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Abstract

Municipal secondary membrane bioreactor (MBR) wastewater effluent in South Africa (SA) contains
various types of pharmaceuticals that form part of a class of chemical contaminants of emerging
concern (CECs). These contaminants cause harmful influences on the natural environment. While
typical tertiary remedy methods efficiently remove micropollutants, residues of these products exist in
water masses at low concentrations, emphasising the need for additional treatment. Advanced,
pioneering and sensitive analytical technologies are needed to identify their low concentration in
complex matrices such as MBR secondary wastewater. Under these circumstances, electrochemical
oxidation (EQ) is a possible solution for removing pharmaceuticals.

This study investigates the removal of inorganics and pharmaceuticals in secondary municipal MBR
effluent. A lab-scale EO unit with Ti/Pt and Ti/ IrO,Ta;Os electrodes was used. The EO process
produced effluent discharge for recycling application.

Three pharmaceuticals were selected, i.e., ibuprofen (IBU), carbamazepine (CBZ) and diclofenac
(DCF). IBU and DCF are from the same pharmaceutical group, a non-steroidal anti-inflammatory drug
(NSAID), while CBZ is from the anti-epileptic group. Ammonia and COD were also treated in this

process.

The electrochemical oxidation process with Ti/Pt and Ti/lrO,Ta.Os electrodes was applied to treat the
secondary municipal MBR effluent in a batch reactor at constant pH of 4 and a working volume of 3L.
The electrolyte (NaCl) concentration and current density were varied at room temperature. At a current
density of 10 mA/cm? and 0.08M electrolyte anode, Ti/lrO,Ta.Os showed better results than Ti/Pt for
CBZ, DCF and IBU of more than 99% pharmaceutical removal. The inorganic ammonia compound
was successfully removed at a maximum removal of 99% (Ti/lrO,Ta,Os anode) and 75% (Ti/Pt
anode). However, Ti/Pt has a maximum reduction of 86% for COD.

A Response Surface Methodology (RSM) and central composite design (CCD) characterised the

electrochemical oxidation experiments. Polynomial quadratic models were successfully developed to

remove COD, ammonia, and colour. Their removal was found to be significant.
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Chapter 1

Introduction



Chapter 1: Introduction

1. Background

"South Africa (SA) is a developing country" (Archer et al.,, 2017). This statement is based on the
population statistics of a 70.9% - 83.5% increase in 2011. This population increase means that not

only the water demand increased but also the demand for sanitation services.

All wastewater treatment works (WWTW) in SA aim to improve the water quality of the sewage
influent. Release secondary effluent to the environment must comply with the Department of Water
and Sanitation (DWS) criteria. The DWS founded the Green Drop (GD) program in 2008 to evaluate
the performance of WWTW (Archer et al., 2017). Should the WWTW comply, the plant will receive a
GD status. However, the WWTW in SA is reported to be overloaded, resulting in few GD statuses and
ineffective wastewater treatment (Madikizela et al., 2018).

Water pollution occurs from either direct- or indirect contamination. Abdi & Kazemi (2015) describes
direct contamination as effluent discharge into water masses, while indirect contamination is organic
or inorganic water pollutants. Municipal wastewater contains many contaminants, such as domestic
waste, antibiotics, pharmaceuticals, bacteria, and personal care products (PPCP). Researchers have

taken a closer look at pharmaceuticals entering the WWTW.

Pharmaceuticals have recently become one of the critical elements in the investigation. These
pharmaceuticals enter the sewage system mostly from hospitals and through domestic use (Loos et
al., 2018). Removal of pharmaceuticals from secondary effluent is vital because it is classified as a
threat to the environment and aquatic life. There are various methods to remove pharmaceuticals from
secondary effluent. However, studies have shown that electrochemical oxidation is promising (Benito
et al., 2017; Coria et al., 2014; Garcia-Montoya et al., 2015).



1.1. Problem statement

Municipal secondary membrane bioreactor (MBR) wastewater effluent in SA contains various types of
pharmaceuticals that form part of a class of chemical contaminants of emerging concern (CECs)
(Madikizela et al., 2018; Olujimi et al., 2012). These contaminants cause harmful influences on the
natural environment. While typical tertiary remedy methods efficiently remove micropollutants,
residues of these products exist in water masses at low concentrations, emphasising the need for
additional treatment. Advanced, pioneering and sensitive analytical technologies are needed to
identify their low concentration in complex matrices such as MBR secondary wastewater. Under these

circumstances, electrochemical oxidation (EO) is a possible solution for removing pharmaceuticals.

1.2. Research question

o How effective would removing inorganics and COD using EO be at varying current density and
NacCl electrolyte concentration?

o What effect will the current density and NaCl electrolyte concentration have on the removal of the
pharmaceuticals, ibuprofen (IBU), diclofenac (DCF) and carbamazepine (CBZ)?



1.3. Aim and objectives

This study investigates the removal of inorganics and pharmaceuticals in secondary municipal MBR
effluent with Ti/Pt and Ti/ IrO,Ta>Os electrodes using an EO unit for yielding effluent discharge for
recycling application.

The research objectives were:
o Evaluate two types of electrodes (Ti/Pt and Ti/ IrO,Taz0s) based on the effect of current density
and NacCl electrolyte concentration to measure the best quality of effluent with the removal of

targeted inorganics and COD.

o Investigate the removal efficiencies of selected pharmaceuticals: carbamazepine (CBZ), ibuprofen
(IBU) and diclofenac (DCF) using solid-phase extraction (SPE) and gas chromatography-mass

spectrometry (GCMS) for quantification in the water.

1.4. Significance of the study

Effective municipal MBR secondary effluent treatment may result in compliance with wastewater
discharge standards and potential recycling applications.

1.5. Delineation

This study focused on removing selected Inorganics, COD and pharmaceuticals, carbamazepine,
diclofenac and ibuprofen from secondary municipal membrane bioreactor wastewater effluent using
EO tertiary treatment process. A lab-scale EO unit was used as a tertiary treatment process, and
GCMS was used to analyse and quantify the pharmaceuticals removed. This research focused on the
effect of current density, NaCl electrolyte concentration, and feed pH on evaluating the removal
efficiencies and performance of the electrodes (Ti/Pt and Ti/ IrO,Ta»0s). All other factors were

delineated.



1.6. Structure of the thesis

Chapter 1: Introduction
The chapter introduces the reader to the background of the project and the problem statement that the
project addresses. The aims and objectives are included for addressing the issues stated and the

delineation.

Chapter 2: Literature Review
The literature review looks at all the studies other researchers conducted within the same or similar

field. It may also identify gaps within research and highlight the literature on this study's focus points.

Chapter 3: Methodology
The chapter contains the materials and methods used for executing the project from the aims and

objectives of the project. Also included are the instruments and equipment used.

Chapter 4: Results and Discussion
This section contains the results and the discussion. The area is separated into three sections. The
results are on COD removal, inorganic pollutants, and chemical analysis.

Chapter 5: Optimisation using Response Surface Methodology (RSM)

This section dealt with the optimisation of the EO removal process using RSM. This includes
developing the multilevel factorial design, central composite design and central composite predictive
models. The best-fitted models were optimized to identify the optimum condition for COD, sulphate
removal and colour removal in municipal MBR secondary effluent by evaluation and verification using

Design Expert Software.

Chapter 6: Conclusion and Recommendation
This section concludes the overall project collected from the experiments in chapters 4 and 5. This

chapter also includes recommendations observed during this study for further research.

Appendix:
This section includes tables, graphs and calculations that formed part of the methods and discussions
in Chapters 3, 4 and 5.






Chapter 2

Literature Review



Chapter 2: Literature Review

2. Introduction

All living species are dependent on clean and drinkable water. The recent water shortage resulting in
stringent measures to save water in the Western Cape Province emphasises the need to ensure the
availability of clean and potable water in an ever-expanding human population. Parsons & Jeffersons
(2006) confirmed that improvement in water quality improves human health.

2.1. Types of Water

Municipal wastewater comprises different types of wastewater. The two significant types of
wastewater are industrial- and domestic wastewater. Wastewater is a form of pollution not only to the
environment but also the aquatic life. Naturally, these different types of wastewater in Figure 2.1
contain various pollutants. Domestic wastewater comprises greywater (home wastewater) and
blackwater (Von Sperling, 2007).

Wastewater
|
! 1
Domestic Industrial Stormwater
Runoff
Greywater Blackwater

—

1
I 1 |
l Bathroom \ l Laundry \ l Kitchen \ Urine Faeces

Figure 2.1: Types of wastewater(Edokpayi et al., 2017)




2.2. Composition of Wastewater

Domestic wastewater comprises 99.9% water, while the remaining 0.1% consists of biodegradable
compounds, suspended solids (SS), metals, and pathogenic microorganisms (Templeton & Butler,
2011). However, domestic and industrial wastewater comprises many chemicals such as antibiotics,
pharmaceuticals, bacteria, and personal care products. This composition species increases the
number of pollutants within municipal wastewater significantly. Madikizela, Ncube and Chimuka (2018)
reported various pharmaceuticals discovered in water masses (e.g. surface water) across South

Africa. Therefore, the removal of these pharmaceuticals is needed.

2.3. Wastewater Treatment

As mentioned, South Africa is a growing economy (Archer et al., 2017). The water demand is
excellent, and the sewage or municipal wastewater has also significantly increased. Treating
wastewater is vital for the environment, aquatic life, and recycling purposes. There are several types
of water treatment and recycling technologies, as shown in Figure 2.2.

Wastewater treatment is done in steps depending on the wastewater received at the WWTW.
Generally, primary- and secondary treatment followed by disinfectant is usually implemented at most
WWTW in South Africa. However, Pre- treatment and tertiary treatment are also implemented. Since
the membrane unit removes TSS significantly, tertiary water treatment for MBR processes is usually
implemented for solid waste rather than secondary effluent. However, there are still pollutants within
the effluent because the size of the membranes allows particles, e.g. pharmaceuticals, to enter the

secondary effluent.
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Figure 2.2: Water treatment technologies (Gupta et al., 2012)
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2.4. Secondary Treatment

In South African municipal wastewater treatment works (MWWTWSs), the most popular secondary
treatments are either the conventional activated sludge (CAS) process or the membrane bioreactor
(MBR).

2.4.1. Conventional Activated Sludge (CAS)

The CAS unit contains a reactor and secondary settling tanks/ clarifiers (Figure 2.3). Generally, the
reactor removes organic matter biologically by nitrification and denitrification (Templeton & Butler,
n.d.)and phosphate removal processes. Secondary effluent is obtained through sedimentation in the

secondary settling tanks/ clarifiers.

Re-cycle

Raw influent Slud
[ Reactor udge > Clarifier ———————»  \Waste

Secondary Effluent

Figure 2.3: BFD of general CAS plant

A comparative study shows that although the CAS plants have low costs and energy consumption, it
does not have an excellent environmental footprint. Instead, the membrane bioreactor (MBR) has

much better results for the secondary effluent.
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2.4.2. Membrane Bioreactor (MBR)

The MBR has two units, i.e. the biological reactor and the membrane unit (Figure 2.4). There are three
zones within a biological reactor: anaerobic, aerobic and anoxic. These zones allow biological
reactions and processes, including phosphate removal, nitrification and denitrification (Martin et al.,
2015).

Re-cycle

Raw influent Membrane
Sludge .
—_—p Reactor > Unit ——————————® Sludge

Secondary Effluent

Figure 2.4: BFD of general MBR.

Unlike the CAS plant, the MBR produces better-quality secondary effluent. The membrane unit
contains micro-porous membranes instead of secondary settling tanks/clarifiers. The membrane unit
separates the liquid (permeate) from the solid. However, not all contaminants are removed through
secondary treatment. The MBR secondary treatment, such as pharmaceuticals, is inefficient for

removing non-biodegradable contaminants (Wanda et al., 2018). Hence, tertiary treatment is required.
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2.5. Tertiary Treatment

WWTW is not equipped to remove pharmaceuticals efficiently. Therefore tertiary treatment is
proposed. There are many possible treatment suggestions, such as adsorption (Akpotu et al., 2020),
electrocoagulation (Zaidi et al., 2019), ozonation (Lee et al., 2014)and photo-catalysis (Orimolade et
al., 2020). However, based on research (Hurwitz et al., 2014), electrochemical oxidation seems a
promising approach for tertiary treatment because it is "the most mature approach" (Radjenovic &

Sedlak, 2015) for tertiary water treatment

2.5.1. Advanced Oxidation Processes (AOP)

AOP is classified as an effective method to degrade pharmaceuticals and an environmentally friendly
process (Rajab, Greco, et al., 2013). These processes are typically done on secondary treated effluent
to decrease the treated compounds and lower operational costs.

Advanced oxidation processes can either be homogeneous or heterogeneous. Brugnera, de Araljo
Souza and Zanoni (2016) state that a reaction that occurs without a solid catalyst or a process with
substances in the same phase can be classified as homogeneous, while a heterogeneous system
occurs with the presence of a solid catalyst to form hydroxyl radicals or is a process involving
substances in different phases. These authors' second deduction is that heterogeneous and
homogeneous reactions may appear with or without irradiation. Various advanced oxidation
technologies are characterised by heterogeneous (with/without irradiation) and homogeneous (with/

without irradiation), as shown in Figure 2.5.
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Figure 2.5: Advanced oxidation processes(Brugnera, de Araudjo Souza and Zanoni., 2016).
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2.5.2. Electrochemical Oxidation (EO)

Anodic or electrochemical oxidation (EO) is an advanced oxidation process (AOP) generally used to
treat industrial effluent. Recent studies show that EO is used in industrial wastewater (Garcia-Montoya
et al., 2015)and municipal wastewater treatment (Babu et al.,, 2009; Rajab, Heim, et al., 2013).
Secondary effluent ((Madikizela et al., 2020)contain pharmaceuticals that have become a global
concern to the surface- and groundwater bodies.

EO systems generally consist of two electrodes (anode and cathode) and a power supply or
electrolytic cell. The formation of oxidising species and degradation of contaminants occur with the
addition of current/ energy supply and electrolyte. When complete minimisation is reached, water and

carbon dioxide are released.

Advantages and Disadvantages of EO

There are numerous amounts of advantages that EO have over other technologies. Table 2.1 provides
eight advantages some authors indicated.

Table 2.1: Advantages of EO.

Advantages Reference

1. Environmental comparability Peralta-Hernandez et al. (2012); Radjenovic &
Sedlak (2015); Rajab, Heim, et al. (2013)

2. Low Cost Babu et al. (2009)

3. High effectiveness Bagastyo et al. (2014)

4, No chemical additives Radjenovic & Sedlak (2015)

5. No waste production Radjenovic & Sedlak (2015)

6. Operation at ambient temperature | Heim et al. (2015)

and pressure

7. Adaptable to other applications/ | Babu et al. (2009)

technologies

It is noted that Radjenovic & Sedlak (2015) stated no waste is produced; however, it is also said that

toxic by-products may form. The possibility of poisonous by-products refers to transformation products
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that include pharmaceutical electrolysis. Research shows that the longer the EO process occurs, the
by-products will also oxidise.

Table 2.2 shows two significant disadvantages that Radjenovic & Sedlak (2015) addressed, i.e. toxic
by-products and high-energy consumption. The high consumption of energy can be lowered by
combining low-cost biological processes (Martin et al., 2015) and RO (Zhou et al., 2011) with the EO

process.

Table 2.2: Disadvantages of EO.

Disadvantages Reference
1. High energy consumption Radjenovic & Sedlak. (2015)
2. Toxic by-products Radjenovic & Sedlak. (2015)

2.5.3. Direct- and indirect oxidation

Degeneration of contaminants such as pharmaceuticals using the EO technique is done with either:
Direct oxidation
The degradation of the pharmaceutical compound occurs directly over the anode (Peralta-Hernandez
et al., 2012)This happens through active oxygen on the surface of the anode or adsorbed hydroxide
radicals (°OH). The following general equation describes direct oxidation.

M+ H,0 > M(°COH) + H" + e~ (Peralta-Hernandez et al., 2012)

Equation 2.1

Where M is the adsorbed pollutant on the anode surface, after which degradation occurs through an
anodic transfer reaction, this type of oxidation is called anodic- or direct oxidation as well as

electrochemical incineration (Peralta-Hernandez et al., 2012). The oxidation rate is determined based

on the current density, pollutant diffusion rate and electrode activity (Babu et al., 2009).
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Indirect oxidation

Degradation of compounds occurs in bulk solution through species generated in the electrode. The
generation of common oxidants at the anode are Cl, , OH* (Fenton reaction), hypochlorite, ozone and
peroxodisulfate (Peralta-Hernandez et al., 2012). The oxidation rate is determined based on the pH,
diffusion rate for oxidants generated and temperature. Adding chloride salts (potassium, sodium, etc.)
is required to increase the conductivity and generation of hypochlorite ions/ chlorine (Babu et al.,
2009). However, indirect oxidation may also occur if chlorine radicals are adsorbed at the anode or
active chlorine species (Hurwitz et al., 2014).

2.6. Electrodes

The efficiency of EO and the formation of by-products is dependent on the type of electrode used.
There are different types of electrodes; however, the most researched electrodes for the anode are
mixed metal oxide (MMO) electrodes, platinum electrodes and boron-doped diamond (BDD)

electrodes

2.6.1. Mixed Metal Oxide (MMO) Electrodes

Mixed metal oxide (MMO) electrodes have been under investigation for the last decade. This type of
electrode consists of a base material that is resistant to corrosion (e.g., titanium) and doped with metal
oxides (e.g., Ir03). MMO electrodes are characterised to have active (e.g. Ru0;) or nonactive (e.g.
$n0,) anodes (Gherardini et al., 2001), where active anodes have a low over-potential for oxygen
formation and non-active anodes have a high over-potential for oxygen formation. These electrodes
are often used with a chloride electrolyte because of their limited ability to oxidise (Radjenovic et al.,
2015). Below is a list of electrodes ranked for MMO or Dimensionally Stable Anode (DSA) material

based on costs, stability and organic oxidation activity.
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Table 2.3 MMO electrodes:
Electrode Reference
Ir03
RuO,
Sno,
PbO,
Ti/PbO,
Ti/PdO — C050, Radjenovic et al. (2015)
Ti/RhO, — TiO,

Ti/Ir0,Ta,0x

Ti/Pt

Ti/Pt —Ir

Ti coated with oxides of Ru/Ir/Ta

2.6.2. Boron-Doped Diamond (BDD) Electrode

BDD anodes have high oxygen over-potential and are, therefore, suitable for direct oxidation.

Table 2. 4: Advantages of BDD electrode.

Advantages Reference

1. High reactivity

1. High oxygen over-potential

2. High chemical and corrosion

stability Mordacikova et al. (2020)
3. Inert surface

4, Low background current

5. Wide potential window

It has been proven that the high cost and energy consumption on a large-scale basis can be reduced

by combining secondary treatment with EO.
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Generation on BDD anode

Radjenovic et al. (2015) claim previous studies indicate that BDD (°OH) have no spectroscopic
evidence of the existence of free °OH radicals. Instead, at the BDD anode surface, °0OH is formed
because of the high oxygen over-potential. The following equation shows the formation of °OH at the
anode.

BDD + H,0 = BDD(°OH) + H* + e~

Equation 2.2

Generally, the BDD electrode's primary function is to oxidise organic contaminants. However, the
anode produces ozone, H,O, ferrate, peroxy dicarbonate with carbonate present, peroxy diphosphate
with phosphate present and peroxy disulfate with sulphate ions present.

Substrates for BDD

The substrates for depositing the film of the BDD electrode include Si, Ti, Ta, W and Nb
((Mordacikova et al., 2020; Radjenovic & Sedlak, 2015).
2.7. Pharmaceuticals

Pharmaceutical residues in wastewater are classified as a threat to the environment and aquatic life.
Baresel et al. (2015) explain that pharmaceuticals enter the environment through sewage treatment
effluent. Treatment plants are generally not equipped to remove non-biodegradable dissolved
compounds (Bagnis et al., 2018; Baresel et al., 2015). The following diagram shows alternative

methods for pharmaceuticals to enter the environment.
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Figure 2.6: Schematic for pharmaceuticals entering the environment.

In South Africa, several studies on pharmaceuticals and the removal of pharmaceutical and personal
care products (PPCPs), as well as endocrine-disrupting contaminants(EDCs) from wastewater, have
been studied ((Archer et al., 2017; Aziz & Ojumu, 2020; Madikizela et al., 2020). Madikizela et al.
(2018) reported various pharmaceuticals discovered in water masses (e.g. surface water) across

South Africa. Therefore removal of these pharmaceuticals is needed

2.7.1. Impacts of pharmaceutical residue

Pharmaceutical residues in secondary effluent have an amplitude of negative impacts on the
environment, animals and humans. Reportedly only long-term toxicity effects on aquatic life have been
established, and no detection of the immediate toxicity effects of pharmaceuticals has been conveyed.
However, more than one type of pharmaceutical in a water body may increase toxicity levels.(Rajab,
Greco, et al., 2013).
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2.7.2. Analytes

This research investigates the removal of three pharmaceuticals within a synthetic water matrix and
real MBR secondary effluent. Diclofenac sodium (DCF), carbamazepine (CBZ), and ibuprofen (IBU)
are the proposed pharmaceuticals because studies ((Hansen et al., 2016; Urtiaga et al., 2013;
Verlicchi et al., 2012; Yao et al., 2018) have shown that residues of these pharmaceuticals are present
in the WWTW secondary effluent.

Diclofenac (DCF)
When sludge undergoes treatment within the anoxic zone of the MBR, it partially degrades DCF, while
acidic conditions with pH 4.4 increase the percentage removal. According to the literature, DCF

depends not on the sludge retention time (SRT) but other operational factors. DCF is known as a
nonsteroidal anti-inflammatory drug (NSAID) that reduces pain within the body.

HQ

Figure 2.7: DCF structure.
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Carbamazepine (CBZ2)

CBZ is from the anti-epileptic group and is used to prevent seizures. CBZ is not dependent on the
SRT and does not undergo degradation in any of the zones within the reactor of the MBR. In addition,
acidic conditions (pH 4.4) do not significantly affect the % removal.

Figure 2.8: CBZ structure.

Ibuprofen (IBU)

IBU is also a form of the anti — epileptic group which prevents seizures.

OH

Figure 2.9: IBU structure.
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2.7.3. Pharmaceutical Transformations (PTs)

Pharmaceutical transformations form during the degradation of pharmaceutical parent compounds. It
is considered a primary concern since the TP's may be more harmful than the parent compounds
(Rajab, Greco, et al., 2013).

Several studies (Bagastyo et al., 2014; Rajab, Greco, et al., 2013; Rajab, Heim, et al., 2013) indicate
that PTs have a wide range of structural differences. Mohamad Rajab, Greco, et al. (2013) suggest
that the type of degradation method and the composition of the water matrix significantly impact the
number and structure of the TP's generated. When using AOP techniques, TP's are more "polar" and
"smaller" than the parent compounds and may not have reference standards. Therefore, analysis is
done using chromatographic techniques to obtain a comprehensive view of TP's produced (Rajab,
Greco, et al., 2013).

The decrease in treatment time reduces energy consumption, while the increase in treatment time
increases the removal efficiency of TP's. However, treatment time is indirectly proportional to the
current density. Should the current density increase, the treatment time will decrease. Therefore,
operational costs could also be reduced should a pharmaceutical's TP be deemed negligible.
However, the hazardousness of TPs is unknown (Rajab, Heim, et al., 2013).

2.7.4. Pharmaceutical removal using EO treatment
Literature shows that BDD electrodes have shown excellent removal of pharmaceuticals (Rajab et al.,
2013; da Silva et al.,, 2019; Mora- Gomez et al., 2020). The following equation calculates the %

removal of pharmaceuticals in wastewater.

concentration of pharmaceutical in feed — concentration of pharmaceutical in ef fluent 100
X

concentration of pharmaceutical in feed

Equation 2.3
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Table 2.5: Pharmaceutical removal

Initial
. _ Final concentration
Pharmaceutical Process concentration (mg / mal) % removal Reference
m
) J
150 0 100 Coria et al. (2014)
. Garcia-Montoya et
Diclofenac (DCF) 50 10.3 79.4
al. (2015)
Garcia- Montoya
50 8 84
et al. (2015)
50uM 0 100 Rajab et al. (2013)
0.5 0.1 80 Loos et al. (2018)
EO 250 21.6 91.36 Benito et al. (2017)
- da Silva et al.
Aniline 10 0 100
(2018)
Garcia- Montoya
100 49 51
et al. (2015)
Sulfamethoxazole 55.5uM 0 100 Rajab et al. (2013)
(SMX) 0.5 0.1 80 Loos et al. (2018)
Carbamazepine Alvarez-Torrellas
229.7 44.8 80.5
(CB2) et al. (2017)
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2.8. Analysis Techniques

The most common and effective techniques for the analysis of pharmaceuticals are chromatographic
techniques(Rajab, Greco, et al., 2013). These techniques are separation methods that can be used to

separate compounds or solutes of a mixture.

Generally, solutes or compounds are placed between a mobile phase (liquid or gas) and a stationary
phase (liquid or solid) with a continuous exchange of kinetic molecular motion between the phases. An
origin or narrow zone occurs when a mixture of solutes is initiated into the process. The blend contains
different species and is transported at different flow rates. The separation of the compounds or solutes
occurs with both the moving fluid's driving force and the stationary phase's resistive force. One
advantage of this separation method is that it can separate multicomponent chemical mixtures without
extensive reference knowledge of the molecular compounds involved. A second advantage is that
chromatography can detect molecular species ranging from tiny atoms (e.g. hydrogen) to large

materials.

The most applied chromatography techniques that are used are:

a) Liquid chromatography (LC) - (Rajab, Greco, et al., 2013)
b) Gas chromatography (GC) - (Rajab, Greco, et al., 2013)
C) lon exclusion chromatography (IC) - (Rajab, Greco, et al., 2013)

These analytical set-up techniques have produced innovative information about pharmaceutical
compounds and their transformation products. Contrary to this, these techniques are highly time-
consuming and require extensive resources. Alternatively, during the instance of compounds that have

polarity on a larger scale, Mohamad Rajab, Greco, et al. (2013) suggest the following:

a) Hydrophilic interaction liquid chromatography (HILIC) - (Rajab, Greco, et al., 2013)
b) Reverse phase liquid chromatography (RPLC) - (Rajab, Greco, et al., 2013)
C) High-pressure liquid chromatography (HPLC) - (Rajab, Heim, et al., 2013)

Not only is the two methods more effective than LC, GC and IC, but combining both methods into one

analytical set-up may provide fewer false negative results when the reference standards are unknown
(Rajab, Greco, et al., 2013).
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Mass spectrometers (MS) can produce high-accuracy results (Rajab, Greco, et al., 2013). Therefore
MS will produce comprehensive results. The following types of MS were used in various studies:

a) Time of flight mass spectrometer (TOF-MS) -Mohamad Rajab, Greco, et al. ( 2013)
b) electrospray ionisation mass spectrometer( ESI — MS) - (Rajab, Heim, et al., 2013)
C) Gas chromatography-mass spectrometer (GC-MS) -(Togola & Budzinski, 2007)

As mentioned previously, chromatographic techniques, a combination of these techniques, produce a
comprehensive analysis of pharmaceutical compounds. An example is Mohamad Rajab, Greco, et al.
(2013) evaluation of "the feasibility and convenience on the serial coupling of RPLC and zwitterionic
(ZIC-HILIC) with the time of flight mass spectrometer (TOF-MS) detection of TP's". The analysis was
done using liquid chromatography (LC) combined with a mass spectrometer (MS) after the extraction
of compounds using extracted ion chromatography (EIC). Another example is the GC coupling with an

MS (GC — MS) for detecting and quantifying pharmaceutical compounds (Togola & Budzinski, 2007).
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Chapter 3: Research Methodology

3. Introduction

This chapter comprises the experimental- and analytical procedures. A description of the
instrumentation, equipment and materials utilised during each experimental run is included. All
experiments were conducted at the Cape Peninsula University of Technology in Chemical Engineering

Research Laboratory 1.18 in the Chemistry and Chemical Engineering Building.

3.1. Research Design

This thesis consisted of a quantitative design study while using an experimental approach. This project
aimed to remove selected pharmaceuticals from municipal MBR secondary effluent through an
Electrochemical Oxidation (EO) process. Select pharmaceuticals were monitored through Solid Phase
Extraction (SPE) and Gas Chromatography-Mass Spectrometry (GC - MS). The EO system was
optimised through Design Expert (DE) version 10.

3.2. Research Apparatus

The following glassware, equipment and materials were used during the experimental runs to collect

data.
3.2.1. Glassware
All glassware was thoroughly washed and rinsed with deionised water, followed by a rinse with
acetone. It was then placed in the autoclave between 120 — 140 °C for 45 minutes. The following
glassware was used:
o The 4L glass beaker was used for feed sample preparation.

o The 3L glass beaker was used for the EO - treatment process.

o 500 ml glass bottles were used to store the effluent from the EO — treatment process.
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3.2.2. Materials

The following chemicals were utilised:

Table 3.1: Chemicals utilised in research.

Molecular Weight (Mw)

Compound Chemical Formulae (g/mol)
Ammonium phosphate (NH,4)3;PO, 149
Calcium sulphate CaSo, 136
Humic acid CoHgNOg 227
Magnesium sulphate heptahydrate MgS0,7H,0 120
Potassium chloride KCl 75
Sodium bicarbonate NaHCO; 84
Sodium sulphite Na,S03 126
Carbemazepine (CBZ2) C,5H1,N,0 236
Diclofenac sodium (DCF) C14H10CI;NNaO, 295
Ibuprofen (IBU) C13H150, 206
Aspirin (ASP) CoHgO, 180
Dihexyl phthalate — 3,4,5,6-d4 Cy0H300, 339
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3.2.3. Equipment

The following equipment was utilised during the experimental runs and chemical analysis.

Photo 3.1: DO - meter.

DO — meter measures the dissolved oxygen every hour for 5 hours.

Photo 3.2: pH - meter.

The pH meter measures the pH every hour for 5 hours during experimental runs.
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Photo 3.3: Multi - meter.

Multi — photometer measures ammonia and the water colour of the feed and effluent samples.

Photo 3.4: COD meter.

The COD meter measures the COD and sulphates in the feed and effluent samples.

Photo 3.5: TDS, EC and thermometer.

They were used for measuring the EC, TDS and temperature every 1 hour for 5 hours of the

experimental runs.
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3.3. Feed Preparation

The feed sample contains a synthetic water matrix modified to include similar characteristics to
municipal membrane bioreactor (MBR) secondary effluent. The composition of the synthetic feed
sample contains humic acid (4.2 mg/l), ammonium phosphate (60 mg/l), potassium chloride (4 mg/l),
sodium bicarbonate (96 mg/l), magnesium sulphate heptahydrate (60 mg/l) and calcium sulphate (60
mg/l). The feed is prepared in a 4L glass reactor. Pharmaceduticals, i.e., carbamazepine (CBZ2),
diclofenac sodium (DCF) and ibuprofen (IBU) with a constant concentration of 900 ug/l each, are
diluted with 0.1uL of methanol and added to the feed. With the increase in the conductivity of the
synthetic feed, sodium chloride is added at different concentrations ranging from 0.02M — 0.08M, as
specified in table 8. A magnetic bar is inserted in the reactor containing the 4L feed solution and
placed onto the magnetic stirrer hotplate at 360rpm with an initial temperature of 25°C. The initial pH is
4 with 0,5M sulfuric acid and 0.125M sodium hydroxide. The feed solution is continuously stirred to
obtain a uniform mixing. 1L of sample is removed from the reactor for feed analysis, while 3L is utilized

for treatment.

3.4. Electrode Preparation

Sample contamination prevention starts with the decontamination of the electrodes before each
experimental run. Initially, electrodes are rinsed and soaked in a 1L beaker of 0.5M sulfuric acid
solution for 5 minutes to remove impurities from the electrode surface area. It is then rinsed with
deionised water for 1 minute and air-dried. After each experimental run, electrodes are washed and

rinsed before being air-dried.
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3.5. Electrochemical Oxidation (EO)

EO treatment aims to reduce organic pollutants in municipal MBR secondary effluent effectively. The
laboratory-scale EO — process contains a constant volume of 3L feed solution with pH 4. The solution
is placed in a glass reactor at a continuous stirring rate of 360 rpm. Two types of electrodes, i.e., Ti/Pt
or Ti/lrO,Taz0s, are used. Both types have a size of 100 x 100 x 1mm thickness and a surface area of
200 cm?. Two electrodes (Ti/Pt or Ti/lrO;Ta:0s) are used as an anode and cathode during an
experimental run with an electrode spacing of 1cm apart inside the reactor. A direct current (DC)
power supply with a maximum of 25V and a set current ranging between 1 — 2A is connected to the
electrodes. A schematic diagram and photo of the experimental set-up are shown in Figure 3.1 and
Photo 3.6.

DC

(I +> » Power Supply
Anode » Cathode

= > Magnetic bar

O O — > Magnetic stirrer

hot plate

Figure 3.1: Experimental Set - up
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Photo 3.6: Electrochemical oxidation batch reaction.

Based on the literature, experimental runs ranging from 1 — 5hrs showed significant results for Ti/Pt
electrodes. Therefore, electrolysis time for all EO experimental runs was 5 hours to receive maximum
removal. When investigating the effect of current density, the current was maintained at the desired
range of 5 to 10 mA/cm?. The parameters used were current density (5, 7.5 and 10mA/cm?), NaCl
electrolyte concentration (0.02, 0.05 and 0.08) and the comparison between the two electrodes (Ti/Pt
or Ti/lrO,Ta>0s). All Experimental runs were performed in duplication with statistical analysis for

validation.

3.6. Inorganic Analysis

Feed and effluent samples are analyzed for inorganic pollutants, i.e., ammonia-, nitrites-, Sulphates-,
Chlorine-free (Clg)-, chlorine total (Cly)-, colour-, and Chemical Oxygen Demand (COD). Respective
chemical reagents are used to determine the quantity of the inorganic pollutants following the
procedures provided by the Hanna Instruments (Pty) Ltd manuals.
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3.7. Chemical Analysis
The chemical analysis done during this research is solid phase extraction (SPE) by using 200ml| of
feed and effluent, followed by a gas chromatography-mass spectrometer (GC-MS) to determine the

concentration of the pharmaceuticals removed.

3.7.1. Solid Phase Extraction (SPE)

Photo 3.7 illustrates the SPE set —up. SPE is done to extract a concentrated sample containing IBU,
DCF and CBZ. The extraction is done as follows:

Photo 3.7: SPE set - up.

A. Pre- SPE

200ml of the sample is collected and filtered under vacuum using a glass fibre filter.

2. Add internal standard with a standard concentration of 1pl of Dihexyl phthalate — 3,4,5,6-d4
(2mg/ml) into the filtered sample.

3. Adjust the pH of the sample to 2.
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B. Condition

4. Use 3ml to condition cartridge Chromabond HLBgomgzmi @t a 50:50 ratio of acetone and ethyl

acetate.
5. Add 3ml Methanol.
6. Add 3ml of water in an acidic medium (pH 2) to the Chromabond HLBsomgzmi cartridge
7. Use a vacuum (12 — 15ml/min) when adding 200ml water samples to allocated cartridges.
8. Allow samples to filter through the cartridge until samples are depleted.
C. Washing

9. Use 3ml of water and methanol at a ratio of 60:40

10. Leave cartridge under vacuum for drying at 1hr.

D. Elution

11. Filter 9ml of ethyl acetate and acetone at a 50:50 ratio through the cartridge into a tube.
12. Insert the closed tube into a vortex for 10 minutes at 5000 rpm.

13. Remove the sample from the vortex.

14. While drying under nitrogen gas, place samples in a heating block at 42°C

15. Keep samples in an upright position at all times.

16. The dry sample under nitrogen gas

E. Derivatization
17. Re-dissolve sample in 80 pl ethyl acetate.
18. Add 30ul of MSTFA for acidic compounds

19. Incubate samples for 35min at 65°C

The sample is transferred to a GC-MS for further analysis.
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3.7.2. Gas Chromatography-Mass Spectrometry (GC — MS)

The gas chromatography was done using a scan and selected — ion — monitoring (SIM) method. The
full scan mode is utilized to detect the mass spectrum of each compound in the sample. The SIM
method is primarily used for the quantification of pharmaceuticals. The retention times are determined
using the mass-to-charge (m/z) ratios and act as a limitation of detection for qualitative

measurements. Table 3.2 provides the GC — MS method conditions, while Table 3.3 show the m/z

ratios and retention time.

Table 3.2: GC - MS scan mode method conditions

Parameter Condition
Mode MS1 scan mode
] 7890A GC system
Agilent .
7000C GC/MS triple quad
Column J&W 122-5532G DB 5ms + DG

Temperature setting

Inlet; 240°C
Transfer line: 280°C

lon source: 230°C

Electron—impact (El) mode

70eV

Injection volume

1°ul°® (autosampler)

Oven temperature gradient

120°C: hold for 1 min
120 — 250°C: 12°C/min, hold 4 min
250 — 300°C: 20°C/min

Total run time 18.333 min
Solvent delay 7 min
Post run time 9.06min

Split ratio 14.1° (15 times diluted)
Constant ultrapure helium flow rate (column) 1 ml/min

Injector pressure 15.6psi

Gain factor 5
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Table 3.3: GC-MS SIM method.

Parameter m/z for SIM Resolution dwell (ms)
Diclofenac 214 100
Carbamazepine 193 130
ibuprofen 160 70
Dihexyl phthalate — 3,4,5,6-d4 153 40

SIM method is done at two cycles/sec and 506,7°ms/cycle.

3.7.3.
3.7.3. Pharmaceutical Quantification

To quantify pharmaceuticals, i.e. IBU, DCF and CBZ, standard curves of each pharmaceutical are
designed. The compound method inserts 6 injection points with corresponding peak areas of each
pharmaceutical and the internal standard, Dihexyl phthalate — 3,4,5,6-ds. The data in table B2 in

appendix B is normalized using the following equation;

pharmaceutical peak area

Normalization of pharmaceutical = -
fp internal standard peak area

Equation 3.1

Figures C1, C2 and C3 show the standard curve used to determine the concentration of each

pharmaceutical after 5 hours of electrolysis.

Cl illustrates the standard curve for IBU. The straight line equation was calculated to be:

yigy = 0,0352x — 0.008
Equation 3.2
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The corresponding R? value is found to be 0.9947.

C2 illustrates the standard curve for CBZ. The straight line equation was calculated to be:

Yepz = 0,1252x — 0,0352

Equation 3.3
The corresponding R? value is found to be 0,9942.
C3 illustrates the standard curve for DCF. The straight line equation was calculated to be:
Ypcr = 0,0259x — 0,0089
Equation 3.4

The corresponding R? value is found to be 0.9969.

3.8. Design of Experiments

The experiments were designed using Design Expert software version 10.0. Response Surface
Methodology (RSM) and Central Composite design (CCD) were employed to generate 36

experimental runs. The factorial design is illustrated in Table 3.4. The electrode type is depicted under

categorical factors: either electrode Ti/lrO,Ta2Os and Ti/Pt.
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Table 3.4: Factorial Design of experiments.

Name Units Low Middle High
A electrolyte M 0.02 0.05 0.08
B Current density mA/cm? 5 7.5 10
C Electrode - - - -

Table 3.5 describes all 18 random experimental runs, including duplicates making it 36 runs.

Table 3.5: Experimental runs and duplicates.

Experimental run Electrolyte concentration Current Density Electrode
(M) (mA/cm?)

1 0,08 7,5 IrO2Tax0s
2 0,08 7,5 IrO,Ta20s
3 0,08 5 Ir0O.Taz0s5
4 0,08 5 Ir0O,Ta>Oe¢
5 0,08 10 IrO,Ta20s
6 0,08 10 IrO2Tax0s
7 0,02 5 IrO2Tax0s
8 0,02 5 IrO2Tax0s
9 0,02 5 Pt
10 0,02 5 Pt
11 0,02 7,5 IrO,Ta20s5
12 0,02 7,5 Pt
13 0,02 7,5 Pt
14 0,02 10 Pt
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15 0,02 7,5 IrO2Taz0s
16 0,02 10 Pt
17 0,05 5 Pt
18 0,02 10 IrO2Taz0s
19 0,02 10 IrO.Taz0s
20 0,05 5 Pt
21 0,05 7,5 Pt
22 0,05 5 IrO.Taz0s
23 0,05 7,5 Pt
24 0,05 10 Pt
25 0,05 5 IrO,Taz0s
26 0,05 10 Pt
27 0,05 7,5 Ir0O.Taz0s5
28 0,08 5 Pt
29 0,05 7,5 IrO2Tax0s
30 0,08 5 Pt
31 0,05 10 IrO.Tax0s
32 0,08 7,5 Pt
33 0,05 10 IrO2Tax0s
34 0,08 7,5 Pt
35 0,08 10 Pt
36 0,08 10 Pt

Table 3.6 is used to conduct ANOVA, regression and individual model coefficients using the RSM

design.
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Chapter 4

Results and Discussion



Chapter 4: Results and Discussion

4.1. Introduction

This chapter illustrates the results of removing pollutants from municipal MBR secondary effluent
using a laboratory-scale EO treatment. The significant pollutants were COD, Inorganic (ammonia) -
and organic (CBZ, DCF & IBU).

The results are represented under three major categories:
I.  Chemical oxygen demand
II.  Inorganic

1. Chemical

4.2. COD Removal

The COD is measured before and after 5 hours of electrolysis in a batch electrochemical oxidation
reactor at pH 4. The COD spectrometer supplied by Hanna Instruments was used to analyse the COD
concentration. Figure 4.1 illustrates the % COD removed versus the initial COD concentration.
Experiment 17 (7.5 mA/cm?; 0.08M NaCl) demonstrates 86% as the highest COD removal, while
experiment 14 (7.5 mA/cm?; 0.05M NaCl) shows 9.09% as the lowest COD % removal.

Figure 4.2 indicates the COD % removal at various experimental conditions, where a description of the
COD % removal with the corresponding current densities and electrolyte (NaCl) concentrations for
each of the 18 experimental runs.

Figure 4.1 and 4.2 illustrates the effect of NaCl concentration and current density on the COD %
removal. It is noted that experiments 2, 16, 17 and 18 have a COD removal of above 66% with 0.08M
NaCl electrolyte concentration. It can be observed that an increased NaCl concentration increases the
removal of COD. In terms of electrodes, experiments 17 (Ti /Pt anode) and 4 (Ti/lrO2Ta205 anode) at
0.08M and 0.02M NacCl, respectively, have the highest COD removal. In contrast to this, experiment
14 is found to have the lowest COD removal of 9.09% (Ti/Pt) with 0.05M NaCl and a current density of
7.5 mA/cm2. Experiment 1, with COD removal of 14.17% (Ti/lrO2Ta205 anode), has the second
lowest COD removal at 0.08M NaCl and 7.5mA/cm2. Based on the results, higher COD removal

percentages are found at lower current densities.

44



COD Initial concentration vs. COD % Removal
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Figure 4.1: COD initial vs COD % removal.

Furthermore, the literature shows COD removal is due to direct and indirect oxidation. Direct oxidation
occurs on the surface of the electrode, where products of the organic pollutants are oxidised and
released into the bulk solution (Peralta-Hernandez et al., 2012). Indirect oxidation occurs in the
presence of an electrolyte. The electrolyte will react with the organic pollutants in the bulk solution and
oxidises. This study comprises NaCl as an electrolyte ranging from 0.02M - 0.08M concentration

Hydrogen production occurs at the cathode and forms H2O.. In theory, the higher the applied current,
the more hydrogen bubbles will be produced, resulting in a higher mixing rate (Benito et al., 2017).
This also explains why Pt/Ti obtained a higher COD removal than Ti/ IrO,Ta;Os. Dao et al. (2020)
study also found that the Pt electrode performs better than the Ti/ IrO. electrodes. Dao et al. (2020)
further state that the pH significantly affects the type of chloro — species forming. Since all experiments
start at an initial pH of 4, the pH is not a parameter considered for the effect of COD. However,
research indicates that an acidic medium produces a better COD % removal for EO systems in
wastewater treatment. This is mainly due to the formation of chlorine, the most potent oxidant in
chlorine-treated wastewater. Since both anodes have a NaCl concentration of 0.08M, illustrated in
Table 4.1 as the highest COD % removal, it can be concluded that the NaCl concentration was

sufficient to remove COD.
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Figure 4.2: COD % removed.
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Table 4.1 is a summary of the COD results in comparison with the current density (J) and electrolyte
concentration. At a current density of 10 mA/cm? experimental runs 3, 6, 9, 12, 15 and 18 have a
COD removal above 27%, with the highest at 71.15 (Ti/Pt; 0.08M NacCl). This confirms that increasing

current density may increase the COD % removal.

Table 4.1 clearly shows the anode significantly affects the %COD removed. Ti/Pt have a higher
oxidation potential than Ti/lrO,Ta,Os (Patel et al., 2013). This statement supports the data in Table
4.1, where the highest COD removal of Ti/Pt and Ti/ IrO,Ta,Os is 86% (7.5mA/cm?; 0.08M NaCl) and
71.43% (5mA/cm?; 0.02M NaCl) respectively. The current may affect the COD removal percentage
since an increase in current density promotes the % COD removal. This may lead to higher energy

consumption because current density increases energy consumption, as seen in Figure 4.8.
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Table 4.1: COD results tabulated.

Current density

_ Electrolyte (NaCl) COD Removal
()] Experimental Runs Electrode
(M) (%)
(mA/cm?)
2 0,08 Ti/ IrO.Taz0s 69,70
4 0,02 Ti/ IrO2Taz0s 71,43
. 7 0,05 Ti/ IrO2Taz0s 14,29
10 0,02 Ti/Pt 52,11
13 0,05 Ti/Pt 48,33
16 0,08 Ti/Pt 66,89
1 0,08 Ti/ IrO,Taz0s 14,17
5 0,02 Ti/ IrO2Taz0s 26,92
17 0,08 Ti/Pt 86,00
7,5
14 0,05 Ti/Pt 9,09
8 0,05 Ti/ IrO,Taz0s 25,40
11 0,02 Ti/Pt 50,53
12 0,02 Ti/Pt 55,71
3 0,08 Ti/ IrO2Taz0s 49,11
9 0,05 Ti/ IrO2Taz0s 40,80
10
15 0,05 Ti/Pt 27,78
6 0,02 Ti/ IrO,Ta20s 29,27
18 0,08 Ti/Pt 71,15
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3.3. Inorganic Analysis

The inorganic analysis includes the removal of ammonia and colour pollutants utilizing the EO

treatment process.

4.3.1. Ammonia Removal

High levels of ammonia in effluent wastewater are harmful to the environment. Madikizela et al. (2020)
indicate that electrochemical oxidation assists with removing organic pollutants. Table 4.2 summarises

the results obtained during the EO treatment process.

Experimental runs 2 and 3 (Table 4.2) at current densities 5 and 10mA/cm? performed well with 100
and 99% ammonia removal, respectively. Both had the same electrolyte concentration of 0.08M NacCl
and Ti/lrO,Ta;0Os electrode. The highest ammonia % removal for Ti/Pt was 80 at 0.05M and
10mA/cm? while the lowest removal was 16 at a current density and electrolyte concentration of
10mA/cm? and 0.02M NacCl, respectively. Ammonia removal may be due to the chlorine salt, which
increases the conductivity of the EO process. This is supported by Ghazouani et al. (2016), who found
that the ammonia oxidises at the anode due to active chloro - species. From the results observed, it
can be stated that the current density significantly impacts ammonia removal. The highest reduction
was found at the lowest current density. Ensano et al. (2017) also found that the highest ammonia
removal is at the lowest current density (0.3mA/cm?; 26%). Table 4.2 indicates that NHs;, NH** and

NHs - N significantly decreased with the EO — treatment process.
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Table 4.2: Ammonia removal.

(Cj:grr]rse:[}; Electrode EI%c\:I';rg:g/te ExpngilJrr;lentaI % removal
mA/cm? M NHa-N NHs NH™
Ti/ rOzTa;0s 0,08 2 (14050.605(; (14040.604(; (14049609%
Til Ir0,Taz0s 0,02 4 305.’1981) 305.’2829) (305.’2917)
5 Ti/ 1r0,Taz0s 0,05 7 ?o?fgl; ?0%633; ?08.’252%
Ti/Pt 0,02 10 ?25.':«335 ?25.':«3237) (325-5268)
TilPt 0,05 13 oy | o | @
TifPt 0,08 16 (Scl)ficz)) (Scl)fég) (?%22)
| Ti/ r0Taz0s 0,08 1 (igfgj) (395,5682) ?9%663;
Ti/ 1r0;Ta:0s 0,02 5 5(82? 50?2773; ?0?33732)
iy Til Ir0,Ta;0s 0,05 8 ?o?’zlsS) ?o?éls (g.gz’észa)
TilPt 0,02 1 (igif{i) (igjgi) (f;gii%
Tilpt 0,05 14 (53?'1145) (53?'1176) (539.1280)
Ti/Pt 0,08 17 (igfég) (igfgg) (?gfgg)
| 003 5 99,46 99,45 99,48
Ti/ 1r0;Ta.0s : (14.84) | (14.86) | (14.91)
Ti/ Ir02Taz0s 0,02 6 (1536 | (530 | (15.38)
Ti/ Ir0;Ta,0s 0,05 o (?%gé) (?%8421) (?gjgi)
° Ti/Pt 0,02 12 (195.'78953 (322) (16(3.;106;;
Ti/pt 0,05 15 ?20.'729% ?20.,1365) ?1%3533
Ti/Pt 0,08 18 (73%;3521) (745,504(; (744.’2881)
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4.3.2. Colour Removal

Table 4.3 illustrates the colour removal for experimental runs in this study. At the current density of 10
mA/cm? the colour removal for experimental runs 3 (0.08M NaCl; Ti/ IrO,Ta.0s); 6 (0.02M NaCl; Ti/
IrO,Taz0s); 9 (0.05M NacCl; Ti/ IrO,Ta,0s) and 15 (0.05M NaCl; Ti/Pt) are above 80%. Ti/ IrO,Ta>0Os
have the highest removal of 100% (0.08M NaCl; 5 mA/cm?) while Ti/Pt achieved maximum colour
removal at 5mA/cm? of 75.43% ( 0.05M NacCl). The lowest colour removal of 15.85% (Ti/Pt) is at a

current density of 10 mA/cm? and an electrolyte concentration of 0.02M NacCl.

Based on the results, it is a clear indication that an increase in the electrolyte concentration increases
the removal of colour. This is supported by Sahu (2019) found that colour removal increased with an
increase in the electrolyte. This may be due to the rise of electrical conductivity. Therefore, the
electrolyte was sufficient to remove colour because the NaCl concentration varied from 0.02 — 0.08M.
The initial pH of the EO treatment was 4, an acidic medium. This may also be the reason for the
excellent removal of colour. Literature indicates that pH 4 is a suitable medium for removing colour.
Umar et al. (2015) found colour removal of 80 - 84% at pH 4 and pH 5. Further studies (Sahu, 2019)
show that as the pH increases to 6, the rate of colour removal decreases. Table 4.3 indicates that the
salt concentration, current density and the type of anode impact the removal of colour.
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Table 4.3: % Colour removal.

Current Electrolyte % Colour
Density Electrode (NaCl) Experimental Run removal
mA/cm? M

Ti/ IrO;Ta;0s 0,08 2 (12030’105(;

Ti/ Ir02Taz0s 0,02 4 305'5951)

Ti/ Ir0,Ta,0s 0,05 7 (ig?‘z‘)

] .

TilPt 0,02 10 (ig'gg)

Ti/Pt 0,05 13 (7955193;

TilPt 0,08 16 ?2053272)

| Ti/ Ir02Taz0s 0,08 1 ?952150%

Til Ir0;Ta:0s 0,02 5 5(2’523

Ti/ IrO,Ta:0s 0,05 8 &3'%2)

7,5 '

. 39,64

TilPt 0,02 1 (10.51)

Ti/Pt 0,05 14 (Zg'ég)

TilPt 0,08 17 (ii'gé)

99,46

Ti/ Ir0;Taz0s 0,08 3 (20.80)

Ti/ Ir02Taz0s 0,02 6 (22'82)

Ti/ IrO2Tax0s 0,05 9 (22’%)

10

. 15,85

TilPt 0,02 12 (7.42)

Ti/Pt 0,05 15 (g?{ég)

TilPt 0,08 18 (724 ’3511)
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3.4. Chemical Analysis

Three pharmaceuticals (IBU, DCF and CBZ) were spiked with a concentration of 900ug/l into 3 litres of
synthetic municipal MBR secondary effluent. A total of 5 hours were used for each experimental run,
and electrolysis was done using an electrochemical oxidation (EO) batch reactor system. Two types of

anodes were compared, i.e. Ti/Pt and Ti/lrO2Taz0s.

3.4.1. Pharmaceutical removal using Ti/ IrO,Ta,Os Anode

Figures 4.3 and 4.4 illustrates the % removal of pharmaceuticals using a Ti/lrO,Ta,Os anode during

EO - treatment.

Pharmaceutical Removal vs. Current Density (Ti/lIrO,Ta,0Os)
105

100 -

95 -

90 -

% pharmaceutical removal

80 -

5 7.5
Current Density, mA/cm2

®|BU removal ®mCBZremoval = DCF removal

Figure 4.3: Pharmaceutical removal vs current density (Ti/lrO2Taz0s).

The experimental runs 3, 4 and 5 are illustrated in Figure 4.3. This is based on the COD results shown
in Figure 4.1. These specific experiments produced the highest % COD removal at currents 5, 7.5 and
10 mA/cm? (Ti/lrO,Ta.Os electrode). At the current density of 5mA/cm? (experimental run 4), CBZ,
DCF and IBU have a removal rate of 99.96%, 99.95% and 99.67%, respectively. While at 10 mA/cm?*
CBZ, DCF and IBU achieved optimum removal of 99.96%, 99.96% and 99.95% (experimental run 3).
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CBZ and DCF are consistent with a reduction of +99%; however, in Figure 4.3, IBU % removal
presents a significant drop from 99% to 87% at the current density of 7.5mA/cm?.

Pharmaceutical Removal vs. NaCl (Ti/lrO,Ta,Ox)
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Figure 4.4: Pharmaceutical removal vs electrolyte (Ti/lrO2Taz0s).

The experimental runs 2,4, and 9 are illustrated in Figure 4.4 and are based on the COD results where
the highest COD % removal at NaCl concentrations 0.02, 0.05 and 0.08M for the Ti/lrO2Ta20s
electrode are shown. In experimental run 4, at NaCl concentration 0.02M (Figure 4.4), CBZ
experienced the highest removal rate of 99.96%, followed by DCF at 99.95% and IBU at 99.67%.
During experimental run 9, at 0.05M NaCl (10mA/cm?), CBZ, DCF, and IBU gained a % removal of
99.97, 99.97 and 99.75, respectively. At 0.08M NaCl (experimental run 2) with current density
5mA/cm? illustrates a reduction of 99.97, 99.96 and 99.90%, respectively. Based on the result in
Figure 4.4, the % removal increases with an increase in an electrolyte and is apparent in the %
removal of IBU.
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This dimensionally stable anode (DSA) shows high performance in removing pharmaceuticals, as
seen in Figures 4.3 and 4.4. The titanium-corrosion—-resistant base material has a coated layer of
metal oxide (Li et al., 2006). Since Ti/lrO.Ta.Os anode has low chlorine over-potential, with the
presence of NaCl, it can effectively produce active chlorine species. Therefore, the formation of
chlorine species affects the indirect oxidation in the bulk solution. Studies show that the removal is
also due to direct and indirect oxidation (Dao et al., 2020; Patel et al., 2013). Based on observation,
IBU increases with the increase of electrolytes. In Figure 4.3, similar results are noted. At current
densities 5, 7.5 and 10 mA/cm?, DCF and CBZ have removal of above 99%. They proved that the
experimental conditions for these two pharmaceuticals were favourable. However, IBU has above
99% removal at 5 and 10mA/cm? at 7.5mA/cm?, it dropped to 87%. This may be due to the compound
itself. The degradation of IBU may favour a basic medium instead of an acidic medium. IBU

degradation may require more electrolytes or current, leading to higher energy consumption.

55



3.4.2. Pharmaceutical removal using Ti/Pt anode

Figure 4.5 illustrates the % removal of pharmaceuticals using a Ti/Pt anode during EO - treatment.

Pharmaceutical Removal vs. Current Density (Ti/Pt)
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Figure 4.5: Pharmaceutical removal vs current density (Ti/Pt).

The experimental runs 16, 17 and 18 are illustrated in Figure 4.5 and linked to the COD results shown
in Figure 4.1. The best COD removal is found at current densities 5, 7.5 and 10 mA/cm? for the Ti/Pt
electrode. Experimental run 16 at current densities 5mA/cm? indicates that CBZ experienced the
highest removal of 99.98%, followed by DCF at 99.97% and IBU at 99.37%. During experimental run
17, at 7.5mA/cm? (0.08M NaCl), CBZ, DCF and IBU gained a removal rate of 99.97%, 99.97% and
99.64%, respectively. At a current density of 10 mA/cm? (experimental run18) with NaCl at 0.08M
illustrate CBZ, DCF and IBU with the removal of 99.97%, 99.97% and 99.82%. Based on the results in
Figure 4.5, DCF and CBZ are almost at a consistent removal rate, while IBU fluctuates. IBU has the
lowest removal rate at the highest current density, 10mA/cm?. According to the literature, Ti/lrO,TazOs
anode has a lower oxygen potential than Ti/Pt (Patel et al., 2013). It also means that direct oxidation
may occur more on the surface area of the Ti/Pt anode. Results show +99% CBZ and DCF were
removed from both electrodes. However, IBU (7.5mA/cm?) have more than 99% (7.5mA/cm?) removal
at the Ti/Pt anode and 87% at the Ti/lrO.Ta»,0s anode, which is supported by the statement made by s
Patel et al. (2013).
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Pharmaceutical removal vs. NaCl (Pt/Ti)
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Figure 4.6: Pharmaceutical removal vs electrolyte (Ti/Pt).

The experimental runs 12, 13 and 17 are illustrated in Figure 4.6 and are based on the COD results
shown in Figure 4.1. These experimental runs produced the best COD removal at NaCl concentrations
0.02, 0.05 and 0.08M for the Ti/Pt electrode. At 0.02M NaCl (10 mA/cm?), CBZ, DCF, and IBU have a
removal rate of 99.96%, 99.96% and 90.09%, respectively. IBU show a significant increase in the
removal rate with 99.15% at 0.05M NacCl, while CBZ and DCF remain at 99.97% and 99.96%. At
0.08M NaCl, CBZ remains at 99.97% removal, but IBU and DCF show significant increases at 99.64%
and 99.97% individually. Figure 4.6 shows a similar trend to Figure 4.4, where the rate of
pharmaceutical removal increase with an increase in an electrolyte. It is observed that the electrolyte
shows direct proportionality to % pharmaceutical removal.

When looking at electrolyte concentration, both anodes show an increase in IBU removal with an
increase in NaCl concentration. This further supports Dao et al. (2020) statement that electrolyte
affects the removal of organic compounds. It further indicates that indirect oxidation is also favoured
for the disposal of IBU due to the increase in active chlorine species, which may be why Ti/Pt have a
higher removal rate than Ti/IrO,Ta,Os.
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The pharmaceutical concentrations and standardised values of the effluent are presented in Table 4.4.
Experimental runs 3, 4 and 5 with the highest COD removal for Ti/ IrO,Ta.Os electrode at current
densities 10, 5 and 7.5 mA/cm? are highlighted in Table 4.4. The effluent concentration of IBU for
electrode Ti/ IrO,Ta,Os at current densities of 10, 5, and 7.5 mA/cm? are 0.2667, 3.4200 and 123.45
pg/ml, respectively. These results support Figure 4.3, where the IBU has the lowest removal rate at a
current density of 7.5 mA/cm?. The effluent concentrations for CBZ (Ti/ IrO,Ta,Os electrode) are
0.3028, 0.3408 and 0.3645ug/ml at 10, 5, and 7.5 mA/cm? respectively, whilst DCF have an effluent
concentration of 0.4537, 0.4411 and 0.3028ug/ml.

Experimental runs 16, 17 and 18 with electrode Ti/Pt and NaCl concentration at 0.08M are tabulated in
Table 4.4 with current densities at 5, 7.5 and 10 mA/cm?2. The effluent concentration of IBU for
electrode Ti/ Pt at current densities 5, 7.5 and 10 mA/cm? are 6.2788, 3.2276 and 13.225 ug/ml. These
results support Figure 4.5, where the IBU have the lowest removal rate at a current density of 10
mA/cm?. The effluent concentrations for CBZ (Ti/ Pt electrode) are 0.2925, 0.2918 and 0.2836ug/ml at
5, 7. 5, and 10 mA/cm? while DCF has an effluent concentration of 0.3624, 0.3484 and 0.3506ug/ml.

Studies by Rajab et al., 2013; da Silva et al., 2019; Mora- Gomez et al., 2020 concur with these results
regarding removing pharmaceuticals with EO.
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Table 4.4: Pharmaceutical effluent concentration.

Current Experimental | Electrolyte
density (J) Electrode Run (NaCl) IBU CcBz DCF
mA/cm? M ug/ml ug/mi ug/ml
Ti/ IrO2Ta,0s 2 0,08 1,1194 + 0.0181 0,2959 + 0.0006 0,3634 + 0.0007
Ti/ IrO2Ta20s 4 0,02 3,4200 + 0.0262 0,3408 + 0.0013 0,4537 £ 0.0014
Ti/ IrO,Taz0s 7 0,05 2,8249 + 0.0020 0,4129 + 0.0024 0,3748 £ 0.0022
° Ti/Pt 10 0,02 6,8413 0.0572 0,3084 + 0.0012 0,4175 +0.0039
Ti/Pt 13 0,05 9,1812 + 8.9813 0,2909 + 0.0101 0,3545 + 0.0032
Ti/Pt 16 0,08 6,7288 + 0.0506 0,2925 + 0.0067 0,3624 + 0.0028
Ti/ IrO2Ta20s 1 0,08 0,5534 + 0.0544 0,2941 + 0.0027 0,3698 + 0.0078
Ti/ IrO,Taz0s 5 0,02 | 123,4527 +£4.2177 0,3645 + 0.0041 0,4411 + 0.0581
Ti/ IrO,Ta,0s 8 0,05 0,5772 + 2.4493 0,2959 + 0.0026 0,3614 + 0.0201
"o Ti/Pt 11 0,02 1,7157 + 0.1381 0,3112 + 0.0008 0,3485 + 0.0018
Ti/Pt 14 0,05 4,6128 + 0.0055 0,2947 + 0.0018 0,3555 + 0.0035
Ti/Pt 17 0,08 3,2276 + 6.6995 0,2918 + 0.0038 0,3484 + 0.0030
Ti/ IrO2Tax0s 3 0,08 0,2667 + 0.3024 0,3028 + 0.0041 0,3472 £ 0.0051
Ti/ IrO2Ta,0s 6 0,02 1,9212 + 0.0814 0,4061 + 0.0009 0,3706 + 0.0038
10 Ti/ IrO,Tax0s 9 0,05 2,8684 + 0.0882 0,3177 + 0.0007 0,3712 £ 0.0196
Ti/Pt 12 0,02 | 111,5120 £ 0.1097 0,4137 £ 0.0045 0,3500 + 0.0051
Ti/Pt 15 0,05 2,2616 + 0.1498 0,2910 + 0.0033 0,6515 + 0.0025
Ti/Pt 18 0,08 13,2252 + 0.6471 0,2836 + 0.0002 0,3506 + 0.0036
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4.5. Energy and Efficiency

4.5.1. Instantaneous Current Efficiency (ICE)

The initial operational parameters of all experiments are tabulated in Table 3.6. To determine the
effect of electrolyte (NaCl) concentration and current density on EO- the treatment process, the % ICE

was calculated.

ICE is calculated using the equation:

FVACOD

Equation 4.1

The % ICE is calculated over a total electrolysis time of 5 hours with a constant 1-hour interval. The
calculated ICE experimental values of 18- experimental runs are tabulated in Appendix B.
Experimental run 4 (Ti/ IrO,Ta,Os anode) with a current density; NaCl concentration of 5mA/cm? and
0.02M gained the highest %ICE of 120.63% after 5 hours. Experimental run 1 (Ti/ IrO,Ta,Os anode))
achieved 2.23% as the lowest %ICE value with initial parameters of 7.5 mA/cm? and 0.08M NaCl
electrolyte.

Figure 4.7 compares the %ICE of the two anodes, i.e., Ti/Pt and Ti/lrO,TaxOs, in terms of current
density. Based on the results, IrO,Ta;Os have an efficiency of 21.44% with 0.05 NaCl concentration,
while Ti/Pt have an efficiency of 57.62% at 0.08M NaCl at a current density of 7.5mA/cm?. It is
primarily due to the overpotential of oxygen evolution of the anode (Dao et al.,, 2020). Since Ti/
IrO,Ta,0s have an oxygen over-potential growth of 0.25 V and Ti/Pt 0.3V, it stands to reason that the
oxidation power of the anode will increase as the over-potential of the oxygen evolution increase (Dao
et al., 2020). According to the literature, the % of ICE increase with a decrease in current density. At a
current density of 5mA/cm? both anodes produced their highest efficiency of 120% and 55.28%,
respectively. Due to the oxygen overpotential at the anode surface and mass transport limitations,

higher ICE values are obtained at lower current densities (Zou et al., 2017).
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Figure 4.7: ICE vs current density.

4.5.2. Specific Energy Consumption (SEC)

The initial operational parameters of all experiments are tabulated in Table 3.6. The SEC was
calculated to determine the energy consumption of electrolyte (NaCl) concentration and current
density on EO- the treatment process. The following Energy Consumption equation is used (Ammar et
al., 2016).

c= Ucelllt
3600V

Equation 4.2

Where, U, is the average cell voltage (V); I is the current (A); t is the electrolysis time (s), and V is

the volume (L).
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SEC vs. Current Density
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Figure 4.8: SEC vs current density

Figure 4.8 indicates the specific energy consumption (SEC) at current densities 5, 7.5 and 10mA/cm?.
The results show that SEC increases as current density increases for both anodes. According to Zou
et al. (2017), energy consumption will increase as the applied current increases. Since current density
is the applied current over the surface area of the reaction, Figure 4.8 is in accordance. Energy
consumption shows significant growth with the increase in current density.

Figure 4.7 indicates that EO- treatment efficiency reaches a maximum at 5 mA/cm? while Figure 4.8
shows that the lowest energy consumption is also at 5 mA/cm?. It, therefore, stands to reason that in
terms of ICE and SEC, the most favourable current density is 5mA/cm? for both Ti/Pt and Ti/lrO,Ta20s

anodes.
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Chapter 5

Optimisation using Response
Surface Methodology (RSM)
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Chapter 5: Optimisation using Response Surface Methodology (RSM)

5.1. Introduction

Modelling analysis was done using the Design Expert (DE) software version 10. The response surface
methodology (RSM) and central composite design (CCD) generated 36 random experimental runs.
This design provides information about the independent parameters used in this study and contributes

to the desired response, i.e., minimum, maximum or optimum conditions (Teymouri et al., 2017).

This chapter uses the CCD model to optimize the EO treatment conditions for:
I.  Chemical Oxygen Demand (COD).
II.  Sulphate removal

lll.  Colour removal
COD, Inorganic compounds and colour removal were studied using three parameters, i.e. electrolyte

(A), current density (B) and the type of electrode (C). The interaction effect of the three parameters is

highlighted in this chapter.
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52. COD

The COD in terms of removal efficiency ranges between 9.09 to 90.91%. The actual - and predicted
removal efficiencies of COD are illustrated in Table 5.1.

Table 5.1: Central Composite Design output results for COD removal.

Factors COD removal (%)

Run A:(TA?CI Bbgrlljgirglm C: Electrode @%ﬁﬂ? Pr\(jglig'éed

(mA/cm?)

1 0,08 7,5 IrO2Tax0s 14,17 12,35
2 0,08 7,5 IrO2Taz0s 10,53 12,35
3 0,08 5 IrO;Taz0s 69,7 80,31
4 0,08 5 IrO2Taz0s 90,91 80,31
5 0,08 10 IrO2Taz0s 49,11 50,36
6 0,08 10 IrO2Taz0s 51,61 50,36
7 0,02 5 IrO2Tax0s 71,43 72,08
8 0,02 5 IrO2Taz0s 72,73 72,08
9 0,02 5 Pt 52,11 41,41
10 0,02 5 Pt 30,71 41,41
11 0,02 7,5 IrO,Taz0s5 26,92 24,57
12 0,02 7,5 Pt 50,53 51,76
13 0,02 7,5 Pt 53 51,76
14 0,02 10 Pt 55,71 48,8
15 0,02 7,5 IrO2Taz0s 22,22 24,57
16 0,02 10 Pt 41,89 48,8
17 0,05 5 Pt 48,33 37,87
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18 0,02 10 IrO2Tazx0s 29,27 29,64
19 0,02 10 IrO2Tazx0s 30 29,64
20 0,05 5 Pt 27,42 37,87
21 0,05 7,5 Pt 9,09 19,36
22 0,05 5 IrO2Tazx0s 14,29 14,72
23 0,05 7,5 Pt 29,63 19,36
24 0,05 10 Pt 27,78 35,68
25 0,05 5 IrO,Ta20s 15,15 14,72
26 0,05 10 Pt 43,59 35,68
27 0,05 7,5 IrO,Taz0s 25,4 51,73
28 0,08 5 Pt 66,89 48,55
29 0,05 7,5 IrO2Tazx0s 78,06 51,73
30 0,08 5 Pt 30,21 48,55
31 0,05 10 IrO,Ta20s 40,8 37,8
32 0,08 7,5 Pt 86 79,57
33 0,05 10 IrO.Ta20s 34,79 37,8
34 0,08 7,5 Pt 73,15 79,57
35 0,08 10 Pt 71,15 64,14
36 0,08 10 Pt 57,14 64,14
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The statistical analysis indicates that the fifth model can be used to explain the response of
experiments (Table 5.1) based on accuracy and applicability. The following model equation (Equation
5.1) was generated to present the model:

% COD removea
= 3554 + 3.94 + 5.22B + 16.19C + 2.594AB — 10.01AC + 6.32BC + 6.524%- 4.03B?
+0.54ABC -11.4A ?B - 39.79A4%C + 16.37A?B ?- 18.24A%BC + 10.82AB%C + 48.74A%B?C
Equation 5.1
The model has a good response between the responses and variables, with an F-value of 4.49 and a
low p-value of 0.0014 (Table 5.2). Teymouri et al. (2017) explain that a high F —value illustrates that
more of the dataset can be fitted onto the statistical model. At the same time, the p—value indicates a
probability value when there is no relationship between the model and the response. Based on this,
the critical region of the model (Prob > F) indicates the significance level. The fifth model sufficiently

fits the data since the Prob > F — value is less than 0.0500.

67



Table 5.2: Analysis of variance (ANOVA)

Sum of Degree of Mean F - Value p-value
Source Squares Freedom Square
Prob > F
Model 14359,8 17 844,69 4,49 0,0014
A-Salt conc. 121,52 1 121,52 0,65 0,4321
B-Current 218,09 1 218,09 1,16 0,2959
C-Electrodes 1047,82 1 1047,82 5,57 0,0298
AB 107,17 1 107,17 0,57 0,4602
AC 801,2 1 801,2 4,26 0,0538
BC 319,16 1 319,16 1,7 0,2092
A2 113,36 1 113,36 0,6 0,4477
B2 43,23 1 43,23 0,23 0,6375
ABC 4,61 1 4,61 0,025 0,8773
A’B 692,74 1 692,74 3,68 0,071
A2C 4221,98 1 4221,98 22,44 0,0002
AB? 34,19 1 34,19 0,18 0,675
B2C 1226,51 1 1226,51 6,52 0,02
A2B? 476,51 1 476,51 2,53 0,129
A’BC 1774,02 1 1774,02 9,43 0,0066
AB2C 623,88 1 623,88 3,32 0,0853
A2B2C 4222,51 1 4222,51 22,44 0,0002
Pure Error 3387,28 18 188,18
Cor Total 17747 35
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In terms of adequate precision, a value of more than 4 is desired. The model has a value ratio of
7.006. This indicates an adequate signal and can be used to navigate the design space. Table 5.3
shows the R? —value at 0.8091 while the adjusted value is 0.6369. The R? value is defined as the ratio
of the dependent variable explained by the independent variable. Literature indicates that a good
model fit should at least be 0.8. Therefore the quartic model is a good fit for the data.

Table5.3: ANOVA and Standard deviation results

Std. Dev. 13,72 R? 0,8091
Mean 44,48 Adj R? 0,6289
CV.% 30,84 Pred R? 0,2365
PRESS 13549,13 Adeq Precision 7,006
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The relationship between the % probability of residuals and the externally studentized residuals
indicates if a response transform would be necessary. The model validates that the normality of the
data has no big problem, given that the residuals and probability share a linear relationship. Figure 5.1
show the linear relationship of the residuals. The validation of the actual values of the % COD removal
is illustrated in Figure 5.2. The model indicates that most predicted values are to the actual

experimental % COD removal data.
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Figure 5.1: Normal plot of Residuals - COD

70



Design-Expert® Software
CoD

Predicted vs. Actual

Color points by value of |
cop e 1

I90',91
9,09

80 —

60 —|

Predicted

40 —

20 —|

Actual

Figure 10: Predicted vs Actual values - COD.

Figures 5.3 and 5.4 show the 3D response surface and contour plot of the Ti/Pt electrode, while
Figures 5.4 and 5.5 show that of the Ti /IrO,Ta>Os electrode. The 3D and contour plots illustrate
the factors for A B, i.e. electrolyte and current density, while the electrode type remains
constant. The 3D Figures show that although the model is significant with 0.0014 (Table 5. 2),
there is a lack of interaction between A and B (electrolyte and current density). However, among
the interactive terms C, AC, A’C, A’BC and AB®C significantly affect the curvature. This
indicates that the interaction between the electrolyte and electrode type may substantially
impact the EO — treatment process.
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Figure 5.6: 3D plot - COD
Figure 5.5: Contour plot — COD.

The COD 3D graph and contour diagram is illustrated in Figures 5.5 and 5.6. The factors, electrolyte NaCl and current density, are kept
constant to gain a relationship between factors A and

73



1@

1 7208

B: Current (mA/cn¥?2)

B-5 T4l 4855
A0.02 p sait conc. (mg/l) At

Figure 5.7: COD removal central

C+: IrO2T

C: Electrodes

C-: Pt
0,08

composite design.

Figure 5.7 illustrates the cube generated for the removal of COD for factors electrolyte, current

density and type of electrode. The critical factors described in this cube are electrode type and
salt concentration 80.305% was removed with the Ti /IrO,Ta>Os with 0.08M NacCl electrolyte.
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5.3. Amount of sulphate detected

The sulphate in terms of removal efficiency ranges between -50.1 to 22.58%. The actual - and
predicted removal efficiencies of sulphate are illustrated in Table 5.4. The negative results
indicate an increase in sulphate production. This may be due to the oxidation of sulphate

molecules in the EO system.

Table 5.4; Central composite design results for sulphate removal.

Factors Sulphate removal (%)

RuUN A: NaCl B: Current Density C: Actual Predicted
(M) (mA/cm?) Electrode Value Value
! 0,08 7,5 Ir0,Ta,0s | 2°2 124
2 0,08 7,5 Ir0;Ta0s | 10 1,24
3 0,08 5 ro,Ta,0s | 14 2,55
4 0,08 5 IrO.Ta;05 0 2,59
° 0,08 10 r0,Ta,05 | 143 147
6 0,08 10 Ir0;Ta,0s | >0 [
/ 0,02 5 IrO>Ta,0s 2,44 3,59
8 0,02 5 0 Ta,0s | 078 3,59
9 0,02 5 Pt 7,56 6,69
10 0,02 5 Pt 3,77 6,69
11 0,02 7,5 IrO>Ta,0s 7.8 9,25
12 0,02 75 Pt -43,94 -50,1
13 0,02 75 Pt -52,17 -50,1
14 0.02 10 Pt -15,94 -9,89
15 0,02 7,5 IrO>Tax0s 6,62 9,25
16 0.02 10 Pt -5,88 -9,89
17 0.05 5 Pt -12,9 -7,76
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18 0,02 10 r0;Ta,05 | 2% 1,97
19 0,02 10 r0;Ta,0s | 18 1,97
20 0.05 : o 1,46 776
21 0,05 .5 o 49 25,53
22 0,05 5 r0;Ta,0s | 202 8,26
23 0,05 .5 o 110,24 25,53
24 0.05 " o 18,06 22,55
25 0,05 5 0, Ta:0s | 92 8,26
26 0.05 " o 22,95 22,55
27 0,05 7.5 r0;Ta,0s | 238 14,89
28 0.08 : o 14,5 8,86
e 0,05 7,5 Ir0;Ta,05 | 2228 )
30 0.08 : o 5,26 8,86
31 0,05 10 r0;Ta;0s | 1053 11,21
32 0.08 .5 o 5,51 5,26
33 0,05 10 r0;Ta,05 | '° 11,21
34 0.08 .5 o 9,09 5,26
35 0,08 0 o 13,64 115,95
36 0.08 " o 20,3 115,95
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The statistical analysis indicates that the quartic model can be used to explain the response of
experiments (Table 5.4) based on accuracy and applicability. The following model equation
(Equation 5.2) was generated to present the model:

% Sulphate removed
= =532 + 11.21A— 296B + 20.21C + 2AB — 16.46AC + 4.43BC — 3.89A2 + 2.61B2
—0.37ABC + 0.41A2 B - 7A2C — 13.36AB2 - 7.77B2C + 5.04A2B2 — 1.06A2BC + 19.72AB2C

Equation 5.2

The model has a good response between the responses and variables with an F-value of 7.48
and a low p-value of <0.0001 (Table 5.4). The critical region of the model (Prob > F) indicates
the significance level. The quartic model sufficiently fits the data since the Prob > F — value is
less than 0.0500. According to the literature, a lack of fit F — value is good because it is desired
to fit the model. The lack of fit F — value is 2.10, which implies that it is insignificant relative to
the pure error.
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Table 5.5: Analysis of variance (ANOVA) - Sulphate removal.

Sum of D Mean F p-value
Source Squares egree of Square Value
Freedom Prob > F

Model 9074,81 16 567,18 7,48 < 0.0001
A-Salt conc. 1006,21 1 1006,21 13,27 0,0017
B-Current 70,09 1 70,09 0,92 0,3484
C-Electrodes 2941,44 1 2941 .44 38,78 < 0.0001
AB 64,24 1 64,24 0,85 0,3689
AC 2168,11 1 2168,11 28,59 < 0.0001
BC 157,18 1 157,18 2,07 0,1663
A? 40,3 1 40,3 0,53 0,4749
B2 18,17 1 18,17 0,24 0,6302
ABC 2,16 1 2,16 0,028 0,8677
A%B 0,92 1 0,92 0,012 0,9135
AZC 391,81 1 391,81 5,17 0,0348
AB? 951,59 1 951,59 12,55 0,0022
B2C 482,47 1 482,47 6,36 0,0207
A%B? 45,23 1 45,23 0,6 0,4495
ABC 6,01 1 6,01 0,079 0,7814
AB2C 2074,28 1 2074,28 27,35 < 0.0001
Residual 1440,98 19 75,84

Lack of Fit 150,39 1 150,39 2,1 0,1647

Pure Error 1290,59 18 71,7
Cor Total 10515,8 35
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In terms of adequate precision, a value of more than 4 is desired, and a value ratio of 10.860.
This indicates an adequate signal and can be used to navigate the design space. Table 5.6
shows the R? —value at 0.863 while the adjusted value is 0.7476. The R? value is defined as the
ratio of the dependent variable explained by the independent variable. Literature indicates that a
good model fit should at least be 0.8. Therefore the quartic model is a good fit for the data. Also,
the predicted R? of 0.5734 is in reasonable agreement with the adjusted R? value of 0.7476,

which is less than 0.2. This indicates a desirable difference.

Table 5.6: ANOVA analysis.

Std. Dev. 8,71 R-Squared 0,863
Mean -3,93 Adj R-Squared 0,7476
CV.% 221,6 Pred R-Squared 0,5734
PRESS 4486,23 Adeq Precision 10,86
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The relationship between the % probability of residuals and the externally studentized residuals
indicates if a response transform would be necessary. The model validates that the normality of
the data has no spacious problem, given that the residuals and probability share a linear
relationship. Figure 5.8 show the linear relationship of the residuals. The validation of the actual
values of the % Sulphate removal is illustrated in Figure 5.9. The model indicates that most of

the predicted values are to the actual experimental % Sulphate removal data.
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Figure 5.8: Normal plot vs. residuals - sulphate removal.
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Figures 5.10 and 5.11 show the 3D response surface and contour plot of the Ti/Pt electrode,
while Figures 5.12 and 5.13 show that of the Ti /IrO,Ta,Os electrode. The 3D and contour plots
illustrate the factors for A, B i.e. electrolyte and current density, while the electrode type remains
constant. From the 3D Figures, it is noted that although the model is significant with <0.0001
(Table 5. 5), there is an interaction between A and C ( electrolyte and type of electrode). More
interactive terms are AC, A%C, AB?, B2C and ABZ?C, significantly affecting the curvature. This
indicates that the interaction between the electrolyte, current density and the type of electrode

may simultaneously impact the EO — treatment process.
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Figure 5.14 illustrates the cube generated for the removal of sulphates for factors electrolyte,
current density and type of electrode. The critical factors described in this cube are electrode
type and salt concentration. 22.58% was removed with the Ti /IrO,Ta,Os with 0.05M NaCl

electrolyte.
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5.4. Amount of colour detected

The colour in terms of removal efficiency ranges between 0 to 82.67%. The actual - and
predicted removal efficiencies of colour are illustrated in Table 5.7. The negative results indicate

an increase in colour. This may be due to the oxidation of sulphate molecules in the EO system.

Table 5.7: Central Composite design results — Colour removal

Factors Color removal (%)

RuUN A: NacCl B: Current Density C: Actual Predicted
(M) (mA/cm?) Electrode Value Value
1 0.08 7.5 IrO2Taz0s 68.97 51.37
2 0.08 7.5 IrO>Tax0s 36.23 51.37
3 0.08 5 IrO>Tax0s 43.04 36.13
4 0.08 5 IrO>Tax06¢ 42.25 36.13
5 0.08 10 IrO>Tax0s 62.21 62.73
6 0.08 10 IrO>Ta>0s 43.66 62.73
7 0.02 5 IrO>Ta>0s 18.29 11.02
8 0.02 5 IrO2Ta20s 0 11.02
9 0.02 5 Pt 8.47 12.8
10 0.02 5 Pt 23.33 12.8
11 0.02 7.5 IrO,Tax0s 29.73 20.1
12 0.02 7.5 Pt -8.62 29.67
13 0.02 7.5 Pt 70 29.67
14 0.02 10 Pt 50.68 42.65
15 0.02 7.5 IrO>Ta>0s 16.87 20.1
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16 0.02 10 Pt 30.49 42.65
17 0.05 5 Pt 23.53 13.58
18 0.02 10 IrO2Ta20s 20.25 25.31
19 0.02 10 IrO2Ta20s 23.61 25.31
20 0.05 5 Pt -5.88 13.58
21 0.05 7.5 Pt 52.54 33.52
22 0.05 5 IrO,Tax0s 25.37 34.98
23 0.05 7.5 Pt 34.21 33.52
24 0.05 10 Pt 51.76 49.58
25 0.05 5 IrO.Taz0s 38.67 34.98
26 0.05 10 Pt 28.99 49.58
27 0.05 7.5 IrO,Taz0s 42.11 47.15
28 0.08 5 Pt -3.23 -8.45
29 0.05 7.5 IrO,Tax0s 36.62 47.15
30 0.08 5 Pt -13.73 -8.45
31 0.05 10 IrO2Ta20s 82.67 55.43
32 0.08 7.5 Pt 24.62 14.56
33 0.05 10 IrO2Taz0s 57.89 55.43
34 0.08 7.5 Pt -10.53 14.56
35 0.08 10 Pt 41.67 33.7
36 0.08 10 Pt 44.93 33.7
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The statistical analysis indicates that the quadratic model can be used to explain the response
of experiments (Table 5.7) based on accuracy and applicability. The following model equation
(Equation 5.3) was generated to present the model:

% Colour removed

= 40.33 + 4.044 + 14.11B + 6.81C + 3.084B + 11.59AC — 3.89BC — 11.414% — 1.94B*

Equation 5.3

The model has a good response between the responses and variables with an F-value of 4.94
and a low p-value of 0.0008 (Table 5.8). This means there is only a 0.08% chance of error for
the F —value. The critical region of the model ( Prob > F) indicates the significance level. The
guadratic model sufficiently fits the data since the Prob > F — value is less than 0.0500.
According to the literature, a lack of fit F — value is good because it is desired to fit the model.
The lack of fit F — value is 0.52, which implies that it is insignificant relative to the pure error.
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Table 5.8: ANOVA results — Colour removal

Sum of Degree of Mean F p-value

Source Squares freedom Square Value Prob > E
Model 11653.15 8 1456.64 4.94 0.0008
A-Salt conc. 391.96 1 391.96 1.33 0.2591
B-Current 4779.9 1 4779.9 16.21 0.0004
C-Electrodes 1670.22 1 1670.22 5.66 0.0247
AB 151.29 1 151.29 0.51 0.48
AC 3225.5 1 3225.5 10.94 0.0027
BC 363.17 1 363.17 1.23 0.2769
A? 1040.97 1 1040.97 3.53 0.0711
B2 30.13 1 30.13 0.1 0.7517
Residual 7963.13 27 294.93

Lack of Fit 1645.99 9 182.89 0.52 0.8405

Pure Error 6317.14 18 350.95
Cor Total 19616.28 35
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In terms of adequate precision, a value of more than 4 is desired, and a value ratio of 8.290.

This indicates an adequate signal and can be used to navigate the design space. Table 5.9
shows the R? —value at 0.5941 while the adjusted value is 0.4738. The R? value and the R?2

adjusted — value have a difference of less than 0.2. This indicates a desirable difference for this

data set.

Table 5.9: Standard deviation — colour removal

Std. Dev. 17.17 R-Squared 0.5941
Mean 31.44 Adj R-Squared 0.4738
CV.% 54.63 Pred R-Squared 0.3234
PRESS 13272.4 Adeq Precision 8.29
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The relationship between the % probability of residuals and the externally studentized residuals
indicates if a response transform would be necessary. The model validates that the normality of
the data has no spacious problem, given that the residuals and probability share a linear
relationship. Figure 5.15 show the linear relationship of the residuals. The validation of the
actual values of the % colour removal is illustrated in Figure 5.16. The model indicates that most

of the predicted values are to the real experimental % colour removal data.
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Figures 5.17 and 5.18 show the 3D response surface and contour plot of the Ti/Pt electrode,
while Figures 5.19 and 5.20 show that of the Ti /IrO,Ta,Os electrode. The 3D and contour plots
illustrate the factors for A, B i.e. electrolyte and current density, while the electrode type remains
constant. The 3D Figures show that although the model is significant with 0.0008 (Table 5. 8),
there is an interaction between B and C (Current density and type of electrode). More interactive
terms are AC and A?, which significantly affect the curvature. This indicates that the interaction
between the electrolyte and current density may simultaneously impact the EO — treatment
process.
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Figure 5.21 illustrates the cube generated for the removal of colour for factors electrolyte, current

density and the type of electrode. The critical factors described in this cube are the type of electrode.
82.67% was removed with the Ti /IrO,Ta>Os with 0.05M NaCl electrolyte.
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Chapter 6: Conclusion and Recommendation

6.1. Conclusion

The reduction of COD, micropollutants and contaminants of emerging concerns in municipal
secondary MBR wastewater by EO process with Ti/lrO,Ta,0s and Ti/Pt anodes for effluent discharge
or possible recycle application was investigated. The research was done on changing the EO system's
physical parameters (current densities and electrolyte concentration) and whether those changes
efficiently enhance the elimination of COD, ammonia, and CECs.

The inorganic ammonia compound was successfully removed at a maximum removal of 99%
(Ti/lrO,Ta20s anode) and 75% (Ti/Pt anode). However, Ti/Pt has a maximum reduction of 86% for
COD. The highest COD removal of Ti/Pt and Ti/ IrO,Ta.Os was 86% (7.5mA/cm?; 0.08M NaCl) and
71.43% (5mA/cm?; 0.02M NacCl), respectively. It can be seen that the current density affects COD
removal, whereas the increase in current density promotes COD removal. Pt/Ti obtained a higher
COD removal than Ti/ IrO,Ta20Os. Hydrogen production occurs at the cathode and forms H.O due to

the higher applied current that produces more hydrogen bubbles.

Select pharmaceuticals were monitored through Solid Phase Extraction (SPE) and Gas
Chromatography-Mass Spectrometry (GC - MS). A standard curve for each pharmaceutical selected
was used to quantify the GC-MS results. At a current density of 10 mA/cm? and 0.08M electrolyte
anode, Ti/lrO,Ta>0Os showed better results than Ti/Pt for CBZ, DCF and IBU of more than 99%

pharmaceutical removal due to the increase of electrolyte, specifically IBU.

The optimization of the EO process was conducted using the Central Composite Design (CCD). The
ANOVA results showed that the P-value was less than 0.0001 for the model developed, achieving an
R? value of 0.80 when experimental and modelled results were compared. A quadratic equation
obtained from the CCD was developed to predict the removal of COD and colour from secondary
municipal MBR effluent. The optimum conditions were both Ti/lrO,Ta>Os and Ti/Pt anodes; NaCl
concentration 0.08 and 0.05 M; current density of 5 and 10 mA/cm? to obtain a maximum removal

efficiency of 80% and 82% for COD and colour, respectively.
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Finally, COD, ammonia, and selected pharmaceuticals (IBU, CBZ and DCF) removal using an EO
bench-scale unit with Ti/lrO,Ta,Os and Ti/Pt anodes at the predetermined process variables was

successful.
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6.2. Recommendations

Future studies should investigate the effect of pH on different pharmaceutical compounds, specifically
Ibuprofen in acidic, neutral and basic mediums. Also, the toxicity of the pharmaceutical compounds
should be investigated. The mother-compound and transformation products of pharmaceuticals should
be analysed simultaneously—a comparative study of the effects of different types of electrolytes on

the removal of pharmaceuticals.
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Appendix A (Sample Calculations)

Moles of Sodium Chloride ( NacCl) at 0,08M

Moles of solute (Ngpipent)

Molarity(M) = Volume (V)

0,08M =
’ 1l

n = 0,08 mol NaCl

Mass of Sodium Chloride ( NaCl) at 0,08M

Moles (n) = mass (m)
ek LA Molar mass (M,,)
0,08 mol NaCl = — g

58,44 <
mol

m = 4,67g NaCl

Volume of sulfuric Acid (H,80,4) for 0,5M

Volume of 1M H,SO, with 98% Assay:

Molecular mass (M,,)

Vol =
olume(ml) Specific Gravity(d)
Vome — 2808.9/mol
LA 1,84

Volume = 53,03 ml

~98% H,S0, = 53,03 ml
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53,03 100
1M — 98

VlM = 54‘,38ml
~ 1M = 1000ml = 54,38 ml H,50,

54,38 % 0,5
VO,SM = f

~ Vosu = 27,19ml H,50,/1000ml H,0
Experimental Run 1 Sample Calculations
Current density at 2A

Current (I)
Anode surface area (A)

Current Density (J) =

B 24
" 10cm X 10cm X 2

] = 10mA/cm?

x 1000

J

%COD Removal

COD;itiq; — CODy;
% COD Removal = mgglé final x 100
initial

330—-100
=——X

1
330 00

=69.7%

Instantaneous current efficiency

FVACOD

WICE =—ai
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_ (96487)(0.003)(120 — 103)
B (8)(1.5)(18000)

= 2.28%
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Appendix B (Inorganic and Organic compounds data)

Table B1 COD removal

Table Experimental Electrolyte Current Average COD COD
Bl:Electrode | Run (NaCl) density Voltage Feed Effluent removal
M mA/cm”"2 V mg/I mg/I %
1 0,08 7,5 5,45 120 103 14,17
2 0,08 5 4,42 330 100 69,70
3 0,08 10 10,25 1120 570 49,11
4 0,02 5 8,5 840 240 71,43
Ti/lrO2Taz20s 5 0,02 7,5 12,42 260 190 26,92
6 0,02 10 12,83 205 145 29,27
7 0,05 5 6,58 175 150 14,29
8 0,05 7,5 9,25 630 470 25,40
9 0,05 10 9,33 250 148 40,80
10 0,02 5 9 380 182 52,11
11 0,02 7,5 10,08 380 188 50,53
12 0,02 10 14 350 155 55,71
13 0,05 5 5,98 360 186 48,33
Ti/Pt 14 0,05 7,5 7,92 220 200 9,09
15 0,05 10 8,92 450 325 27,78
16 0,08 5 5,58 450 149 66,89
17 0,08 7,5 7,25 500 70 86,00
18 0,08 10 8,25 520 150 71,15
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Table B2 Ammonia removal.

Electrode Experimental Run | Electrolyte (NaCl) Current density % Removal
M mA/cm”2 NH3-N NH3 NH4+
1 0,08 7,5 35,59 35,62 35,63
2 0,08 5 100,00 100,00 100,00
3 0,08 10 99,46 99,45 99,48
Tillr0,Ta,0s 4 0,02 5 35,91 35,89 35,97
5 0,02 7,5 59,73 59,73 59,72
6 0,02 10 90,63 90,69 90,70
7 0,05 5 98,64 98,63 98,59
8 0,05 7,5 99,15 99,19 99,12
9 0,05 10 99,31 99,32 99,35
10 0,02 5 35,34 35,27 35,28
11 0,02 7,5 39,64 39,66 39,59
12 0,02 10 15,85 16,00 16,04
13 0,05 5 75,43 75,45 75,50
TilPt 14 0,05 7,5 59,15 59,16 59,20
15 0,05 10 80,28 80,35 80,33
16 0,08 5 60,22 60,18 60,00
17 0,08 7,5 66,22 65,56 65,26
18 0,08 10 74,51 75,00 74,81
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Table B3 DCF concentrations

Effluent
Run Feed (ng/l) | (ug/l) %removal Average StDev
1,1 950 0,36977 99,96107685 99,96161 0,000747
1,2 975 0,3692 99,96213331
2,1 950 0,363407 99,96174667 99,96271 0,00136
2,2 1000 0,363294 99,96367057
3,1 975 0,347162 99,96439364 99,96287 0,002153
3,2 925 0,357519 99,9613493
4,1 975 0,453708 99,95346587 99,95626 0,003946
4,2 1025 0,41977 99,95904684
5,1 925 0,441132 99,95231001 99,95454 0,00316
52 925 0,399793 99,95677909
6,1 1050 0,370624 99,9647025 99,9627 0,002828
6,2 975 0,383145 99,96070312
7,1 1050 0,374836 99,96430133 99,9698 0,007775
7,2 1500 0,370554 99,97529643
8,1 1100 0,361366 99,96714857 99,92608 0,058087
8,2 1125 1,293731 99,88500168
9,1 1175 0,371225 99,96840642 99,95423 0,020051
9,2 950 0,569526 99,94004985
10,1 950 0,417522 99,95605032 99,95731 0,001788
10,2 1075 0,445281 99,95857851
11,1 1025 0,348519 99,96599811 99,96354 0,00348
11,2 900 0,350304 99,96107729
12,1 975 0,349961 99,96410658 99,96202 0,002956
12,2 925 0,370677 99,95992684
13,1 950 0,354541 99,96267985 99,96627 0,005077
13,2 1150 0,346612 99,96985981
14,1 1175 0,355477 99,96974664 99,96707 0,003787
14,2 1000 0,356085 99,96439153
15,1 1025 0,651502 99,93643885 99,95029 0,019594
15,2 975 0,349542 99,96414949
16,1 1150 0,36236 99,96849043 99,96489 0,005088
16,2 900 0,348343 99,96129519
17,1 1075 0,348373 99,96759322 99,96586 0,002452
17,2 975 0,349778 99,96412537
18,1 1050 0,35057 99,9666124 99,96406 0,003608
18,2 950 0,365656 99,96150989
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Table B4: CBZ concentrations

Effluent
Run Feed (ng/l) | (ng/l) %removal Average StDev
1,1 900 0,294074 99,96732508 99,96777 0,000629
1,2 925 0,294012 99,96821494
2,1 900 0,295928 99,96711909 99,96807 0,001339
2,2 950 0,294383 99,96901235
3,1 1025 0,302825 99,97045614 99,96878 0,002376
3,2 925 0,304362 99,96709601
4,1 925 0,340806 99,9631561 99,96401 0,001201
4,2 1025 0,360246 99,96485405
51 975 0,364456 99,96261991 99,9555 0,010075
52 925 0,477566 99,94837123
6,1 1050 0,406089 99,96132488 99,95661 0,006667
6,2 925 0,444965 99,95189568
7,1 1000 0,412877 99,95871233 99,9606 0,002664
7,2 975 0,365825 99,96247953
8,1 925 0,295935 99,96800699 99,97089 0,004084
8,2 1225 0,321166 99,97378233
9,1 1150 0,317692 99,9723746 99,97052 0,002627
9,2 925 0,289904 99,96865904
10,1 950 0,308398 99,96753702 99,96807 0,000754
10,2 1075 0,337519 99,96860293
11,1 1175 0,311155 99,97351872 99,97225 0,001799
11,2 1000 0,290261 99,9709739
12,1 1200 0,413652 99,96552897 99,96824 0,003829
12,2 1000 0,290565 99,97094349
13,1 1100 0,290867 99,97355752 99,97064 0,004127
13,2 900 0,290515 99,96772051
14,1 1150 0,29472 99,97437221 99,97503 0,000927
14,2 1200 0,29181 99,9756825
15,1 1025 0,290994 99,97161037 99,97213 0,000735
15,2 1050 0,287173 99,97265024
16,1 1175 0,292519 99,97510473 99,97193 0,004485
16,2 925 0,288952 99,96876194
17,1 1075 0,291819 99,97285406 99,97053 0,003285
17,2 900 0,28613 99,96820778
18,1 975 0,283639 99,97090879 99,97077 0,000193
18,2 975 0,286306 99,97063528
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Table B5: IBU Data.

Run Feed Effluent %removal | Average StDev
1,1 1000 0,553437 99,94465631 | 99,95742 0,018055
1,2 1050 0,313011 99,97018944
2,1 1075 1,119395 99,89587019 | 99,91442 0,026237
2,2 975 0,653495 99,93297492
3,1 950 0,266711 99,97192513 | 99,97054 0,001965
3,2 925 0,285399 99,96914604
4,1 1025 3,420038 99,66633773 | 99,62587 0,057231
4,2 1050 4,353284 99,58540154
51 950 123,4527 87,0049762 | 93,35575 8,981347
52 925 2,714699 99,70651901
6,1 950 1,921198 99,79776864 | 99,76197 0,050621
6,2 1050 2,875116 99,72617938
7,1 950 2,824944 99,70263751 | 99,74113 0,054443
7,2 975 2,148593 99,77963151
8,1 1025 0,577168 99,94369093 | 96,9613 4,21774
8,2 1150 69,24258 93,97890584
9,1 1150 2,868401 99,75057387 | 98,01865 2,449306
9,2 1200 44,55922 96,28673164

10,1 1150 6,841343 99,40510063 | 99,30748 0,138057

10,2 1000 7,901419 99,20985812

11,1 1175 1,715727 99,85398065 | 99,85787 0,005497

11,2 900 1,244205 99,86175495

12,1 1125 111,512 90,08781927 | 94,82508 6,699497

12,2 950 4,157778 99,56233911

13,1 1075 9,181233 99,14593184 | 99,35973 0,302355

13,2 1000 4,264736 99,57352639

14,1 900 4,612761 99,487471 | 99,42992 0,081385

14,2 1000 6,276241 99,37237588

15,1 925 2,261609 99,7555017 | 99,81786 0,088186

15,2 975 1,167905 99,88021485

16,1 1075 6,72884 99,37406144 | 99,45161 0,109674

16,2 1100 5,179196 99,52916399

17,1 900 3,227572 99,6413809 | 99,53546 0,149793

17,2 1050 5,989811 99,42954182

18,1 1125 13,22518 98,82442857 | 99,282 0,647099

18,2 1050 2,734563 99,73956541
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Table B6: Ammonia data

NH3
Run Feed | Effluent | % removal Ave. Std. Dev.
mg/l

1,1 9,32 6 35,62 67,47025 | 45,03977752
1,2 8,8 0,06 99,32

2,1| 10,36 0 100,00 99,84359 | 0,221201287
22| 9,59 0,03 99,69

3,1 9,08 0,05 99,45 99,28268 | 0,235690787
32| 9,05 0,08 99,12

41| 9,92 6,36 35,89 34,23898 | 2,330794343
42| 8,53 5,75 32,59

51| 8,07 3,25 59,73 61,02223 | 1,831185799
5,2 8,2 3,09 62,32

6,1| 9,34 0,87 90,69 82,85734 | 11,07030709
6,2| 8,49 2,12 75,03

71| 8,05 0,11 98,63 91,57521 | 9,981986211
72| 8,59 1,33 84,52

8,1| 8,61 0,07 99,19 99,37492 | 0,265765843
8,2| 9,15 0,04 99,56

91| 8,78 0,06 99,32 99,10069 | 0,305378444
92| 8,07 0,09 98,88

10,1 | 8,08 5,23 35,27 67,47292 45,5385825
10,2 | 9,19 0,03 99,67

11,1 8,8 531 39,66 41,90371 | 3,174364201
11,2 8,63 4,82 44,15

12,1 10 8,4 16,00 24,66667 | 12,25651754
12,2 10,8 7,2 33,33

13,1 9,9 2,43 75,45 64,94887 | 14,85726867
13,2 8,89 4,05 54,44

14,1 8,3 3,39 59,16 69,97686 | 15,30212658
14,2 13,8 2,65 80,80

15,1 17,3 3,4 80,35 68,29841 17,0390254
15,2 9,6 4,2 56,25

16,1 11,3 4,5 60,18 68,97738 | 12,44563558
16,2 9,9 2,2 77,78

17,1 9 3,1 65,56 64,02778 | 2,160604054
17,2 12,8 4,8 62,50

18,1 12,4 3,1 75,00 71,93396 | 4,336032149
18,2 10,6 3,3 68,87

113




Table B7: NH** data.

NH4+
Run Feed | Effluent | %removal | Ave. Std. Dev.
mg/l
1,1 9,88 6,36 35,63 | 67,43823 | 44,98712102
12| 9,32 0,07 99,25
2,1110,98 0 100,00 | 99,85236 | 0,208791372
2,2 110,16 0,03 99,70
31| 9,62 0,05 99,48 | 99,32302 | 0,222350982
32| 9,59 0,08 99,17
4,1]10,51 6,73 35,97 | 34,29925 | 2,356789408
42| 9,04 6,09 32,63
51| 8,54 3,44 59,72 | 60,96548 | 1,762825699
52| 8,68 3,28 62,21
6,1| 9,89 0,92 90,70 | 82,83493 | 11,11959573
6,2 | 8,99 2,25 74,97
71| 8,52 0,12 98,59 | 91,54852 | 9,960344862
7,2 9,1 1,41 84,51
81| 9,12 0,08 99,12 | 99,35501 | 0,328377762
82| 9,69 0,04 99,59
9,1 9,3 0,06 99,35 99,1511 | 0,288125004
9,2| 8,55 0,09 98,95
10,1 | 8,56 5,54 35,28 | 67,43464 | 45,47299516
10,2 | 9,73 0,04 99,59
11,1 | 9,32 5,63 39,59 | 41,84209 | 3,181718208
11,2 | 9,14 5,11 44,09
12,1 | 10,6 8,9 16,04 | 24,68553 | 12,22983427
122 11,4 7,6 33,33
13,1 ] 10,49 2,57 75,50 | 64,95534 | 14,91307628
13,2| 9,41 4,29 54,41
14,1 8,8 3,59 59,20 | 70,07846 | 15,37804196
14,2 | 14,7 2,8 80,95
15,1 | 18,3 3,6 80,33 | 68,35021 16,9389691
15,2 | 10,2 4,45 56,37
16,1 12 4,8 60,00 | 64,56731 | 6,459148482
16,2 | 10,4 3,21 69,13
17,1 9,5 3,3 65,26 | 63,88158 | 1,953847685
17,2 | 13,6 5,1 62,50
18,1 | 13,1 3,3 74,81 | 71,77958 4,28447334
18,2 | 11,2 3,5 68,75
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Table B8: NHz - N Data.

NHs-N
Run Feed | Effluent | %Removal | Ave. Std. Dev.
mg/l
11| 7,67 4,94 35,59 | 67,45083 | 45,05346181
12| 7,23 0,05 99,31
21| 8,52 0 100,00 99,8731 | 0,179468726
22| 7,88 0,02 99,75
31| 7,47 0,04 99,46 | 99,32904 | 0,191609235
32| 7,44 0,06 99,19
41| 8,16 5,23 35,91 | 34,26397 | 2,323397407
4,2 7,02 4,73 32,62
51| 6,63 2,67 59,73 | 61,02152 | 1,828601663
52| 6,74 2,54 62,31
6,1| 7,68 0,72 90,63 | 82,77668 | 11,0991958
6,2 | 6,98 1,75 74,93
71| 6,62 0,09 98,64 | 91,54089 | 10,04033796
7,2 | 7,07 1,1 84,44
8,1| 7,08 0,06 99,15 99,3768 | 0,317152564
8,2| 7,52 0,03 99,60
91| 7,22 0,05 99,31 99,13 | 0,255757759
92| 6,64 0,07 98,95
10,1 | 6,65 4,3 35,34 | 67,47076 | 45,44209619
10,2 | 7,56 0,03 99,60
11,1 | 7,24 4,37 39,64 41,8627 | 3,142116002
11,2 7.1 3,97 44,08
12,1 8,2 6,9 15,85 | 24,78076 | 12,62483058
12,2 8,9 5,9 33,71
13,1 | 8,14 2 75,43 | 64,93797 | 14,83793647
132 7,31 3,33 54,45
14,1 | 6,83 2,79 59,15 70,014 | 15,36287608
142 | 11,4 2,18 80,88
15,1 14,2 2,8 80,28 | 68,24211 | 17,02653626
15,2 7,9 3,46 56,20
16,1 9,3 3,7 60,22 | 67,08284 | 9,712510109
16,2 8,1 2,11 73,95
17,1 7,4 2,5 66,22 | 64,24018 | 2,794532154
17,2 | 10,6 4 62,26
18,1 | 10,2 2,6 7451 | 71,73766 | 3,920402708
18,2 8,7 2,7 68,97
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Table B9: COD Data.

%COD
Run CODi CODf | removal COD Ave | Std. Dev
mg/I
11 120 103 14,17 12,35 2,57
1,2 570 510 10,53
2,1 330 100 69,70 80,30 15,00
2,2 110 10 90,91
3,1 1120 570 49,11 50,36 1,77
3,2 310 150 51,61
4,1 840 240 71,43 72,08 0,92
4,2 220 60 72,73
51 260 190 26,92 24,57 3,32
52 135 105 22,22
6,1 205 145 29,27 29,63 0,52
6,2 150 105 30,00
7,1 175 150 14,29 14,72 0,61
7,2 165 140 15,15
8,1 630 470 25,40 51,73 37,24
8,2 670 147 78,06
9,1 250 148 40,80 38,29 3,54
9,2 190 122 35,79
10,1 380 182 52,11 41,41 15,13
10,2 560 388 30,71
11,1 380 188 50,53 51,76 1,75
11,2 400 188 53,00
12,1 350 155 55,71 48,80 9,77
12,2 370 215 41,89
13,1 360 186 48,33 37,88 14,79
13,2 310 225 27,42
14,1 220 200 9,09 19,36 14,52
14,2 540 380 29,63
15,1 450 325 27,78 35,68 11,18
15,2 390 220 43,59
16,1 450 149 66,89 48,55 25,94
16,2 480 335 30,21
17,1 500 70 86,00 79,57 9,09
17,2 540 145 73,15
18,1 520 150 71,15 64,15 9,91
18,2 280 120 57,14
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Table B10: Colour Data

Ave
Run Feed Effluent Removal | removal Std. Dev.
% %
1,1 87 27 68,97 52,60 23,15
1,2 69 44 36,23
2,1 79 45 43,04 42,65 0,55
2,2 71 41 42,25
3,1 262 99 62,21 52,94 13,12
3,2 71 40 43,66
4,1 82 67 18,29 9,15 12,93
4,2 76 76 0,00
51 74 52 29,73 23,30 9,09
52 83 69 16,87
6,1 79 63 20,25 21,93 2,37
6,2 72 55 23,61
7,1 67 50 25,37 32,02 9,40
7,2 75 46 38,67
8,1 76 44 42,11 39,36 3,88
8,2 71 45 36,62
9,1 75 13 82,67 70,28 17,52
9,2 38 16 57,89
10,1 59 54 8,47 15,90 10,51
10,2 60 46 23,33
11,1 58 63 -8,62 30,69 55,59
11,2 70 21 70,00
12,1 73 36 50,68 40,59 14,28
12,2 82 57 30,49
13,1 68 52 23,53 8,82 20,80
13,2 51 54 -5,88
14,1 59 28 52,54 43,38 12,96
14,2 76 50 34,21
15,1 85 41 51,76 40,38 16,11
15,2 69 49 28,99
16,1 62 64 -3,23 -8,48 7,42
16,2 51 58 -13,73
17,1 65 49 24,62 7,04 24,85
17,2 57 63 -10,53
18,1 72 42 41,67 43,30 2,31
18,2 69 38 44,93
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Appendix C (GC —MS Analysis)

Table C1: GC - MS peak area

Name RT m/z Area 0 Areal Area 2 Area 3 Area 4 Area 5 Area 6
IBU 8.758 160 1635 13180 79460 155297 441602 768353 1629957
CBz 14.803 | 193 189 38835 266889 577853 1412991 192012 7266040
DCF 15.099 | 214 789 8185 74500 156413 412362 989887 1749398
Dihexyl phthalate — | 15.555 | 153 6208767 6330109 7155450 6088942 6950008 6474305 5810212
3,4,5,6-d4 (4uQ)

Table C2: GC -MS Standard Curve Data

Pharmaceutical normalized Point

Ibu normalized with Dihexyl

Hg 0,1 0,5 1 2 4 8
Ibu peak area/Dihexyl peak area 0,0021 | 0,0111 0,0255 0,0635 0,1187 0,2805
Cbz normalized with Dihexyl

Mg 0,1 0,5 1 2 5 10
Cbz peak area/Dihexyl peak area 0,0061 | 0,0373 0,0949 0,2033 0,5245 1,2506
Diclo normalized with Dihexyl

Mg 0,1 0,75 15 3 6 12
Diclo peak area/Dihexyl peak area 0,0013 | 0,0104 0,0257 0,0593 0,1529 0,3011
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DCF Standard Curve
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Appendix D (Experimental Data)

Table D1: Run 1

Run 1
Date Time Hours [ DO TDS |V EC Temp | pH
mg/I ppm [ volts | pS/cm °C
22/06/2022 20:43 0 9,79 | 2471 55 1235 19,2 | 4,04
21:43 1 8,04 | 2563 55 1281 18,7 | 3,72
22:43 2 8,47 | 2454 55 1229 18,8 | 3,62
23:43 3 7,77 | 2433 54 1219 18,9 3,53
00:43 4 7,97 | 2457 54 1228 19,7 | 3,46
01:43 5| 10,18 | 2578 54 1286 20,5 | 3,44
Table D2: Run Duplicate
Duplicate
Date Time Hours | DO TDS |V EC Temp | pH
mg/l | ppm [ volts | uS/cm °C
2022/01/07 | 19:46 0] 9,05| 2559 7,3 1280 20,3 4
20:46 1| 7,22 | 2582 7 1286 20,4 | 3,56
21:46 2| 6,54 | 2586 7 1293 21,2 | 3,46
22:46 3] 7,55| 2516 7 1250 21,6 | 3,65
23:46 4| 7,44 | 2575 7,1 1125 23,2 | 4,47
2022/02/07 | 00:46 5| 7,36 | 2361 7,1 1181 22,6 | 6,24

Table D3: Run 1 conditions

Conditions
Reaction Time 5] hrs
NaCl 0,08 | M
pH 4 | initial
| 15| A
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Table D4: Run 2

Run 2
Date Time Hours | DO DS |V EC Temp | pH
mg/l | ppm [ volts | uS/icm °C
2022/05/08 | 16:53 0] 965| 1324 4 2649 18,3 | 4,02
17:53 1| 856 | 1254 4,5 2510 18,1 | 3,55
18:53 2| 976 | 1291 4,5 2580 17,2 3,4
19:53 3| 9,22 | 1203 4,5 2412 16,7 | 3,47
20:53 4] 9,03| 1186 4,5 2379 17,5 3,8
21:53 5| 9,94 | 1096 4,5 2198 16,3 | 5,46
Table D5: Run Duplicate
Duplicate
Date Time Hours DO DS |V EC Temp | pH
mg/l | ppm [ volts | uS/cm °C
2022/05/08 | 22:51 0] 981 1319 55 2638 17| 4,02
23:51 1| 9,36 | 1315 55 2629 17,1 | 4,04
2022/06/08 | 00:51 2 9,9| 1306 55 2613 17,1 | 3,55
01:51 3 9,9 | 1253 55 2573 17,8 | 3,68
02:51 4|1 9,75| 1230 55 2473 17,4 | 4,03
03:51 5| 9,75| 1144 55 2286 18,7 | 6,03
Table D6: Run 2 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,08 | M
pH 4 | initial
I 1A
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Table D7: Run 3

Run 3
Date Time Hours | DO TDS |V EC Temp | pH
mg/I ppm | volts | uS/cm | °C
2022/03/07 21:00:00 0 9,41 | 2583 11 1291 17,8 | 4,02
22:00 1 9,4 | 2588 | 10,5 1295 17,8 | 3,39
23:00 2| 10,09 | 2607 10 1203 18 | 3,29
2022/04/07 00:00 3 9,26 | 2548 10 1277 19,5| 3,61
01:00 4| 10,32 | 2560 10 1281 21,1 | 3,45
02:00 5 9,05 | 2322 10 1262 21,4 ] 6,26
Table D8: Run Duplicate
Duplicate
Date Time Hours DO DS |V EC Temp | pH
mg/l | ppm | volts | uS/cm °C
2022/06/07 | 04:57 0] 9,91 | 2549 9 1274 17,6 | 4,01
05:57 1| 9,62 | 2565 8,5 1281 19,2 | 3,52
06:57 2| 8,49 | 2501 8,5 1252 20 | 3,46
07:57 3| 9,14 | 2597 8,5 1205 20| 3,88
08:57 4| 9,87 | 2323 8,5 1162 20,7 | 6,06
09:57 5| 9,01 | 2243 8,6 1122 21,1] 6,83

Table D9: Run 3 Conditions

Conditions
Reaction Time 5] hrs
NacCl 0,08 | M
pH 4 | initial
I 21 A
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Table D10: Run 4

Run 4
Date Time Hours | DO TDS |V EC Temp | pH
mg/l | ppm | volts | uS/cm °C
2022/04/07 | 02:36 0] 941 | 468 9 935 16,5| 4,05
03:36 1| 851 | 418 8,5 838 18,4 | 3,38
04:36 2| 9,71 | 437 8,5 875 17,7 | 3,64
05:36 3| 9,75| 473 8,5 945 18,4 | 3,46
06:36 4| 8,75| 508 8,4 1017 18,7 | 3,49
07:36 5| 835| 462 8,1 925 195] 3,41
Table D11: Run Duplicate
Duplicate
Date Time Hours DO DS |V EC Temp | pH
mg/l | ppm | volts | uS/cm °C
2022/04/07 | 08:15 0| 9,67 | 460 12 921 17 | 4,04
09:15 1| 8,73 | 448 | 115 896 16,7 | 3,76
10:15 2] 989 441| 113 882 17,6 | 3,64
11:15 3| 868| 477 | 10,9 944 16,8 | 3,59
12:15 4| 9,34| 476 | 105 952 17,9 | 3,62
13:15 5| 9,66| 472| 10,5 941 18,1 | 3,46
Table D12: Run 4 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,02 | M
pH 4 | initial
I 1A
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Table D13: Run 5

Run 5
Date Time Hours | DO TDS |V EC Temp | pH
mg/l | ppm | volts | uS/cm °C
2022/05/07 | 17:02 0| 959| 473 | 136 945 17,7 | 4,02
18:02 1| 882| 508 13 1016 18,6 | 3,28
19:02 2 96| 530| 125 1060 20 3,3
20:02 3| 8,72| 495 12 911 21| 3,39
21:02 4| 9,25| 485| 119 970 21,8 | 3,36
22:02 5| 797 | 527| 115 1052 21,2 | 3,34
Table D14: Run Duplicate
Duplicate
Date Time | Hours | DO DS |V EC Temp | pH
mg/I ppm [ volts [ pS/cm °C
2022/07/07 | 04:30 0 9,97 | 475 14 950 18| 4,01
05:30 1 952 | 461 | 129 923 19,7 | 3,79
06:30 2| 10,05| 467 12 935 20,9 | 3,57
07:30 3 9,86 | 501 12 1002 21| 3,49
08:30 4 9,76 | 507 | 115 1010 21,4 | 3,43
09:30 5 983| 538| 115 1036 219 | 3,36
Table D15:Run 5 Conditions.
Conditions
Reaction Time 5] hrs
NaCl 0,02 | M
pH 4 | initial
| 15 A
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Table D16: Run 6

Run 6
Date Time Hours | DO TDS |V EC Temp | pH
mg/l ppm [ volts [ uS/cm °C
27/07/2022 08:17 0 9,32 | 603 15 1207 17,4 4
09:17 1 984 | 590| 135 1191 19,7 | 3,64
10:17 2| 10,16 | 613] 125 1225 21,7 | 3,47
11:17 3 8,07 | 650 12 1306 23,1 | 3,33
12:17 4| 10,07 | 662 12 1328 23,7 3,3
13:17 5 7,51 | 643 12 1283 24 | 3,28
Table D17: Run Duplicate
Duplicate
Date Time Hours DO DS |V EC Temp pH
mg/l [ ppm | volts | uS/cm °C
2717/2022 14:00 0| 956| 459 | 18,5 919 179 4,01
15:00 1| 928| 468 | 155 936 23,2 | 3,67
16:00 2| 809 | 499 | 145 999 25 6,3
17:00 3 9 521 14 1042 25,3 | 6,36
18:00 4| 9,04| 531| 135 1061 26,5| 6,33
19:00 5] 9,07 527 | 13,55 1055 26,5| 6,25
Table D18: Run 6 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,02 | M
pH 4 | initial
I 2 A
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Table D19: Run 7

Run 7
Date Time Hours | DO TDS |V EC Temp | pH
mg/l | ppm | volts | uS/cm °C
2022/09/07 | 09:07 0| 9,75| 862 7 1724 18,2 | 4,05
10:07 1| 912 | 802 6,5 1603 19,2 | 3,76
11:07 2 96| 871 6,5 1752 196 | 3,54
12:07 3| 957| 840 6,5 1681 199 345
13:07 4| 9,34| 807 6,5 1612 20 | 341
14:07 5| 9,08| 868 6,5 1735 19,6 3,4
Table D20: Run Duplicate
Duplicate
Date Time Hours DO DS |V EC Temp | pH
mg/l | ppm | volts | uS/cm °C
2022/09/07 | 19:50 0| 9,61| 861 7,9 1722 18,7 | 4,01
20:50 1| 8,74| 820 7,5 1640 19,8 | 3,74
21:50 2| 891 | 869 7,5 1735 19,6 | 3,55
22:50 3| 7,88| 881 7,5 1759 19,1 | 3,41
23:50 4| 9,02| 875 7,1 1661 19,8 | 3,39
2022/10/07 | 00:50 5| 949 | 876 7,1 1757 199 ] 3,32
Table D21:Run 7 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,05 | M
pH 4 | initial
I 1A
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Table D22: Run 8

Run 8
Date Time Hours | DO TDS |V EC Temp | pH
mg/l | ppm | volts | uS/cm °C
2022/08/08 | 23:28 0] 962| 913 9,5 1826 18,5 | 4,08
2022/09/08 | 00:28 1| 884 | 852 9 1705 19| 3,53
01:28 2| 869 919 9 1836 194 | 3,37
02:28 3| 871| 928 9 1891 196 | 3,31
03:28 4| 9,61| 801 9,5 1715 19,6 | 451
04:28 5| 965| 818 9,5 1636 19,7 | 5,54
Table D23: Run Duplicate
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm |[volts | uS/cm | °C
2022/10/08 | 18:51 0| 10,17 | 904 8 1808 16 | 4,024
19:51 1 8,32 | 912 7,5 1828 18,4 3,5
20:51 2 8,61 | 909 7,5 1818 19,7 3,37
21:51 3 9,01 | 861 7,5 1722 19,7 3,7
22:51 4 8,48 | 831 8 1662 19,5 6,32
23:51 5 8,67 | 790 8 1580 19,7 6,44
Table D24: Run 8 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,05 | M
pH 4 | initial
I 15]A

1
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Table D25: Run 9

Run 9
Date Time Hours | DO TDS |V EC Temp | pH
mg/l | ppm | volts | uS/cm °C
2022/11/08 | 00:36 0| 982| 947 | 105 1894 17,5] 4,03
01:36 1| 7,48 | 866 9,5 1734 17,3 | 3,47
02:36 2| 8,86| 898 9 1796 19,2 | 3,36
03:36 3| 812 | 931 9 1761 19,2 3,5
04:36 4| 751| 812 9 1703 20,5 | 3,52
05:36 5| 6,66| 879 9 1764 24,4 | 3,54
Table D26: Run Duplicate
Duplicate
Date Time | Hours | DO DS |V EC Temp | pH
mg/I ppm [volts | uS/cm | °C
2022/12/08 | 16:28 0] 10,08 | 909 10 1818 16,6 | 4,074
17:28 1| 10,54 | 867 10 1806 17,1 3,73
18:28 2 8,01 | 891 10 1789 18,1 3,42
19:28 3 9,11 | 810 10 1751 19,8 3,33
20:28 4| 10,51 | 801 10 1601 20,8 5,32
21:28 5| 1166 | 823 10 1646 21,4 7,19
Table D27: Run 9 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,05 | M
pH 4 | initial
| 2 A

1
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Table D28: Run 10

Run 10
Date Time Hours | DO TDS |V EC Temp | pH
mg/l ppm [ volts [ uS/cm °C
15/08/2022 17:22 0| 10,02 | 456 9,5 910 15,3 | 4,03
18:22 1 9,08 | 430 9 862 21,3 | 3,98
19:22 2| 10,47 | 456 9 908 17,5| 3,54
20:22 3| 10,46 | 435 9 868 17,7 | 3,47
21:22 4| 11,01 | 453 9 907 18,5| 3,33
22:22 5| 11,13| 535 8,5 1070 18,4 | 3,31
Table D29: Run Duplicate
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm [ volts [ uS/cm °C
15/08/2022 22:57 0 9,96 | 489 11 977 16,7 | 4,05
23:57 1 9,25 | 449 10 898 17| 4,01
16/08/2022 00:57 2 9,85| 473 9 981 17,1 | 3,83
01:57 3| 10,01| 501 9 893 17,6 | 3,64
02:57 4| 10,21 | 499 9 999 | 18,01 3,21
03:57 5| 10,78 | 519 9 1039 18,5 3,14

Table D30:Run 10 Conditions

Conditions
Reaction Time 5] hrs
NacCl 0,02 | M
pH 4 | initial
I 1A
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Table D31: Run 11

Run 11
Date Time Hours | DO TDS |V EC Temp | pH
mg/l | ppm | volts | uS/cm °C
17/08/2022 17:28 0| 995| 468 | 115 938 17,1] 4,05
18:28 1| 868| 468 | 10,5 940 19,3 | 3,86
19:28 2| 9,06| 462 10 925 196 | 351
20:28 3| 8,02| 478 9,5 957 20,8 | 3,27
21:28 4| 9,48 | 472 9,5 945 20,8 | 3,19
22:28 5| 8,97 | 483 9,5 962 20,9 | 3,16
Table D32: Run Duplicate
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm [ volts [ uS/cm °C
17/08/2022 22:55 0| 10,23| 467 | 155 937 17,2 | 4,07
23:55 1 10,9 | 450 14 906 18,7 | 3,78
18/08/2022 00:55 2| 10,75| 463 13 923 20,3 | 3,48
01:55 3| 10,43 | 456 13 905 21,3 | 3,32
02:55 4| 10,58 | 476 | 125 946 20,9 | 3,31
03:55 5| 10,58 500| 125 999 20,9 | 3,25
Table D33: Run 11 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,02 | M
pH 4 | initial
I 15]A
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Table D34: Run 12

Run 12
Date Time Hours | DO TDS |V EC Temp | pH
mg/l ppm [ volts [ uS/cm °C
25/08/2022 19:54 0 96| 457 | 16,5 915 20 | 4,01
20:54 1 998 | 432 | 145 861 21,8 | 3,73
21:54 2 985| 461 | 145 376 24 | 3,36
22:54 3| 10,42 | 472 13 944 25| 3,35
23:54 4 9,71 | 491 13 982 22,2 | 2,35
26/08/2022 00:54 5 9,33] 530 ] 125 1063 22,6 | 2,96
Table D35: Run Duplicate
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm [ volts [ uS/cm °C
29/08/2022 14:32 0| 10,27 | 4,83 20 966 17,3 | 4,05
15:32 1 9,5 4,6 18 923 19,6 | 3,95
16:32 2 9,63 | 509 16 1021 23,1 | 3,75
17:32 3 9,2 | 486 15 971 22,6 | 3,49
18:32 4| 10,22 | 498 15 995 24,1 | 3,35
19:32 5 8,84 | 513 15 1027 23,6 | 3,27

Table D36: Run 12 Conditions

Conditions
Reaction Time 5] hrs
NacCl 0,02 | M
pH 4 | initial
I 21 A
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Table D37: Run 13

Run 13
Date Time Hours | DO TDS |V EC Temp | pH
mg/l ppm [ volts [ uS/cm °C
19/08/2022 20:46 0| 1057| 832 6 1662 17,9 | 4,04
21:46 1 99| 826 6 1649 18,4 | 3,74
22:46 2| 10,11 | 774 6 1550 18,1 | 3,43
23:46 3| 10,79| 775 6 1548 18 | 3,28
00:46 4| 10,61 | 836 6 1679 18,2 | 3,13
01:46 5| 10,56| 829 59 1656 18,3 | 3,13
Table D38: Run Duplicate
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm [ volts [ uS/cm °C
20/08/2022 02:16 0| 10,28 887 6,5 1774 18 | 4,02
03:16 1| 10,21 | 881 6,5 1762 18| 3,01
04:16 2| 1054 | 879 6,5 1759 18| 3,41
05:16 3 10,7 | 876 6,5 1741 18 | 3,22
06:16 4 8,87 | 942 6,5 1882 17,2 | 3,22
07:16 5| 1106 942 6,5 1884 18,2 | 3,24
Table D39: Run 13 Conditions
Conditions
Reaction Time hrs
NaCl M
pH 4 | initial
I A
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Table D40: Run 14

Run 14
Date Time Hours | DO TDS |V EC Temp | pH
mg/l ppm [ volts [ uS/cm °C
20/08/2022 07:34 0| 10,19 | 877 8,5 1762 17,8 4,05
08:34 1| 10,78 | 878 8 1745 17,5| 3,68
09:34 2| 10,83| 858 8 1717 18,6 | 3,58
10:34 3| 10,91 | 860 8 1721 18,5 | 3,48
11:34 4 9,04 | 866 7,5 1736 18,2 | 3,26
12:34 5 9,44 | 848 7,5 1703 18,5 | 3,16
Table D41: Run Duplicate
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm [ volts [ uS/cm °C
26/08/2022 01:30 0| 10,43| 877 9 1753 20 | 4,06
02:30 1 9,28 | 818 9 1634 19,6 | 3,73
03:30 2 954 871 8,5 1741 19,3 | 3,57
04:30 3| 10,74| 862 8 1731 20,3 | 3,24
05:30 4 951| 871 8 1721 20,3 | 3,24
06:30 5 94| 852 8 1706 19,1 | 3,23

Table D42: Run 14 Conditions

Conditions
Reaction Time 5] hrs
NacCl 0,05 | M
pH 4 | initial
I 15 A
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Table D43: Run 15

Run 15
Date Time Hours | DO TDS |V EC Temp | pH
mg/l ppm [ volts [ uS/cm °C
26/08/2022 16:10 0| 10,13| 890 10 1776 16,8 | 4,06
17:10 1| 10,67 | 847 9 1697 19,6 | 3,67
18:10 2 9,27 | 856 9 1711 20,6 | 3,52
19:10 3| 10,63| 834 8,5 1670 20,9 | 3,24
20:10 4 10,6 | 900 8,5 1793 22,4 | 3,2
21:10 5| 10,57 | 911 8,5 1827 21,8 | 3,02
Table D44: Run Duplicate
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm [ volts [ uS/cm °C
29/08/2020 19:55 0| 10,71 | 890 10 1780 18 | 4,05
20:55 1| 10,43 | 830 9 1656 18,1 | 3,75
21:55 2| 10,19| 846 9 1689 19,2 | 3,55
22:55 3| 10,22 | 855 9 1711 19,3 | 3,37
23:55 4| 1196 | 826 8,5 1656 199 33
30/08/2022 00:55 5| 10,99 | 866 8,5 1735 19,4 | 3,24

Table D45: Run 15 Conditions

Conditions
Reaction Time 5] hrs
NacCl 0,05 | M
pH 4 | initial
I 21 A

135



Table D46: Run 16

Run 16
Date Time | Hours | DO DS |V EC Temp | pH
mg/l ppm | volts | uS/cm °C
26/08/2022 21:34 0| 10,12 | 1259 55 2518 19,1 | 4,05
22:34 1| 11,33 | 1184 6 2358 19| 3,89
23:34 2| 10,54 | 1183 55 2368 19,3 | 3,52
27/08/2022 00:34 3 11,8 1181 55 2362 19,2 | 3,36
01:34 4| 11,53 | 1247 55 2497 19,1 | 3,21
02:34 5| 11,97 | 1243 55 2490 19,1 3,2
Table D47: Run 16.2
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm | volts | uS/cm °C
17/08/2022 03:04 0| 10,37 | 1274 6 2553 18,8 | 3,07
04:04 1 8,96 | 1202 6 2411 185| 4,6
05:04 2 8,93 | 1153 6 2304 18,4 | 3,73
06:04 3| 10,17 | 1232 6 2466 18,8 | 3,36
07:04 4 9,02 | 1224 6 2446 18,8 | 3,35
08:04 5 9,19 | 1272 6 2551 19,1 3,3
Table D48: Run 16 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,08 | M
pH 4 | initial
I 1A
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Table D49: Run 17

Run 17
Date Time | Hours | DO DS |V EC Temp | pH
mg/l ppm | volts | uS/cm °C
27/08/2022 08:18 0| 10,26 | 1216 7,5 2437 19,1 | 4,06
09:18 1 9,51 | 1170 7,5 2344 19 | 3,67
10:18 2| 1141 | 1194 7,5 2377 21,7 | 3,39
11:18 3| 10,28 | 1204 7 2407 20,2 | 3,33
12:18 4| 11,02 | 1233 7 2425 20,8 | 3,34
13:18 5| 11,12 | 1231 7 2466 20,8 | 3,23
Table D50: Run Duplicate
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm | volts | uS/cm °C
27/08/2022 13:45 0| 10,08| 1271 7 2541 19| 4,06
14:45 1 9,53 | 1181 7 2531 19,8 | 3,64
15:45 2| 10,21 | 1192 6 2521 20,1 | 3,31
16:45 3 9,88 | 1205 6 2499 20,5 | 3,37
17:45 4 9,73 | 1222 6 2481 20,9 | 3,34
18:45 5 9,8 | 1243 6,5 2489 21,2 | 3,29
Table D51: Run 17 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,08 | M
pH 4 | initial
| 15 A
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Table D52: Run 18

Run 18
Date Time | Hours | DO DS |V EC Temp | pH
mg/l ppm | volts | uS/cm °C
27/08/2022 18:04 0 9,8 | 1286 9 2572 19,9 | 4,07
19:04 1 9,73 | 1194 8,5 2380 21,2 | 3,54
20:04 2 9,46 | 1201 8 2408 216 | 34
21:04 3 8,18 | 1258 8 2516 21,9 | 3,22
22:04 4| 10,01 | 1227 8 2452 21,8 | 3,16
23.04 5] 10,59 | 1338 8 2668 26,6 | 3,23
Table D53: Run Duplicate
Duplicate
Date Time Hours | DO DS |V EC Temp | pH
mg/I ppm | volts | uS/cm °C
29/08/2022 09:07 0 10,2 | 1288 7,5 2570 15,8 | 4,04
10:07 1| 10,11 | 1242 7,5 2476 17,5| 3,58
11:07 2| 10,25| 1201 7 2402 18,4 | 3,46
12:07 3| 10,88 | 1197 7 2390 19,2 | 3,22
13:07 4| 10,91 | 1294 7 2583 19,2 | 3,23
14:07 5] 10,81 | 1287 7 2573 19,4 | 3,23
Table D54: Run 18 Conditions
Conditions
Reaction Time 5] hrs
NaCl 0,08 | M
pH 4 | initial
I 2 A
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