 11.1
Experiment pH Chitosan dosage
9.2 6 4.5 g/L
Time (hours) COD (mg/L) % Removal
Initial 3310
1 3195 25.4
2 3055 28.6
3 2990 30.1
Experiment pH Chitosan dosage
9.3 6 4.5 g/L
Time (hours) COD (mg/L) % Removal
Initial 2925
1 2885 32.6
2 2785 34.9
3 2755 35.6

Table D. 9: Adsorption data from experiment 9
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Adsorption data from Langmuir isotherm.

Experiment 1 — 3

Experimental parameters

Volume of reactor, 1L
Temperature of solution, ambient
Stirring speed, 350 rpm
Chitosan dosage, 25-45¢g/L
pH, 2
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Langmuir (pH 2) (2.5 g/L)

COD (mg/L) ge (Mg/Q) celge
Co 4510
Ce 3890 248.0 15.68548
Co 3890
Ce 3340 220.0 15.18182
Co 3340
Ce 2850 196.0 14.54082
Langmuir (pH 2) (2.5 g/L)
y=0.0011x+11.451
slope =1/qm
0.0011 =1/Qn
Om 909.1 mg/g
Intercept =1/Qm*KI
11.451 =1/Qmn*KI
K, 9.61E-05
RL 0.697721 | Favorable

Table D. 10: Langmuir Isotherm Data Experiment 1.

Linearised Langmuir Isotherm (2.5 g/L)

15.8
15.6

y =0.0011x + 11.451
R2=0.9895

2.5g/L

0 1000 2000 3000 4000 5000

Ce

Figure D. 1: Linearized Langmuir Isotherm (2.5 g/L)
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Langmuir (pH 2) (3.5 g/L)

COD (mg/L) de (Mmg/g) celge
Co 5805
Ce 4485 377.1 11.892
Co 4485
Ce 3665 234.3 15.6433
Co 3665
Ce 3150 147.1 21.4078
Langmuir 3.5
y=-0.0069x+42.278
slope =1/90
0.0069 =1/q0
0 144.9 mglg
Intercept =1/Q0*KI
42.278 =1/QO*KI
Kl 0.0001632
R. 0.5135 Favorable

Table D. 11: Langmuir Isotherm Data Experiment 2

Celge

25

20

Linearised Langmuir Isotherm (3.5 g/L)

y =-0.0069x + 42.278
R2=0.9375

1000 2000 3000 4000 5000
Ce

Figure D. 2: Linearized Langmuir Isotherm (3.5 g/L).
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Langmuir (pH 2) (4.5 g/L)
COD (mg/L) de (Mmg/g) celge
Co 3895
Ce 3225 148.9 21.6604
Co 3225
Ce 2515 157.8 15.9401
Co 2515
Ce 1745 171.1 10.1981
Langmuir 3.5
y=0.0077x-3.3805
slope =1/q0
0.0077 =1/q0
00 129.9 malg
Intercept =1/QO0*KI
3.3805 =1/QO*KI
Kl 0.0022777
RL 0.101 ‘ Favorable

Table D. 12: Langmuir Isotherm Data Experiment 3.

Celge

25

20

Linearised Langmuir Isoherm (4.5 g/L)

y = 0.0077x - 3.3805 o
R2 = 0.9995 -
"‘.'
¢ 459/
0 1000 2000 3000 4000
Ce

Figure D. 3: Linearized Langmuir Isotherm (4.5 g/L).
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Adsorption data from Freundlich isotherm.

Experiment 1 — 3

Experimental parameters

Volume of reactor, 1L
Temperature of solution, ambient
Stirring speed, 350 rpm
Chitosan dosage, 25-45¢g/L
pH, 2
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Freundlich (pH 2) (2.5 g/L)
COD (mg/L) ge (Mg/Q) Log(qge) Log (ce)
Co 4510
Ce 3890 248.0 2.39445 3.58995
Co 3890
Ce 3340 220.0 2.34242 3.52375
Co 3340
Ce 2850 196.0 2.29226 3.45484
Freundlich (pH 2) (2.5 g/L)
y=0.7562x+0.321
slope =1/n
0.7562 =1/n
n 1.3224
Intercept =Ln(K)
0.321 =Ln(K)
K 1.37851

Table D. 13: Freundlich Isotherm Data Experiment 1.

log ge

Linearised Freundlich Isotherm (2.5 g/L)

2.4

2.38

2.36

2.34

2.32

2.3

2.28

y = 0.7562x - 0.321
R2 = 0.9995

2.5g/L

3.40000 3.45000 3.50000 3.55000 3.60000

log Ce

Figure D. 4: Linearized Freundlich Isotherm (2.5 g/L).
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Freundlich (pH 2) (3.5 g/L)

COD (mg/L) ge (Mg/g) Log(ge) Log (ce)
Co 5805
Ce 4485 377.1 2.57651 3.65176
Co 4485
Ce 3665 234.3 2.36975 3.56407
Co 3665
Ce 3150 147.1 2.16774 3.49831

Freundlich (pH 2) (3.5 g/L)

y=2.6473x-7.0831
slope =1/n
2.6473 =1/n
n 0.37774
Intercept =Ln(K)
7.0831 =Ln(K)
K 1191.66
Table D. 14: Freundlich Isotherm Data Experiment 2.
Linearised Freundlich Isotherm (3.5 g/L)
2.65
2.6 y = 2.6473x - 7.0831
2.55 R2 = 0.9943
25
o 245
o 24
2235
- 23 3.5¢9/L
2.25
2.2
2.15
2.1
345 350 355 360 365 3.70
log Ce

Figure D. 5: Linearized Freundlich Isotherm (3.5 g/L)

192



Freundlich (pH 2) (4.5 g/L)

COD (mg/L) ge (Mg/g) Log(ge) Log (ce)
Co 3895
Ce 3225 148.9 2.17286 3.50853
Co 3225
Ce 2515 157.8 2.19805 3.40054
Co 2515
Ce 1745 1711 2.23328 3.24180

Freundlich (pH 2) (4.5 g/L)

y=0.2262x+2.9666
slope =1/n
0.2262 =1/n
n 4.4209
Intercept =Ln(K)
2.9666 =Ln(K)
K 19.426
Table D. 15: Freundlich Isotherm Data Experiment 3.
Linearised Freundlich Isotherm (4.5 g/L)
2.24
2.23
2.22
o 221
o 22
o
= 2.19 4.5g/L
2.18 y =-0.2262x + 2.9666
2.17 R2 = 0.9998
2.16
3.20 3.30 3.40 3.50 3.60
log Ce

Figure D. 6: Linearized Freundlich Isotherm (4.5 g/L).
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Adsorption data from Dubinin-Raduschkevich isotherm.

Experiment 1 — 3

Experimental parameters

Volume of reactor,
Temperature of solution,
Stirring speed,
Chitosan dosage,

pH,

1L

ambient

350 rpm
25-45g/L
2
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Dubinin-Raduschkevich (pH 2) (2.5 g/L)

COD (mg/L) ge (Ma/Q) €
Co 4510
Ce 3890 248.0 0.63715
Co 3890
Ce 3340 220.0 0.74205
Co 3340
Ce 2850 196.0 0.86961

Dubinin-Raduschkevich (pH 2) (4.5 g/L)

y=-0.6644x+5.7744

slope =Ln(qgs)
0.6644 =Ln(gs)
gs 1.94
Intercept =k*e2
5.7744 =k*e2
K 14.22
E 0.187

Table D. 16: Dubinin-Raduschkevich Isotherm Data Experiment 1

In ge

Linearised D-R Isotherm (2.5 g/L)

5.55

5.5
5.45

5.4
5.35 y =-0.6644x +5.7744

R2=0.9878

5.3

5.25
0.00 0.20 0.40 0.60 0.80
82

2.5g/L

Figure D. 7: Linearize Dubinin-Raduschkevich isotherm (2.5 g/L).
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Dubinin-Raduschkevich (pH 2) (3.5 g/L)

COD (mg/L) ge (Mg/Q) €
Co 5805
Ce 4485 377.1 0.55263
Co 4485
Ce 3665 234.3 0.67626
Co 3665
Ce 3150 147.1 0.7868

Dubinin-Raduschkevich (pH 2) (4.5 g/L)

y=-2.9994x+6.8417

slope =Ln(qgs)
2.9994 =Ln(gs)
gs 20.073
Intercept =k*e2
6.8417 =k*e2
K 22.4
E 0.149

Table D. 17: Dubinin-Raduschkevich Isotherm Data Experiment 2.

Linearised D-R Isotherm (3.5 g/L)

6
5.8
5.6
5.4
5.2 y = -2.9994x + 6.8417
R2 = 0.9994
5
48
000 020 040  0.60
82

0.80

3.5g/L

Figure D. 8: Linearize Dubinin-Raduschkevich isotherm (3.5 g/L).
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Dubinin-Raduschkevich (pH 2) (4.5 g/L)

COD (mg/L) ge (Ma/Q) €
Co 3895
Ce 3225 148.9 0.76851
Co 3225
Ce 2515 157.8 0.98542
Co 2515
Ce 1745 171.1 1.42012

Dubinin-Raduschkevich (pH 2) (4.5 g/L)

y=0.0933x+4.9576

slope =Ln(qgs)
4.9576 =Ln(as)
gs 1.09
Intercept =k*e2
6.8417 =k*e2
K 11.58
E 0.2078

Table D. 18: Dubinin-Raduschkevich Isotherm Data Experiment 3.

Linearised D-R Isotherm (4.5 g/L)

5.16
5.14
5.12

5.1
© 5.08

< 5.06
5.04
5.02

5
4.98

0.00 0.50 1.00
82

y = 0.0933x + 4.9576
R2=0.9723

1.50

2.00 250

4.5g/L

Figure D. 9: Linearize Dubinin-Raduschkevich isotherm (4.5 g/L).
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Appendix E

Sample calculations for all major calculations performed
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1. Oil recovery from acidification
- pHof2

A 500ml sample of raw biodiesel was acidified to a final pH of 2. After 24 hours the oil was
separated from the aqueous phase through slow decantation. The oil that remained was measured

in a small glass measuring cylinder.

- 9 ml oil was removed from 500ml acidified wastewater.
- The amount of removed oil was calculated as ml oil / 100ml wastewater

- 9ml/5=1.8 mloil / 100 ml wastewater

- %COD Removal was calculated:

(CoD,)-(CoD,,,)

%COD Removal = (COD )
t

=x100

10485) - (8870)

%COD Removal = ( (10485)

x100

%COD Removal =15

Results for the acidification of biodiesel wastewater at various pH levels are presented in Figure
4.1.
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2. Current Density

- 1.25 mA/cm?

After the current density was selected, the required current density was calculated as follows:

Current (mA)

Current Density =
Anode Surface Area (cm?)

Current (mA)
(10cm x10cm) x 4

1.25 mA/cm? =

Current (mA) = 1.25 mA/cm? x 400 cm?

Current (mA) = 500 mA = 0.5 Ampere

Experiment Current Density (mA/cm?)
0.5
0.75
1
1.25
1.75

N O O B W] N
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3. Sodium Chloride Concentration

The NaCl concentration (M) was calculated as follows:

moles of solute

Molarity (M) = ;
volume of solution

moles of solute
1L

0.08M =

moles of solute = 0.08 moles NaCl

3.1. Mass of NaCl to be added

n (moles) :MLS(Q)
M (g/mol)

0.08 mol =_Mass (9)
58.44 g/mol

Mass (g) = 0.08 mol x58.44 g/mol

Mass (g) = 4.67 gram NaCl
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4. Instantaneous Current Efficiency (%ICE)

The ICE% for a current density of 1.25mA/cm? was calculated at time = 4 hours as follows:

Experiment 4

Time (hours) 0 2 4 6 8 10 12
COD (g/L) 545.71 481.27 506.08 | 472.50 437.71 | 477.95 505.47
ICE (%) 0 20 6.64 7 8 4 2

cop] -[coD
ICE (%):[ |, ~[COD].., FL x100

8IAt
Where:
[COD],  Chemical Oxygen Demand at time t (g/L)
[COD],, ~ Chemical Oxygen Demand at time t +At (g/L)
t Electrolysis time (seconds)
I Current Intensity (A)
F Faraday constant (96485 C/mol)
L Volume of wastewater in the electrochemical reactor (m3)
[COD],  =545.7 gL
[coD],, =506.08 g/L
t =14400 seconds
| =0.5 Amp
F =Faraday constant (96485 C/mol)
L =05ms
ICE (%) = [545.7],., ~[506.08]., (96485)(0.001)x100

ICE (%) = 6.64

8(0.5)(14400)
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5. Adsorption capacity

The equilibrium adsorption capacity as well as the adsorption capacity at any given time was
calculated using equation 2.1.

0. (C,-C,)V
? m
_ (4510-3890)0.2
a 0.5
Q.= 248 mglg

6. Langmuir Isotherm

Equation 2.2 was used for the Langmuir Isotherm:

K. and gm was determined from a linearized form of Equation 2.2. as shown in Equation 2.3

C 1 1
—=—=C,+
qe qm KLqm
1 . 1
Where the slope of the equation is — and the intercept is
m L¥m
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The equation of the linearized plot of the Langmuir isotherm was then used to calculate the

variables:

Linearised Langmuir Isotherm (2.5 g/L)

15.8
y = 0.0011x + 11.451
15.6 R2 = 0.9895

25¢/L

0 1000 2000 3000 4000 5000
Ce

y =0.0011x +11.451

- 0.0011 = £l

m

- q,=909.1 mg/g

- 11451= =
K G,
S K =961x10°
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R. was calculated using equation 2.4.

Ro L
1+ K, C,

1
R = -
(1+9.61x10°°) 4510

R, =0.6977721

7. Freundlich Isotherm.

Equation 2.5 was used to fit data to the Freundlich Isotherm.
Q. = KFCe%

The linear form of the Freundlich isotherm, Equation 2.6, was used to plot log ge versus Ce (Figure

4.26). This allowed for the determination of the constant Kr and exponent 1/n.

log g, =log K¢ +£Iog C.
n

The equation of the linearized plot of the Freundlich isotherm has a slope 1 and an intercept
n

(LnK).
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Linearised Freundlich Isotherm (2.5 g/L)
2.4
y = 0.7562x - 0.321
2.38 R2 = 0.9995
2.36
&
o> 2.34
S
232 259l
2.3
2.28
3.40000 3.45000 3.50000 3.55000 3.60000
log Ce

y =0.7562x -0.231
- 0.7562 = 1
n

. n=1.322
. 0.321= In(K)

. K=19.426

206



8. Dubinin-Raduschkevich isotherm

Equation 2.7 was used to fit data to the Dubinin-Raduschkevich isotherm.
A, =d,, exp(—ks?)

The Polanyi potential (€) (J/mol) was calculated with Equation 2.8.

£=RTIn [1+ ij
Ce

The linear form of Equation 2.8 allows for the values of gm and K to be deduced by plotting Ln(qge)

versus &2
Ing, =Ing, —ké’
Linearised D-R Isotherm (2.5 g/L)
5.55
55
5.45
()
T 54
£
5.35 y = -0.6644x + 5.7744 2.5g/L
R2=10.9878
5.3
5.25
0.00 0.20 0.40 0.60 0.80
82
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The straight-line equation from the plot of Inge vs. €2 has a slope of gm and an intercept ks?

y = -0.6644x +5.7744
. 0.6644 =In(q,,)

. q, =1.94

. 5.7744 = ke®

5.7744

k=
(0.6371)

. k=14.224

The mean energy of adsorption (E) can be calculated from Equation 2.10.

E = (-2K)™
“E = (-2*14.224)™"

-~ E = 0.1875
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9. BOD and FOG correlations

Various samples at different stages of the treatment process were analysed for COD, BOD and
FOG concentrations by an accredited laboratory.

The results obtained from the analysis was used to create a correlation for BOD vs. COD and for
FOG vs. COD in order to estimate BOD and FOG values at all instances during the treatment

process.

The correlation for BOD vs. COD is shown below which has the equation: y = 0.6803x + 0.0697

and a R2 value of 1.

BOD vs. COD
45000
40000

35000 y = 0.6803x + 0.0697
R2=1

30000

25000

20000

FOG (mglL)

15000

10000

5000

0 10000 20000 30000 40000 50000 60000
COD (mg/L)
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Similarly, the plot of FOG vs. COD is shown below, it has the equation: y = 0.0019x + 0.926 with
a R2? value of 0.9927.

FOG vs COD
120
y = 0.0019x + 0.926
100 R? = 0.9927
80

FOG (mg/L)
3

40

20

0 10000 20000 30000 40000 50000 60000
COD (mg/L)
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Appendix F

Sample preparation and analytical procedures.
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Procedure followed for determination of COD.

All procedures were followed as prescribed by Merck.

1. Definition

During all experiments the COD was measured in time intervals as indicated in the relevant text.
The COD expresses the amount of oxygen originating from potassium dichromate that reacts with
the oxidizable substances contained in 1L of water under the working conditions of the specified

process.

2. Method

The water sample is oxidised with hot sulfuric solution of potassium dichromate, with silver
sulphate as the catalyst. Chloride is masked with mercury sulphate. The concentration of
unconsumed yellow Cr.07%> ions or respectively, of green Cr* ions is then determined
photometrically. The method corresponds to DIN ISO 15705 and is analogous to EPA 410.4,
APHA 5220 D, and APHA D1252-06 B.

3. Measuring range and reagents

Solution A (Cat. No. 114679) and Solution B (Cat. No. 114680) with a measuring range (mg/L
COD) of 500 — 10 000, was used.

4. Preparation
Samples were taken as indicated in the relevant text. Since it was known that the majority of initial
samples would fall out of the range that the reagents were capable of measuring, all samples were

diluted (1:10) with deionised Millipore water. Once the COD results were obtained, the value was

multiplied by a factor of 11 to account for the dilution.
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Procedure

- Pipette solution A (2.2 ml) and solution B (1.8 ml) into an empty cell (free of scratches and
organic impurities).

- Suspend any bottom sediment present in the cell by swirling.

- Tightly attach the screw cap to the cell.

- Vigorously mix the contents of the cell (a vortex mixer was used for 5 seconds).

- Heat the cell at 148°C in the preheated thermos-reactor (TR 420 Thermo-reactor) for 120
minutes.

- Remove the hot cell from the thermos-reactor and allow to cool in a test-tube rack.

- Wait 10 minutes, swirl the cell, and return to the rack for complete cooling to room
temperature.

- Measure in the photometer (NOVA 60)
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