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ABSTRACT

The global rise in population and rapid industrialization and urbanization have resulted in a
significant increase in wastewater production, putting a strain on existing treatment facilities.
This has led to the release of certain pollutants into the aquatic environment, including
emerging contaminants such as pharmaceuticals, pesticides, hygiene products, endocrine-
disrupting agents, surfactants, and industrial chemicals. These pollutants are found in
wastewater, groundwater, rivers and lakes and pose a potential threat to human health and
cause various illnesses such as reproductive disorders, cardiovascular disorders, cancer,
immune deficiency, nervous system syndrome, brain development delay, and memory
disruption. The secondary treatment (biological processes) in a typical treatment plant is the
most crucial step as it removes approximately 80-90% of pollutants. However, conventional
treatment methods are not effective in completely removing emerging contaminants, and
advanced treatment techniques must be utilized. In this work, different types of wastewaters
containing emerging pollutants were treated using conventional activated sludge process,
membrane filtration, and advanced oxidation processes.

The following emerging pollutants were used as targets: caffeine, ibuprofen, metronidazole,
naproxen, sulfamethoxazole, bisphenol A, and carbamazepine.

The implementation of a sequencing batch reactor (SBR) led to the elimination of a
significant amount (78-86%) of total organic carbon (TOC), with only small reductions
(11%, 45%, and 6%) observed for naproxen, bisphenol A, and sulfamethoxazole,
respectively. The SBR effluents then were treated with membrane filtration and chemical
oxidation processes. Track-etch membranes (TEMSs) and phase inversion membrane (P1M)
were employed. It should be emphasized that TEMs were employed in wastewater treatment
for the first time. TOC removal efficiency ranged from 1% to 6% for each of the four
membranes evaluated. 10 nm TEM demonstrated almost complete removal of bisphenol A
(93%) and insignificant removals for naproxen (11%) and sulfamethoxazole (14%). The
elimination mechanism of bisphenol A employing membranes was probably connected to
size exclusion and sorption. Ultimately, the effluents from SBR and membrane filtration
were treated with sulfate-radical-based advanced oxidation processes (AOPs). Remarkably,
full removal of emerging contaminants and TOC were obtained after 30 minutes for the
effluents after membrane filtration using 10 mM of K>S20g and 25 mg/L of zero-valent iron
(ZV1) under UV, demonstrating the great potential of combining membrane filtration and
AOPs.

Pharmaceuticals commonly found in wastewater, such as caffeine, metronidazole, and

ibuprofen, were investigated for removal using a combination of continuous flow-activated



sludge process and advanced oxidation processes. The study found that ibuprofen and
caffeine were completely degraded, while metronidazole was only partially degraded.
However, the presence of ibuprofen and caffeine hindered the nitrification process, while
metronidazole suppressed the activity of denitrifying microorganisms. Biological treatment
resulted in complete degradation of ibuprofen and caffeine but only 56% degradation of
metronidazole. Advanced oxidation processes using hydroxyl and sulfate radicals were then
used to eliminate the remaining metronidazole. The study demonstrated the effectiveness of
AOPs in treating effluents from biological treatment processes.

Moreover, AOPs were used to treat actual slaughterhouse wastewater. TiO, photocatalysis
resulted in a 44% decrease in TOC after 60 min, while UV/98 mM H2O; led to a 74%
reduction in TOC after 150 minutes. Adjusting the pH to 3 and introducing Fe?* into the
system increased TOC removal to 82.5% after 150 minutes. Combining 15 mM K>S,0sg and
UV led to a TOC reduction of 85%. Persulfate oxidation was also applied for the first time
to treat wastewater from a slaughterhouse. The study shows that UV/K2S,0g may be used as
an additional post-treatment technique after biological treatment for water discharge criteria
fulfillment and wastewater reuse.

Additional experiments were carried out using sulfate radical-based AOPs. Real municipal
wastewater was treated using the UV/K2S,0s/Fe?* process. Response surface methodology
(RSM) was utilized to improve the treatment process by investigating the impacts of four
independent parameters on TOC, TC, and TN removal. RSM precisely established the most
suitable parameters for complete TOC removal, leading to total TOC mineralization at pH
of 7.7, 30 mM K3S;0s, and K;S,0s to Fe?* ratio of 7.5 after 106 min. Attempts to use
statistical models to determine optimum conditions for complete TC and TN elimination
were, however, unproductive.

In addition, for the first time, a continuous flow UV/K2S;0¢/ZV1 system was put into
operation for wastewater treatment. The RSM was used to study the impacts of the following
process factors on TOC reduction: space time, the concentration of K>S2Os, and the
K2S20g/ZVI molar ratio. Carbamazepine was spiked into both synthetic and actual municipal
wastewater to investigate its fate during persulfate oxidation. In the case of synthetic
wastewater, 71% TOC reduction and full elimination of carbamazepine were accomplished.
In the case of real wastewater, 60% TOC removal and full carbamazepine elimination have
been achieved. The complexity of real wastewater and the presence of radical-reducing
agents may explain the difference in TOC removal with synthetic wastewater.

Finally, the UV/K>S,Og/Goethite process was tested using landfill leachate, a highly

contaminated effluent. Sulfamethoxazole was injected into both synthetic (SLL) and real



landfill leachate (RLL) and used to evaluate the best treatment parameters for TOC and
sulfamethoxazole removal using RSM. After 4.7 h of using the UV/K2S,0g/Goethite system,
87% TOC and 100% sulfamethoxazole were removed from the RLL. In addition, air
stripping at pH 11 for 3 hours was utilized to eliminate ammonia from the RLL. For the first
time, our studies indicate the efficiency of the UV/K2S,0g/Goethite system in eliminating
organic materials from landfill leachate.

To summarize, it was discovered that at certain concentrations, emerging pollutants block
the activity of microorganisms, hence affecting the effectiveness of the activated sludge
process. AOPs based on sulfate radicals are an efficient post-treatment process for the
removal of emerging pollutants and TOC following the conventional biological treatment or
membrane filtration. Different chemical species such as Fe?*, zero-valent iron, and goethite
were used to activate persulfate or hydrogen peroxide under UV. The materials used were
characterized using state-of-the-art characterization techniques. Overall, the integrated use
of track-etch membrane bioreactor and advanced oxidation processes demonstrated

significant efficiency in the elimination of emerging pollutants in wastewater treatment.
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CHAPTER 1: INTRODUCTION

1.1. Background

The study into wastewater treatment systems is motivated by environmental and health
concerns generated by the profusion of newly discovered pollutants in the aquatic
environment. The current increase in wastewater generation worldwide is being caused by
the expansion of the world's population as well as the speedy pace of industrialization and
urbanization [1]. Wastewater treatment facilities primarily utilize the activated sludge
process for treating wastewater. The activated sludge process relies on microorganisms to
break down both organic and inorganic pollutants found in wastewater, but this method may
not effectively remove certain pollutants [2]. As a result, these pollutants can enter the
aquatic environment if they are not completely eliminated during the treatment process [2].
Therefore, to avoid environmental risk, there is a need for additional water treatment
technologies such as membrane filtration and advanced oxidation processes.

Emerging pollutants are the least studied of the many groups of water contaminants.
Pharmaceuticals, agrochemicals, personal hygiene items, endocrine-disrupting substances,

surfactants, and industrial chemicals are examples of pollutants (Fig. 1.1.) [3].

Emerging
pollutants

Personal care

products Agrochemicals

- Pregnancy
problems and
miscarriage;

- Male reproduction
problems;

- Hormonal
complications.

. - Carcinogenic;
- Endocrine - Fertility problems;
disruption; - Affect lactation;
- Fertility problems; - Gastrointestinal
- Carcinogenic. problems.

Fig.1.1. Major impacts on human health of commonly detected pollutants of emerging
concern. Adapted from [3].

Wastewater treatment technologies are applied to treat wastewater before its release into the
environment, involving biological, physical, and chemical processes. In a typical wastewater
treatment plant, the secondary treatment (biological processes) constitutes the heart of the
process, since approximately 80-90% of all pollutants are removed [4]. Despite the

widespread use of the activated sludge process, it is not always effective in completely
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eliminating harmful organic compounds from wastewater. This is particularly true for
emerging contaminants and requires the implementation of more advanced treatment
methods [5].

Advanced oxidation processes (AOPSs) are highly effective methods for treating wastewater,
utilizing hydroxyl ("OH) or sulfate (SO4™) radicals as powerful oxidizing agents [6]. These
radicals have been proven to effectively degrade organic contaminants and have similar
oxidation potentials (2.5-3.1V for SO4~ and 2.8V for ‘OH) [7,8]. ]. However, unlike
hydroxyl radicals, sulfate radicals can be used in a wider pH range (2-8) [7,8]. Various
methods such as UV irradiation, ultrasound, heat, transition metals, carbon-based materials,
and heterogeneous catalysts can activate hydrogen peroxide and persulfate [9,10].
Combining these methods can produce a synergistic effect [9]. Another promising AOP
technique is heterogeneous photocatalysis [11], which utilizes semiconductors as
photocatalysts. These materials absorb light energy and convert it into chemical energy
through the formation of electron-hole pairs [12]. Redox reactions then produce the
necessary oxidants to break down organic pollutants, and the addition of H>O> can accelerate
the reaction. TiO»-based materials, particularly P25 nanopowder, are widely used for this
purpose due to their availability and effectiveness under UV irradiation [12,13]. However,
high-energy UV irradiation can be costly, and but not many photocatalysts work in the
visible light spectrum (A > 310 nm), making the use of artificial visible light or solar light
problematic [14]. Most research on AOPs has focused on treating singsingle-pollutanter
solutions, and the impact of other macropollutants present in real wastewater has not been
thoroughly investigated [15].

Another promising method for water purification is a membrane bioreactor (MBR)
technology [16]. Today, MBR is a well-known and effective technique that is applied
globally. MBR is a hybrid system that uses membrane filtration for physical liquid-solid
separation along with biological treatment [17]. This technology offers several advantages,
such as smaller plant size, higher loading rates, shorter retention times, lower sludge
production, and the ability to simultaneously nitrify and denitrify over longer periods
[18,19]. The removal efficiency relies on the membrane’s type, sludge age,
aerobic/anaerobic/anoxic conditions, pH, temperature, conductivity, and other parameters
[18]. The current challenges in MBR include membrane fouling and cost-effectiveness [17].
In this work, track-etch membranes instead of conventional phase inversion membranes
were utilized in MBRs. Unlike phase inversion membranes, which have limited control over
pore size, geometry, density, and distribution, track-etch membranes are produced by

irradiating a polymer film with high-energy ions and then subjecting it to physical and
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chemical treatments (i.e. etching) [20]. Previous work of NU professors showed that the
country is ppossesses the required tools to produce high quality and cheap symmetric
fasymmetric track etch membranes, i.e. 20 USD per m? of the membrane [20]. Currently,
there are no earlier data on the efficiency of TEMBR in the contaminants of emerging
concern removal.

This research is focused on the development of advanced wastewater treatment technology
by integrating bio- and membrane-based processes with advanced oxidation processes.
Synthetic or real wastewater, containing toxic and/or emerging pollutants, was obtained and
characterized by various parameters (pH, TC/TIC/TOC, TN, chemical oxygen demand
(COD), concentration of ions, and target compounds). Initially, biological treatment methods
in batch and continuous flow mode were deployed to look at how emerging contaminants
affect biological removal. Then, effluents of the biological process were further treated with
membrane filtration to test the efficiency of the track-etched membranes. The removal
efficiencies of different AOPs such as photolysis with H>O», photo-Fenton processes,
persulfate-mediated oxidation, and photocatalysis under UV irradiation were compared
based on the removal efficiency of TOC and target compound and energy consumption. The
efficiency of landfill leachate treatment experiments were optimized by RSM [21]. The use
of statistical design allows us to investigate and propose the most beneficial operating
conditions of photochemical and membrane treatment to purify efficiently complex

wastewater with a focus on the removal of emerging pollutants [22].

1.2.  Thesis hypotheses and statements

The thesis hypotheses and statements were determined based on the literature review of
conventional and current methods of wastewater treatment.

Thesis hypotheses:

¢ Pollutants of emerging concern inhibit the activity of microorganisms and, therefore,
affect the efficiency of the activated sludge process;

e Advanced oxidation processes could be an efficient post-treatment technique to
remove emerging pollutants after biological wastewater treatment;

e Taking into account that track-etch membranes have better properties than
conventional membranes, they could be an efficient replacement in MBR technology
for the removal of emerging pollutants;

e Oxidative radical sources such as persulfate could be activated using inexpensive Fe-

based materials.
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Thesis statements:

1.3.

1.4.

To conduct an extensive literature review on the current situation and advances of
activated sludge process, membrane bioreactor, and advanced oxidation processes;
To assess the impact of emerging pollutants on the activated sludge process in terms
of removal of organic carbon and nitrogen;

To further treat effluents after the activated sludge process with membrane filtration
using track etch membranes;

To test advanced oxidation processes for the treatment of real and synthetic
wastewater as well as the effluents after the activated sludge process;

To test Fe-based materials for persulfate activation under different concentrations
and conditions using response surface methodology;

To study persulfate activating materials using state-of-the-art characterization
techniques (SEM-EDS, XRD, FTIR, nitrogen porosimetry, etc.);

To extend the application of AOPs from synthetic wastewater to real wastewater of
different origin;

To study the removal of organic pollutants and evaluate electrical energy per order

(EEO) and compare with existing literature.

The aims and objectives of the research

The aim of this thesis is to integrate biological, physical and chemical processes for

advanced wastewater treatment. The secondary aim includes the assessment of advanced

oxidation processes using real wastewaters.

The objectives of this thesis are following:

e To evaluate the impact of emerging pollutants on the conventional wastewater

treatment process using batch and continuous flow biological reactors;

¢ To treat the activated sludge process effluents using membrane filtration and advanced

oxidation processes;

e To apply sulfate radical-driven advanced oxidation processes with the real wastewater

of different origin.

The novelty of the research

Based on the existing literature, the novelty of the research is:

o Sulfate radical-based advanced oxidation processes were applied for the treatment of

real wastewater of different origin;
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e The application and comparison of Fe-based materials for activation of persulfate for
the treatment of real wastewater of different origin;

e The use of the response surface methodology for assessing the efficiency of the
photo-Fenton-like processes for the treatment of real municipal wastewater;

e Track-etch membranes were applied for wastewater treatment purposes for the first
time;

e Evaluation of the electrical energy per order of the AOPs using real wastewater and

comparison with the literature.

1.5. Research contributions

Six (6) published research papers and one (1) review article:
1) Y.N. Kanafin, Y. Kakimov, A. Adamov, A. Makhatova, A. Yeshmuratov, S.G.
Poulopoulos, V.J. Inglezakis, E. Arkhangelsky. The effect of caffeine, metronidazole
and ibuprofen on continuous flow activated sludge process. Journal of Chemical
Technology &  Biotechnology, Volume 96, 2021, 1370 -  2380.
https://doi.org/10.1002/jctb.6658
2) Y.N. Kanafin, A. Makhatova, V. Zarikas, E. Arkhangelsky, S.G. Poulopoulos. Photo-
Fenton-like Treatment of Municipal Wastewater. Catalysts, Volume 11(10), 2021, 1206.
https://doi.org/10.3390/catal11101206
3) Y.N. Kanafin, D. Kanafina, S. Malamis, E. Katsou, V.J. Inglezakis, S.G. Poulopoulos,
E. Arkhangelsky. Anaerobic membrane bioreactors for municipal wastewater treatment:
a literature review. Membranes, Volume 11(12), 2021, 967.
https://doi.org/10.3390/membranes11120967
4) Y.N. Kanafin, A. Makhatova, K. Meiramkulova, S.G. Poulopoulos. Treatment of a
poultry slaughterhouse wastewater using advanced oxidation processes. Journal of
Water Process Engineering, Volume 47, 2022, 102694.
https://doi.org/10.1016/j.jwpe.2022.102694
5) Y.N. Kanafin, P. Abdirova, E. Arkhangelsky, D.D. Dionysiou, S.G. Poulopoulos.
UVA and goethite activated persulfate oxidation of landfill leachate. Chemical
Engineering Journal Advances, Volume 14, 2023, 100452
6) Y.N. Kanafin, P. Abdirova, D. Kanafina, E. Arkhangelsky, G.Z. Kyzas, S.G.
Poulopoulos. UV and zero-valent iron (ZVI) activated continuous flow persulfate
oxidation  of  municipal  wastewater.  Catalysts, 2023, 13(1), 25.
https://doi.org/10.3390/catal 13010025
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7) Y.N. Kanafin, A. Satayeva, P. Abdirova, V.J. Inglezakis, E. Arkhangelsky, S.G.
Poulopoulos. Membrane bioreactor and advanced oxidation processes for combined
treatment of the synthetic wastewater containing naproxen, bisphenol A, and
sulfamethoxazole. Journal of Water Process Engineering, Volume 55, 2023, 104250.
https://doi.org/10.1016/j.jwpe.2023.104250

Three (3) published conference papers:
1) Y.N. Kanafin, A. Satayeva, E. Arkhangelsky, S.G. Poulopoulos. Treatment of a
biological effluent containing metronidazole. Chemical Engineering Transactions.
Volume 86, 2021, 595 - 600, https://doi.org/10.3303/CET2186100
2) Y.N. Kanafin, A. Makhatova, E. Arkhangelsky, S.G. Poulopoulos. Photochemical
treatment of an actual municipal wastewater by means of UV, potassium persulfate and
iron. 10P Conference Series: Earth and Environmental Science. Volume 899, 2021,
012067, doi:10.1088/1755-1315/899/1/012067
3) Y.N. Kanafin, P. Abdirova, A. Baltabek, E. Arkhangelsky, S.G. Poulopoulos. Study
of the effects of the sulfate-radical sources for wastewater treatment using response
surface methodology. Chemical Engineering Transactions. Volume 95, 2022, 345 - 350,
https://doi.org/10.3303/CET2186100

Two (2) presentations at international conferences:
1) Y.N. Kanafin, A. Satayeva, E. Arkhangelsky, S.G. Poulopoulos. Treatment of a
biological effluent containing metronidazole. 15" International conference on chemical
and process engineering, May 23-26, 2021, Naples, Italy (oral presentation).
2) Y.N. Kanafin, A. Makhatova, E. Arkhangelsky, S.G. Poulopoulos. Photochemical
treatment of an actual municipal wastewater by means of UV, potassium persulfate and
iron. 2" International Conference on Environmental Design, October 23-24, 2021,

Athens, Greece (oral presentation).

1.6. Thesis overview

This Ph.D. thesis is divided into nine chapters, which are as follows:

Chapter 1 serves as an introduction, presenting a general outline of the research, the thesis

hypotheses and statements, as well as the novelty and significant contributions of the study.

Chapter 2 provides an in-depth examination of the relevant research presented in the thesis
through a comprehensive literature review. The first section delves into topics such as

wastewater generation and composition, as well as the contamination of water resources with
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emerging pollutants and their impact on human health and the environment. The second
section focuses on conventional wastewater treatment methods, specifically the use of
activated sludge process and sequencing batch reactor. The third section introduces the
concept of membrane bioreactors, discussing their configuration, operation, and
effectiveness in treating wastewater. Moving on, the fourth section explores various
advanced oxidation processes and their potential for removing emerging pollutants. The
literature review concludes by summarizing the findings and identifying gaps in the existing
literature. Furthermore, the research contributions based on this literature review have been
published in Membranes under the title “Anaerobic membrane bioreactors for municipal

wastewater treatment: a literature review”.

Chapter 3 provides a detailed overview of the materials, physical and chemical methods
utilized in the research, as well as descriptions of the characterization techniques employed.
Additionally, this chapter outlines the experimental procedures for both batch and

continuous flow bio- and photoreactors, including their respective layouts.

In Chapter 4, the research results of experiments on the treatment of synthetic wastewater
containing ibuprofen, metronidazole, and caffeine using a combination of continuous flow
biological treatment and photochemical treatment are presented. These findings were
published in Journal of Chemical Technology and Biotechnology with a research paper titled
“The effect of caffeine, metronidazole and ibuprofen on continuous flow activated sludge
process” and in Chemical Engineering Transactions with a paper titled “Treatment of a

biological effluent containing metronidazole”.

In Chapter 5, the research outcomes of experiments on the treatment of synthetic wastewater
containing naproxen, bisphenol A, and sulfamethoxazole using a combination of membrane
bioreactor and photochemical treatment are discussed. These results were published in
Journal of Water Process Engineering with a research paper titled “Membrane bioreactor
and advanced oxidation processes for combined treatment of the synthetic wastewater

containing naproxen, bisphenol A, and sulfamethoxazole”.

In Chapter 6, the effectiveness of various advanced oxidation processes in treating
wastewater from poultry slaughterhouses is examined and the electrical energy per order is
compared with existing literature. The research findings from these investigations are
published in the Journal of Water Process Engineering under the title “Treatment of a

poultry slaughterhouse wastewater using advanced oxidation processes”.
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The results of experiments using AOPs based on sulfate radicals for treating synthetic and
actual municipal wastewater are discussed in Chapter 7. These research' findings were
published in Catalysts in publications titled “Photo-Fenton-like treatment of municipal
wastewater” and “UV and zero-valent iron (ZVI1) activated continuous flow persulfate

oxidation of municipal wastewater”.

Chapter 8 investigates the possibility of using sulfate radical-based advanced oxidation
techniques to treat extremely polluted landfill leachate. The study's findings were reported
in Chemical Engineering Journal Advances in a paper titled “UVA and goethite activated
persulfate oxidation of landfill leachate”.

Chapter 9 summarizes the thesis by outlining potential future research that could be

conducted in order to expand and improve on the preceding work.
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CHAPTER 2: LITERATURE REVIEW
2.1. Wastewater generation and common pollutants
2.1.1 Wastewater generation and composition
Worldwide water supplies are becoming increasingly scarce due to rapid population increase
and climate change [1]. To achieve sustainable development, protect human lives, and
preserve ecosystem health, clean water is of highest importance [23]. The supply of water in
an adequate and suitable quality at the location of intended usage is a prerequisite for all
significant human activities, such as agriculture, social infrastructure, manufacturing,
chemical industry, energy production, and household [24]. Clean water and sanitation are
the emphasis of Sustainable Development Goal (SDG) 6, where the statuses 6.3.1 and 6.3.2
take wastewater and water quality into account [25]. According to the UN Environment
Programme's 2020 report, the quality of 72% of the world's monitored water bodies is
considered to be acceptable [26]. It should be noted that the data were gathered regionally,
therefore, different safety and quality regulations have been applied [25].
The annual production of wastewater worldwide is currently estimated to be
359.4x10°m3[24]. Today, 52% of the wastewater produced is purified, and each year,
40.7x10° m® of wastewater are reused [24]. According to a recent survey, high-income
nations treat 70% of the wastewater that is produced [27]. Contrarily, for middle-income and
low-income countries, the proportion of treated wastewater was in the range of 38% and 8%,
respectively [27]. Despite the fact that wastewater treatment systems are an essential process
in developed countries, many developing countries continue to directly dump
untreated municipal wastewater into natural water systems [23]. For instance, 87 municipal
wastewater treatment facilities were registered in Kazakhstan in 2015, and it was confirmed
that 33 of them had unacceptable technical conditions [28].
Due to water shortages and growing populations, the issues related to wastewater generation
and treatment will get worse in the future. Implementing effective wastewater treatment
procedures and recycling the treated wastewater for industrial and agricultural uses is the
urgent issue for addressing the water shortage [27]. The presence of untreated wastewater
can be harmful to human and aquatic life due to the potential presence of pathogens such as
viruses, bacteria, protozoa, and fungi that can cause water-borne diseases [2]. To address
this issue and increase the amount of treated wastewater, there is a need for more wastewater
treatment facilities, particularly in low-income countries with large populations.
Understanding the chemical characteristics of wastewater is crucial because it facilitates
knowledge of reactions and interactions with organic and inorganic components in

wastewater [29]. Typically, the content of wastewater might differ from place to place due
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to domestic practices and industrial operations. However, the general wastewater matrix can
be classified into the following groups: dissolved minerals, inorganic pollutants (nitrates,
total phosphorus (TP), heavy metals, etc.), pathogens, and organic matter (dissolved organic
carbon (DOC), proteins, carbohydrates and micropollutants) [29,30]. The frequently

detected concentrations of the pollutants can be seen in Fig. 2.1 [31].
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Fig. 2.1. The ranges of wastewater pollutant concentrations recorded at the 24 locations

[Reprinted with permission from [31]. Copyright 2022, Elsevier]

As can be seen from Fig. 2.1, nitrates, dissolved organic carbon (DOC) and phosphorus are
considered as macropollutants, while the heavy metals have concentrations which are typical
for both macro- and micropollutants. The abundance of nitrates and phosphorus compounds
in water may lead to river eutrophication and deterioration of water quality [29,32]. DOC is
comprised of fragmented cells and organic macromolecules [29] and serve as a carbon
source for microbial growth in activated sludge process [33,34].

Even though emerging contaminants account for only a small portion of the dissolved
organic matter content, these substances are designed to have highly targeted (biological)
effects [31]. These include healing a sickness, preventing weed development and giving a
calorie-free alternative to sugar and etc. In short, emerging contaminants have biological
activity orders of magnitude more than normal dissolved organic matter. Their mode of
action is frequently highly particular and may affect certain groups of organisms (for
example, only bacteria, only bugs, etc.). Therefore, emerging contaminants vary
fundamentally from nutrients, which are required by all organisms. Heavy metals are
commonly detected in trace amounts in wastewater, however, they are dangerous and tend

accumulate in human body causing risk for human health [35]. Finally, micropollutants also
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include organic contaminants of emerging concern or so-called emerging pollutants which

will be discussed in the next section.

2.1.2 Emerging pollutants

Emerging pollutants have been identified in all types of surface waters starting from the
drinking water and in the outflows from wastewater treatment facilities. Pharmaceuticals,
endocrine disruptors, agrochemicals, and cosmetics are some of the organic pollutants of
emerging concern that pose a risk to the environment [31]. Even with the construction of
wastewater treatment facilities, which are mainly based on the biological treatment, the
environment is still not protected against the spread of newly emerging pollutants and their
subsequent effects. Some of these chemicals escape activated sludge-based wastewater
treatment facilities because of their stable structure, and they are then released into the
aquatic environment [36]. The organic molecules' biodegradability is additionally aided by
the compounds' branching structure and large molecular weight [16]. Degradations of 60%
or more have been observed for compounds having MW greater than 300 [37]. The more
chemicals there are, the more complicated the wastewater matrix is, which increases the
complexity of the wastewater treatment [36]. Consequently, it is necessary to create
complementary techniques of wastewater treatment. Emerging pollutants may enter the
aquatic environment either directly or indirectly as a result of anthropogenic activities like

wastewater discharge, farming practices, agriculture, and landfill leachate (Fig. 2.2) [38].

Agrochemicals Household chemicals Pharmaceuticals

Fig. 2.2. The source and environmental pathway of emerging pollutants (EPs). Adapted
from [38].
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Few emerging pollutants are regularly monitored in the environment due to inadequate
information of their toxicity, effects, and behaviors, while many are still unregulated [39].

Pharmaceuticals are a type of growing environmental contaminant that is widely and
increasingly employed worldwide. Antibiotics, analgesics, neurostimulants, anti-
inflammatory medications, anticonvulsants, beta-blockers, and other potentially hazardous
compounds are included in the list [40]. Currently, a wide variety of emerging pollutants
have been found in aquatic systems at detectable quantities. The reported concentrations of

emerging pollutants are presented in Table 2.1.

29



Table 2.1 Concentrations of selected emerging pollutants detected in drinking water,

groundwater, surface waters and wastewater.

Pollutant Concentration, ng/L.  Type of water Location Ref.
Caffeine 51.2 — 3060 River Jiulong River, China [41]
16600 River Taiwan [42]
34.3-95.5 Drinking water Seoul, Korea [43]
1250 - 1720 Wastewater Bangkok, Thailand [44]
213 - 96600 Wastewater Arta, Greece [45]
170 -200 Groundwater Kabwe, Zambia [46]
4920 — 12400 Wastewater Guanajuato, Mexico [47]
Ibuprofen 92 Groundwater Serbia [48]
34 River River Mississippi, USA [49]
414 River River Mankyung, South Korea [50]
2200 Wastewater Taiwan [51]
10 Groundwater An experimental agricultural field in [52]
Ottawa, Canada

Metronidazole 136.2 River Goscicina river, Poland [53]
5900 Hospital Almeria, Spain [54]

wastewater
3600 — 101000 Hospital Kalmar, Sweden [55]

wastewater
<15 River River Taff, Wales UK [56]
<15 River River Warta, Poland [56]
Sulfamethoxazole 46 Groundwater Baix Llobregat, Barcelona, Spain [57]
50.6 River Tiber River, Italy [58]
1720 Wastewater Hanoi, Vietnam [59]
802 Wastewater Manila, Philippines [59]
538 Wastewater Kolkata, India [59]
76 Wastewater Kuala Lumpur, Malaysia [59]
282 Wastewater Jakarta, Indonesia [59]
Bisphenol A 5 Drinking water Nevada, USA [60]
1 Drinking water Lake Maggiore, Italy [61]
70 -1680 Wastewater Quebec, Canada [62]
2830 — 4950 Wastewater Slovenia [63]
1.2 Drinking water Songhua River basin [64]
Naproxen 27.6 Groundwater Serbia [48]
447 River Fyris River, Sweden [65]
11400 — 32000 River Malir River, Pakistan [65]
9580 Wastewater Reghaia, Algeria [66]
40-210 Lake Lake Haapajarvi, Finland [67]
145 Groundwater Baix Llobregat, Barcelona, Spain [57]
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Carbamazepine 34 Groundwater Serbia

33-137 Wastewater Canada
290 — 960 Wastewater Tainan, Taiwan
<0.5-120 River Lao-Jie River and Zen-Wen River,
Taiwan
136 Groundwater Barcelona, Spain

[48]
[68]
[69]
[69]

[70]

Table 2.1 shows that the emerging pollutants were detected at levels ranging from 1 ng/L to

101 pg/L. However, even at these the emerging pollutants can have significant effect on
public health [38].

2.1.3 Adverse effects of emerging pollutants

Governments find it difficult to regulate the use of emerging pollutants as a result of the lack
of pertinent data on the effects, fate, and concentration levels of organic pollutants [38].
Emerging organic pollutants have been linked to severe ecological damage, toxicity, and
dangers to both major and minor health in aquatic habitats [71]. As it has been presented in
Table 2.1, a significant amount of organic pollutants have been detected in the environment.
The vast majority of emerging pollutants have uncertain or challenging to determine long-
term consequences, which is still a worry considering the lack of awareness among
individuals about the potential harm their actions may cause to the environment [72]. The
most serious negative impacts to date include cancer-causing, endocrine-disrupting effects,
and an increase in resistant infections, which pose a serious danger to living things' immune
systems [73]. The reported negative consequences of selected emerging contaminants on the

ecosystem are summarized in Table 2.2.
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Table 2.2. Reported environmental and health effects of emerging pollutants.

Pollutant Adverse effects Ref.

Caffeine (stimulant drug) Endocrine disruption in goldfish (Carassiusauratus) [38]

Mortality, the generation of oxidative stress, changes in  [74]
the reproduction and growth of aquatic and terrestrial

insect species.

Ibuprofen (nonsteroidal anti- Immune system impairment, changes in the growth of [75]
inflammatory drug) the reproductive and endocrine systems, the induction

of antioxidative stress in fish and daphnia.

Metronidazole (antibiotic) Causes mutations in some bacteria, fungus, and [76]

rodents. Carcinogenic effect in animals.

Surface water contamination may promote the growth [77]

of resistant bacteria.

Sulfamethoxazole (antibiotic) Toxic effects on the zebrafish (Danio rerio), striped [78]
marsh frog (Limnodynastes peronii), crustacean
(Daphnia magna) and green algae (Selenastrum
capricornutum and Chlorella vulgaris) and

carcinogenic effect in algae (Scenedesmus obliquus).

Bisphenol A (industrial chemical)  Studies have shown that this chemical compound has [79]
the ability to mimic estrogen in rats and can lead to
hormonal changes that elevate the probability of breast
cancer. It has also been linked to anti-androgen

properties, which can cause feminizing effects in men.

Naproxen (nonsteroidal anti- Genotoxic effect, accumulation and the suppression of ~ [80]
inflammatory drug) the metabolizing enzyme activity in aquatic organisms,
gastrointestinal and renal effects in zebrafish, growth

inhibition in algae and amphibians.

Carbamazepine (anticonvulsant Oxidation stress of rainbow trout [38]

drug) (Oncorhynchusmykiss)

At 100 ng/L concentration harmed specific phases of [81]
chick embryonic development, which modeled human

embryonic development.

As it has been summarized in Table 2.2, emerging pollutants have a negative impact on
human societies, wildlife, and both land and aquatic ecosystems. Numerous sexual and

reproductive disorders in both wildlife and people are brought on by endocrine disrupting
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substances. Exposure to these substances during fetal and postnatal development may
impede endocrine system development and signaling. The consequences of development are
long-lasting and occasionally irreversible [38]. The environmental consequences of
emerging pollutants, however, differ from those seen in laboratory settings. When
environmental pollutants are present, a variety of parameters, including pH, soil type, and
water matix, may affect the fate of the chemicals [82].

The UN SDG 6 places a strong emphasis on the urgency of the issue, and by 2030, it aims
to achieve the wise recycling and safe reusing of water throughout the world, as well as to
seize pollution and eliminate the release of emerging pollutants into aquatic environment
[25]. This motivates the scientific community to create solutions to eliminate the danger of
organic contaminants that are affordable, ecologically acceptable, useful, and implementable

on a broad scale.

2.2 Conventional wastewater treatment

2.2.1 Activated sludge process

Biological treatment has been extensively utilized for the treatment of wastewater, mostly
using the biodegradation mechanism. Large-molecular-weight contaminants are broken
down into smaller organic and inorganic molecules during the biodegradation process, which
involves bacteria, algae, and fungi [83]. Microorganisms in the typical biodegradation
process utilize organic substances as primary sources for cellular proliferation [83]. Certain
pollutants are hazardous and refractory to bacterial activity, preventing biodegradation; in
this scenario, an additional carbon source is necessary to keep microbial activity for
biological degradation, a process is termed as co-metabolism [84]. Traditionally,
biodegradation technologies have been utilized to eliminate various contaminants of organic
origin. They are divided into aerobic, anoxic and anaerobic processes. Activated sludge and
sequence batch reactors are examples of aerobic uses. Anaerobic sludge and biofilm
reactors are two examples of anaerobic techniques. The features of the wastewater are
critical in the choosing of biological treatments [84].

Generally, in the activated sludge process, biomass is created in wastewater by microbial
growth in bioreactor in aerobic and anoxic conditions. Using air and a biological floc, this
process is used to remove organic content from sewage and industrial wastewaters with
mainly bacteria and protozoa [85]. These microorganisms are capable of decomposing
organic materials into CO», water, and other inorganic chemicals [85]. The removal of
nitrogen species such as ammonium, nitrites and nitrates is realized through denitrification

and nitrification processes [86].
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Oxidation of ammonium nitrogen and its conversion into nitrite nitrogen and ultimately to
nitrates is known as biological nitrification. Two energy-producing biological processes
occur during nitrification. Ammonium ion oxidation generates more energy than nitrite ion
oxidation (Egs. 2.1 and 2.2):
2NH4" + 302 — 2NO2™ + 4H* + 2H20, (2.1)
2NO; + O2 — 2NOs. (2.2)
Nitrifying bacteria of the genera Nitrosocystis, Nitrosococcus, Nitrosospira, Nitrosolobus,
and Nitrosomonas  oxidize ammonium ions to nitrites, whereas Nitrobacter, Nitrococcus,
and Nitrospira convert nitrites to nitrates [86,87].
Biological denitrification is the breakdown of organic compounds by denitrifying bacteria
(facultative anaerobes) using nitrite ions or nitrate ions. Alcaligenes, Bacillus, and
Pseudomonas genera include the great majority of denitrifying bacteria [86]. The reduction
of nitrite and nitrate nitrogen to nitrogen molecule takes place during the sequential
denitrification process, which takes place inside the bacterial cell. The complete degrading
process may be summarized into two reactions (Eq. 2.3 and 2.4) [86]:
NO3 + organic carbon — NO” + COz + H20 (2.3)
NO; + organic carbon — Nz + CO, + H;0 (2.4)
The energy obtained from the anoxic respiration is smaller than that of aerobic respiration
[86]. Therefore, the concentration of dissolved oxygen of less than 1 mg/L should be kept in
the reactor vessel in order to maintain anoxic conditions as the aforementioned

microorganisms can switch to aerobic respiration.

2.2.2 Sequencing batch reactor

Because of the advantageous features of SBR over a continuous flow reactor arrangement,
there has been considerable interest in their application [88]. A sequential batch reactor is
based on the batch process, as the name implies. The distinction with an SBR is that the
control scheme and accompanying operations are designed to continuously repeat the batch
process, resulting in very minimal reactor downtime. One of the significant benefits of the
SBR over a continuous flow reactor type is that a secondary clarifier is not required to collect
sludge that has flowed out of the bioreactor as part of the outflow. Because SBRs feature a
settling phase within the reactor, the effluent of SBRs contains very little total suspended
solid (TSS), requiring a reduced secondary clarifier, if any at all [88]. This saves money on
both the initial investment in a WWTP and the running costs of the clarification tank and

return sludge systems. Aside from the lower construction cost, maintaining sludge in the
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reactor offers a few of other advantages [88,89]. Fig. 2.3 depicts the different operating
modes of an SBR [89].

FILL REACT SETTLE DRAW IDLE

Fig. 2.3. Various stages of the SBR operating cycle. Adapted from [89,90].

The SBR system, as well as its variations, may require one or more tanks, depending on the
size of the operation [89,90]. During the FILL phase, the tank collects raw wastewater that
has come into touch with the active biomass that remained inside the tank after the previous
cycle had completed. The REACT phase is meant to complete the biological processes that
are principally responsible for organic breakdown. Then, the whole reactor tank operates as
a batch clarifier during the SETTLE phase, with no input or outflow. Following the settling
of the sludge formed by the REACT phase, the DRAW phase decants the treated supernatant
using a decanter, either static or floating. The IDLE phase occurs between the DRAW and
FILL stages. Depending on the operational plan, mixing the sludge and discarding
superfluous sludge may be undertaken during this step [89,90]. Overall, the SBR process is
an appealing option for removing emerging contaminants from wastewater because of its
ability to produce anaerobic/anoxic/aerobic conditions applying the same reactor [89]. The
efficiency of SBR against some common emerging pollutants are discussed in the next

section.

2.2.3 The application of activated sludge process for the removal of emerging pollutants
Conventional wastewater treatment plants are primarily effective at eliminating organic
contaminants that can be broken down by microorganisms, using activated sludge process.
However, certain pharmaceuticals are not easily broken down and may possess resistant
properties [91]. The elimination of specific emerging pollutants using the conventional

activated sludge process (CAS) and sequencing batch reactor can be seen in Table 2.3.
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Table 2.3. Removal of selected emerging pollutants by different biological treatment

technologies.

EPs Method Cinfluent Removal, % Ref.
Caffeine CAS 45 ng/L 68.6 [92]
CAS 670 pg/L 100 [93]
SBR 26 pg/L >99 [94]
CAS 26 pg/L >99 [94]
CAS 6679 ng/L 96 [95]
Ibuprofen CAS 1 mg/L 99 [96]
CAS 10 mg/L 99 [97]
CAS 27 ng/L 99.5 [92]
SBR 20 ug/L 99 [98]
CAS 45 ug/L 100 [93]
Metronidazole CAS 28 ng/L 34 [99]
CAS 100 mg/L 22 [100]
CAS 100 mg/L <20 [101]
CAS 5-100 mg/L <5 [102]
Sulfamethoxazole CAS 145 ng/L 65.5 [103]
SBR 50 mg/L >99 [104]
CAS 93 ng/L 73.8 [105]
CAS 3.06 g/d 55.6 [106]
CAS 21.1 pg/L 22 [107]
Bisphenol A SBR 5mg/L 32.2 [108]
CAS 50 mg/L 80.2 [109]
CAS 25-310 ng/L 59 [110]
CAS 400 ng/L 1-77 [111]
CAS 2880 ng/L 255 [112]
Naproxen CAS 542 ng/L 96.8 [95]
CAS 463 ng/L 71.8 [105]
CAS 37 g/d 85.1 [106]
CAS 9.5 ug/L 86 [107]
CAS 50 mg/L 80 [113]
Carbamazepine CAS 1012 ng/L 46.3 [95]
CAS 19 pg/L 6 [107]
CAS 156 ng/L <10 [105]
CAS 5.21 g/d <10 [106]
CAS 1850 ng/L 13.8 [103]

As can be seen from Table 2.3, CAS and SBR were capable to completely remove caffeine

and ibuprofen in most cases. In case of sulfamethoxazole, bisphenol A and naproxen partial
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removal has been observed, while removal of metronidazole and carbamazepine were not
higher than 10-20 % predominantly, which demonstrates poor biodegradability of these
compounds. Bon et al. studied the fate of bisphenol A in Hong Kong sewage treatment and
reported that bisphenol A escape the process [112]. The average concentration of bisphenol
A was 2880 ng/L in the influent wastewater, while the average removal the compound was
25.5%. Aboudalle et al. used CAS for the treatment of synthetic wastewater containing 100
mg/L of metronidazole and achieved only 22% removal of the target pollutant after 9 days
[100]. In another research, Suarez et al. investigated the removal performance of lab scale
activated sludge reactor against 16 emerging pollutants, including pharmaceuticals and
hygiene products, and achieved 6% removal of carbamazepine and 22% removal of
sulfamethoxazole [107]. Radjenovic et al. found 130-670 ng/L of naproxen in the primary
influent wastewater of the full-scale activated sludge process and reported about 71.8 %
elimination of naproxen and 73.8% removal of sulfamethoxazole [105]. As can be seen from
the literature, certain emerging pollutants escape CAS and, therefore, effective post-
treatment methods, such as advanced oxidation processes and membrane filtration, must be

utilized to completely remove emerging pollutants from wastewaters [92].

2.3 Membrane bioreactor

2.3.1 Membrane bioreactor configurations and effects of operating conditions on
membrane bioreactor

MBR technology bridges the gap between activated sludge process and membrane filtration.
It has become more widespread, and is capable of treating a wide range of wastewaters,
including industrial liquids and household effluents [114]. In contrast, the traditional
activated sludge process cannot manage changes in effluent composition or variations in
wastewater flow rate. MBR technology is also employed when the demand for effluent
quality exceeds the capacity of the activated sludge process [115]. MBR is an excellent
separation technology that is becoming increasingly cost-effective and superior to traditional
water treatment with proven performance [105]. Normally, three types of MBR
configurations are recorded: external (sidestream) MBR, externally submerged MBR and
submerged MBR (Fig. 2.4) [115].
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Fig. 2.4. Main configurations of membrane bioreactor. a) bioreactor with submerged
membrane module; b) membrane unit connected to the bioreactor externally and c)

submerged membrane unit connected to the bioreactor externally. Adapted from [115].

The membrane in a sidestream or external MBR exists outside, whereas the membrane in a
submerged MBR is immersed in the aerated tank. Because the inclusion of a recycling pump
in the sidestream, the cost of sidestream MBR is considerable [16]. Although modern
membrane technology with submerged MBR improves performance, it also causes cake
development, which reduces MBR performance [116]. To eliminate the cake from the
membranes physical cleaning and chemical cleaning with acid are used and to decrease
fouling in the entire process, membrane filtration process is followed by nanofiltration or
reverse osSmosis unit [117].

Solid retention time (SRT) and hydraulic retention time (HRT) are important parameters in
the pollutant removal in MBRs [118]. SRT denotes the length of time that the solid fraction
of wastewater remains in the bioreactor. The average time length for which a soluble
chemical is present in the bioreactor is reflected by HRT [115]. It is determined by dividing
the volume of the reactor) by the feed solution flow rate. It represents the length of time that
wastewater treatment is conducted in the bioreactor.

Itis proposed that in traditional bioreactors, SRT and HRT are identical, however in retaining
biomass reactors, SRT is greater than HRT. The membrane bioreactor has been examined
with various SRT and HRT, and it has been discovered that controlling these parameters is
critical for achieving optimal bioreactor output. Different results were observed when
pharmaceutical waste was removed from wastewater using MBR [117,119].

The sorption process is also affected by pH. The industrial discharge can acidify the
wastewater, and a low pH has been observed to improve the hydrophobicity of the chemicals
as well as the adsorption of solid compounds. This promotes rapid biodegradation and
elimination [120]. Due to strong lipophilicity of some compounds, many studies demonstrate
a high removal rate in MBR at low pH [121]. Some research have revealed that ketoprofen,

diclofenac, and ibuprofen molecules are pH-dependent (ionizable) [119].
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The elimination of micropollutants increases as the temperature rises [122]. It is thought that
low temperature slows the treatment process and high temperature speeds it up, however
extremely high temperatures may limit the microbial activity and slow down the process.
Researchers studied the elimination of erythromycin and sulfamethoxazole at various
temperatures and discovered that increasing the temperature from 14-18 °C to 18-23 °C
enhances elimination by up to 30% [107].

The laboratory-scale study gives information regarding micropollutant removal under MBR
work settings since laboratory conditions match real conditions. As it has been noticed
through the removal of micropollutants by MBR on a pilot or industrial scale, the laboratory-
scale investigation provides insight into scaling up the treatment process for future
applications [115,123]. The pilot-scale study also takes risk events like power outages,
chemical shocks, and treatment process aeration failure into account [124].

There are three types of conditions: anaerobic (no oxygen), aerobic (with oxygen), and
anoxic (oxygen in bound form e.g. nitrates) [16]. The activity, variety, and enzymatic
spectrum of microbes are all determined by redox conditions [118]. Some chemicals, such
as tonalide and estrogen, degrade under both aerobic and anoxic environments [118,125].
Naproxen and ibuprofenare removed under aerobic conditions [16], but
sulfamethoxazole and carbamazepine undergo minimal aerobic degradation [118].
Similarly, anoxic conditions are encountered in wastewater treatment, with modest removal
of galaxolide and trimethoprim. More research is needed on microbial metabolism under

varied redox settings, as well as the proper micropollutant transformation [115].

2.3.2 Performance of membrane bioreactor in wastewater treatment

Emerging pollutants found in sewage have piqued the interest of academics and the general
public in recent years. Pharmaceuticals, endocrine disruptors, and personal care chemicals
are among the most intensively studied emerging contaminants [105,126,127]. Table 2.4
displays data illustrating MBR treatment efficacy in eliminating common emerging

contaminants.
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Table 2.4. Removal of selected emerging pollutants by MBR.

EPs Method Cinfluent Removal, % Ref.
Caffeine Flat-sheet MBR 7.92-26.05 pg/L 99.6 [128]
Hollow-fiber MBR 7.92-26.05 pg/L 99.7 [128]
MBR 1900 ng/L 49.6 [37]
Anaerobic MBR 1.625 pg/L 76.9 [129]
Anoxic MBR 1 mg/L 97 [126]
Ibuprofen MBR 1480 ng/L 98.5 [103]
Flat-sheet MBR 21700 ng/L 99.2 [105]
Hollow-fiber MBR 21700 ng/L 99.5 [105]
MBR 56.3 g/d 99.8 [106]
MBR 6725 ng/md 92 [130]
Metronidazole MBR 0.486 pg/L 95 [131]
MBR 290 ng/L >90 [132]
MBR 5 ug/L 40 [133]
MBR 5ug/L 36 [127]
Sulfamethoxazole MBR 145 ng/L 61.4 [103]
Flat-sheet MBR 93 ng/L 80.8 [105]
Hollow-fiber MBR 93 ng/L 78.3 [105]
MBR 3.06 g/d 60.5 [106]
MBR 1 mg/L 97.2 [134]
Bisphenol A MBR 90.16 ng/L 93 [135]
Flat-sheet MBR 0.51-1.50 pg/L 96.0 [128]
Hollow-fiber MBR 0.51-1.50 pg/L 96.7 [128]
MBR 1800 ng/L 90.4 [37]
MBR 20 pg/L 97 [136]
Naproxen Flat-sheet MBR 463 ng/L 90.7 [105]
Hollow-fiber MBR 463 ng/L 91.6 [105]
MBR 37 g/d 99.3 [106]
MBR 50 pg/L 89 [123]
MBR 1700 ng/L 40.1 [37]
Carbamazepine MBR 1287 pug/m3d 13 [130]
MBR 1850 ng/L 125 [103]
Flat-sheet MBR 156 ng/L <10 [105]
Hollow-fiber MBR 156 ng/L <10 [105]
MBR 5.21 g/d <10 [106]

Caffeine, ibuprofen, naproxen and bisphenol A were removed at a high rate of >90% in most
cases in the literature, whereas sulfamethoxazole and metronidazole were removed at the

rate of >36%. Furthermore, carbamazepine had a poor elimination efficiency of less
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than 15%. Based on the data from Tables 2.3 and 2.4, the removal efficiencies of CAS and
MBR were compared in Fig.2.5.
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Fig.2.5. Comparison of the average removal efficiencies of CAS and MBR towards

selected emerging pollutants.

The removal of caffeine, ibuprofen, sulfamethoxazole and naproxen were not significantly
different for both methods and ranged between 63% and 99% (Fig. 2.5). However, MBR
demonstrated efficient removal of metronidazole (65%) and bisphenol A (95%), while CAS
clearly struggled to remove them from the system (20% for metronidazole and 47% for
bisphenol A). In case of carbamazepine both methods were equally inefficient (less than
20% removal). MBR-based systems were usually observed to have superior treatment
performance for specific types of emerging contaminants when compared to traditional
activated sludge processes without tertiary treatment due to full retention of suspended
particles and greater sludge concentration at longer SRT [105,117,119]. According to a
recent study, the chemical characteristics of emerging contaminants were directly related to
their ability to be removed during the biological treatment (either by biodegradation or
hydrophobic binding) [137]. Previous research has demonstrated that the inclusion of
nitriles, aromatic alcohols and esters can enhance biodegradability [138].

2.4 Advanced oxidation processes

2.4.1 Overview

AOPs are a broad category of chemical oxidation techniques that produce *OH or SO to
breakdown contaminants in water [139]. Because of their superior effectiveness, capacity to
mineralize recalcitrant contaminants as well as the enhancement of the biodegradability

index, AOPs have attracted many research recently [140]. Techniques for producing
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oxidative radicals vary greatly, and AOPs can be classed as based on O3z, UV, Fenton
reaction, photocatalysis, electrochemical or physical processes (Table 2.5).

Table 2.5. Commonly utilized AOPs.

O3-based Fenton-based UV-based Photocatalytic Physical Electrochemical
Os Fe?*/H,0, UV/H;0; UV/Cat. Electron Anodic oxidation
03/H20; Fe3*/H,0,/UV UV/S,08* UV/Cat./H,0, beam Fe3*/H,0,/(e-)
Os/Cat. Fe?*/S,0g* /UV UVI/Cl, UV/Cat./ $,0¢* uUsS UV/Cat./(e-)
0O3/UV Fe?*/H,0,/US Plasma UV/Fe**/H,0,/(e-)

Microwave US/Fe®*/H,0./(e-)

The principal oxidants responsible for AOPs' better efficacy in compared to traditional
treatment procedures are hydroxyl and sulfate radicals [141]. In addition, AOPs can be
classified depending on the oxidants produced. Hydroxyl radical AOPs (HR-AOPs) use
hydroxyl radical with potential of 2.8 V, whereas sulfate radical AOPs (SR-AOPs) utilize
sulfate radicals with oxidation potential of 2.5-3.1V [7,8]. Persulfate or peroxymonosulfate
are significantly safer and easier to use, store, and transport than hydrogen peroxide, which
is often employed as a hydroxyl radical source [142].

AOPs are typically composed of two stages: the radical generation and the oxidation of the
targeted contaminants. There are a number of process variables that affect the radical
production mechanism, including the presence of species (inorganic ions and natural organic
matter) in wastewater composition that scavenge radicals [143]. In the next subsections,
principles and suggested mechanisms of HR-AOPs and SR-AOPs, as well as heterogeneous

photocatalysis.

2.4.2 Hydroxyl- and sulfate-radical based AOPs

Several AOPs based on sulfate and hydroxyl radical the formation via photochemical,
electrochemical, sonochemical, and physicochemical processes are feasible [6,139]. The
primary precursors employed for the formation of SO4™ in water are peroxymonosulfate
(PMS) and persulfate (PS). PS and PMS have a sluggish direct interaction with organics,
making them unsuitable for pollutant degradation. Energy-based or catalyst-based activation
techniques can be used. Light irradiation, ultrasonication, or thermolysis can all be used as
energy sources [7,144]. Transition metals, carbonaceous compounds and even alkaline
species can be used as activators [145].

When compared to other AOPs, SR-AOPs have more to offer. The SR-AOPs are attractive

for practical use due to its adaptability in a pH range from 2 to 8, the extended half-life of
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SO4™- (3040 ns versus 20 ns for "OH), selectivity, strong oxidation potential, and low
reactant consumption [146,147]. Furthermore, when compared to HR-AOPs, the
interference from natural organic matter (NOM) is less in SR-AOPs [148]. Numerous
research have shown how beneficial it is to use PS/PMS oxidants to treat water that is
abundant in NOMs and inorganic species. When compared to H>Oo, it results in a decreased
formation of NOM byproducts [149]. Numerous studies have demonstrated that sulfate
radical-based oxidation works better than hydroxyl radical oxidation or is comparable in
removing TOC and enhancing biodegradability [150,151]. Therefore, SR-AOPs have the
potential to address the main limitations of HR-AOPs, such as matrix interference and
selectivity for acidic pH, while still maintaining their effectiveness. The types of reactive
oxidant species involved in both HR-AOPs and SR-AOPs are illustrated in Fig. 2.6 [152].
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Fig. 2.6. Scheme of the oxidants involved in SR-AOPs and HR-AOPs. Adapted from [152].

In SR-AOPs, SO4™ is the main radical that contributes to the elimination of the pollutants,
although "OH also has an important role, notably during the activation of peroxymonosulfate
[153]. O2™, "OH, and carbonate radicals are only a few of the secondary oxidants that SR-
AOP uses, in contrast to HR-AOP [152,154]. As seen in Fig. 2.6, secondary radicals like CI",
Br’, and COs™ may be produced or oxidant scavenging can occur when different water matrix
constituents interact [152]. These secondary radicals could also help break down pollutants.
Fedorov et al. examined the impact of inorganic anions on the decomposition of aromatic
compounds using hydrodynamic cavitation in conjunction with SR-AOP [155]. The
inhibitory action was discovered to be in this order: CO32>S04?>CI". Cl- ions, as opposed
to the other anions, generates CI" and Cl,™ radicals that assist break down of aromatic
hydrocarbons.

Both *OH and SO4™ have similar redox potentials, but their chemical reactions differ. SO4e-
is more specific and has a higher tendency to bond with organic compounds through the

electron transfer pathway.
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*OH and SO4™ have equivalent redox potentials, but their chemistry is different. SO4™ is
more selective and preferentially attaches organics via the electron transport pathway [156].
The much larger molecular size of SO4™ results in steric hindrance, which increases its
energy barriers and selectivity compared to "OH [157]. As a result, the degradation
byproducts produced by HR-AOPs and SR-AOPs could be quite different.

2.4.3 Photo-Fenton and photo-Fenton like processes
The in situ creation of radicals that oxidize pollutants in aquatic medium and promote
complete mineralization, releasing CO. and H2O is a distinguishing property of Fenton
processes. By decomposing H20: in the presence of Fe?* at low pH, the frequently used
homogeneous Fenton reaction generates extremely reactive *OH radicals (Eg. 2.5) [158].
Fe?* + H,0, - Fe3* + *OH + OH™ (2.5)
The homogeneous Fenton process generates "OH radicals by employing Fe?* as an activator
(Eq. 2.5), whereas Fenton-like reactions replenish the Fe?* by reacting Fe* with H.02 (Eg-
s 2.6 and 2.7).
Fe3* + H,0, - Fe?* + HO, + H* (2.6)
Fe3* + HOj — Fe?* + 0, + H* 2.7
Because Fe?* and Fe®* molecules are only soluble at low pH, the homogenous Fenton
reactions are limited in their uses. Additionally, the reaction products of these substances
may interact with Fe3* to produce long-lasting organic complexes, which would prevent the
catalyst from renewing itself [159]. Iron organic complexes may be mineralized and the
Fenton catalyst can be renewed by using photo-Fenton techniques, which include UV
irradiation. H2O> is more likely to produce "OH radicals when exposed to UVC (260-280
nm) (Eq. 2.8), whereas the concentration of Fe?* ions can be maintained by photo-reduction
of Fe3* using near-visible UV light (Eq. 2.9) [158].
H,0, - 2°0H (2.8)
Fe(OH)2* 23 Fe?* + OH- (2.9)
Photo-Fenton-like processes are conducted in similar conditions using persulfate or
peroxomonosulfate for sulfate radical generation under UV light (Eg. 2.10). In addition to
sulfate radicals, photo-Fenton-like processes system can generate other radicals (Eq. 2.11-
13) [160]. Ferrous iron is used to activate persulfate (Eq. 14), while Fe3* can be converted
back to Fe?* by UV light (Eq. 15) [9]:

h
$,02" = 250" (2.10)
SOy + 5,02~ - S02™ + 5,05 (2.11)
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SO;™ + H,0 — SO%™ + H* + HO® (2.12)

S0~ + OH™ — SO~ + HO" (2.13)

S,02~+Fe?* > SO, + S02~ + Fe3* (2.14)
h

Fe3* + H,0— Fe?* + HO" + H* (2.15)

Much study has been conducted on the homogeneous photo-Fenton process using Fe?*. De
Luca et al. (2014), for example, successfully eliminated the ubiquitous antibiotic
sulfamethoxazole via a photo-Fenton-like method [161]. The pH problems of the Fenton
reaction may be avoided by using chelating compounds, which improve the catalyst's
solubility at pH 7. In a recent study, Demir-Duz et al. (2019) removed COD up to 88% from
actual wastewater from petroleum industry to demonstrate the viability of using sunlight as
the radiation source. Furthermore, 95% of the phenol in wastewater was mineralized by
employing visible LED irradiation [162]. Recent economic study indicates that the photo-
Fenton approach is around 50 times more affordable than photocatalysis utilizing TiO2 [163].
The homogeneous photo-Fenton method might become even more cost-effective by

switching to a less expensive activator source [164].

2.4.4 Photocatalytic AOPs
Numerous studies have focused on utilizing photocatalysis for wastewater treatment, where
semiconductors serve as photocatalysts. The addition of H2O can accelerate the redox
reactions catalyzed by the photocatalyst, resulting in the production of oxidants that aid in
breaking down organic pollutants. TiO. is the most often used catalyst, whereas P25
nanopowder is commercially available [12]. Under UV irradiation, TiO2-based materials are
widely used for the breakdown of many resistant contaminants [165]. TiO2 requires UV light
(380 nm) for excitation due to its 3.2 eV band-gap energy. When the photocatalyst is exposed
to light, electrons move from the valence band to the conduction band (as shown in Eq. 2.16).
This leads to the formation of hydroxyl radicals in water, as the newly formed electrons in
the conduction band (eg;,) reduce and the newly formed holes in the valence band (h},
oxidize (as seen in Eg-s 2.17 and 2.18). Materials with the larger surface are such
as nanoscale catalysts are particularly desirable since both reactions take place at the
catalyst's surface. The interaction between e_;, and O, produces the superoxide radical (057),
which decreases further to produce *OH [166].

TiO, + hv - e, + hy (2.16)

h{, + H,0 - HO® + H* (2.17)
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e +0, - 05 (2.18)

In the last decade, significantly amount of research has been caried out on various
semiconductors [15]. Unfortunately, current photocatalysts cannot efficiently absorb
sunlight energy as only small fraction of the natural sunlight (> 310 nm) contains the high
energy UV light. Therefore, it is crucial to switch from the UV to the visible range in order
to optimize photocatalyst performance. The catalysts can be doped with metal ions as well
as nonmetal components to achieve this [166].

A few techniques for producing (nano)photocatalysts and immaobilizing them on different
substrates include hydrothermal treatment, wet impregnation, in situ polymerization,
anodization, dip coating, and electrodeposition [12], or sol-gel methods [167]. An et al.
(2013) transferred Bi and Fe in organic solvent (2-methoxyethanol), then thoroughly mixed
the suspension with the mixture of ethylene glycol and citric acid to produce BiFeO3
nanoparticles [167]. The sol was calcined at 500 °C after being dried to create a resin. The

catalyst was ground into powder in the final stage.

2.5 Literature gap identification

Based on the existing literature, emerging pollutants pose environmental concern and present
in all types of water bodies. Conventional biological treatment technologies are effective in
removal of macropollutants, but fail in elimination of certain emerging pollutants. In the last
decade, there is an upward trend in research of new technologies for wastewater treatment.
The majority of investigations, however, evaluated the performance of the treatment systems
by targeting synthetic wastewater omitting the complex structure of real wastewaters.
Additionally, the bulk of research only looked at one pollutant in a water solution, giving
little thought to the impact of additional organic and inorganic pollutants. As far as authors
aware, there are no earlier data on the efficiency of track-etch membranes in the
contaminants of emerging concern removal. Moreover, there is a lack of research on the
application of sulfate-based advanced oxidation processes with real wastewater and
leachates and comparison of Fe-based materials for activation of persulfate. From the
literature, it is clear that response surface methodology has been rarely used in wastewater
treatment. It is possible to use response surface methodology to improve the efficiency AOPs

in the treatment of real wastewater of different origin.
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CHAPTER 3: MATERIALS AND METHODS

3.1. Materials and chemicals

Table 3.1 lists the substances and materials utilized in this thesis, as well as their
descriptions.

Table 3.1. The list of chemicals and materials.

Name Description Supplier
D-Glucose anhydrous 99.5%
Ammonium bicarbonate 99%
Potassium bicarbonate 99.9% Fisher Scientific, USA
Sodium bicarbonate 99.9%
Iron (111) chloride anhydrous 97%
Calcium chloride 96%
Lab Lemco powder Oxoid, UK
Sodium chloride 98% Altyn Orda JSC, Kazakhstan
Bisphenol A 99%
Sulfamethoxazole 99%
Naproxen 99%
Caffeine 99%
Ibuprofen 98%
Metronidazole 99%
Carbamazepine 99%
Potassium chloride 99.9% Sigma Aldrich, USA
Goethite 99%
Ammonium persulfate 99%

Zero valent iron

Potassium persulfate 99%
Iron (1) sulfate heptahydrate 99%
Ammonium chloride 99.9%
Hydrochloric acid 37%
Anhydrous potassium 99.5%
monohydrogen phosphate
Titanium dioxide 99.5%, 21 nm
Disodium hydrogenphosphate 99%
dihydrate
Ammonium iron (I1) sulfate 99% Fisher Chemical, USA
hexahydrate
Polycarbonate track-etch flat 10, 50, and 100 nm pore size It4ip S.A., Belgium

sheet membranes

Polyethersulfone phase inversion 200 kba MWCO Sterlitech, USA

flat sheet membrane
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None of the compounds were further purified before usage. With the exception of caffeine,
carbamazepine, bisphenol A, naproxen and sulfamethoxazole, commercially available
pharmaceuticals were used to prepare synthetic wastewater. Analytical standards were

utilized to calibrate high-performance liquid chromatography (HPLC).

3.2. Wastewater composition

3.2.1. Synthetic wastewater for continuous flow activated sludge process and
sequencing batch reactor

The specific compositions of the synthetic wastewater were established using the average
content of genuine municipal wastewaters used in previous study to examine the influence
of drugs on the performance of biological wastewater treatment [90]. 5 g/L of CaClz, 1 g/L
of KCI and 5 g/L of FeCls were combined to form trace element solution (TES), 50 uL of
which was then mixed with 1 L of freshly made wastewater. Table 3.2 details the

composition of the effluent.

Table 3.2. The content of the synthetic wastewater used in the experiments

Content Concentration, mg/L
Glucose 400
Lab lemco powder 80
Peptone 120
Ammonium bicarbonate (NH4sHCO3) 40
Potassium bicarbonate (KHCO3) 20
Sodium bicarbonate (NaHCOs3) 20

In the experiments using the continuous flow activated sludge process, the synthetic
wastewater was supplemented with 30 mg/L of caffeine, metronidazole, and ibuprofen.
Similarly, in the sequencing batch reactor experiments, the blank synthetic wastewater was

spiked with 3 mg/L of naproxen, bisphenol A, and sulfamethoxazole.

3.2.2. The synthetic municipal wastewater composition for continuous flow
photochemical experiments

From the 1SO11733 Standard [168], a synthetic wastewater composition was developed.
Information regarding its composition is provided in Table 3.3.
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Table 3.3. The content of the synthetic wastewater.

Content Concentration, mg/L

Glucose 19

Lab lemco powder 138

Peptone 192

Ammonium chloride (NH4CI) 23

Anhydrous potassium monohydrogen phosphate (KzHPO.) 16
Disodium hydrogenphosphate dihydrate (Na;HPO.-2H,0) 32
Sodium chloride (NaCl) 60

Sodium bicarbonate (NaHCO3) 294
Iron (111) chloride hexahydrate (FeCls.6H,0) 4
Carbamazepine 2

The "Astana su arnasy" wastewater treatment plant in Kazakhstan provided the authentic
municipal wastewater sample after undergoing mechanical screening in November, 2021.
The main properties of both synthetic and authentic municipal wastewater can be found in
Table 3.4.

Table 3.4. The main properties of the synthetic and real municipal wastewater, collected in
November 2021.

Concentration, mg/L

Type of wastewater pH
TC TOC TIC
Synthetic 209.2+3.3 176.3+2.9 328+1.2 7.65+0.1
Real 223.6+0.2 145,8+0.2 77.8+0.2 7.51+£0.1

3.2.3. The content of the synthetic (SLL) and real landfill leachate (RLL)
The SLL's content closely resembles that of the RLL and was based on the literature [169].
Table 3.5 displays the SLL's recipe.
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Table 3.5. The content of the SLL.

Content Per10 L
Acetic acid 70 mL
Propionic acid 50 mL
Butyric acid 10 mL
KoHPO, 300 mg
KHCOs 3120 mg
K2COs 3240 mg
NaCl 14400 mg
NaNOs 500 mg
NaHCO; 30120 mg
CaCl; 28820 mg
MgCl, 14580 mg
MgSO, 7H,0 3200 mg
NH4HCO3 24390 mg
CO(NHz)2 (urea) 6950 mg
Trace metal solution (TMS) (see below) 10 mL

NaHSO3 Titrate to an E, -120-180 mV

NaOH * Titrate to a pH 5.8-6.0

H>0 To make 10 L
Composition of trace metal solution (TMS)

Content Per 100 mL

FeSO4 7H.0 366 mg

H3BO3 5mg

ZnSO4 7TH,0 5mg

CuSO4 5H.0 4 mg

MnSO4 H20O 50 mg

(NH4)6M07024 4H,0 5mg

Aly(SO4)s 18H,0 3.2mg

CoSO4 7H.0 15 mg

NiSO4 6H20 50 mg

96% HS04 0.1mL

H.0 To make 100 mL

Sulfamethoxazole (3 mg/L) has been added to both landfill leachates. The original leachate
from real landfills contained a significant amount of TIC, which was made up of substances
like carbonates and bicarbonates that can scavenge free radicals [170]. Therefore, it was
decided to decrease the amount of TIC by the slight acidification (pH from 8.2 to 6.02) in

order to lessen the effect of the scavenging agents. Table 3.6 displays the properties of the
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resulting actual landfill leachate and synthetic landfill leachate. Real landfill leachate had

conductivity of 42.7 mS/cm and oxidation reduction potential of -78 mV.

Table 3.6. The main properties of the synthetic and real landfill leachate.

Type of Concentration, mg/L pH

landfill leachate TC TIC TOC COD
Synthetic 5923.7 + 508 80.16 £43 5843.3 + 524 17580 + 180 6.03
Real 5406.6 + 14 204.6 + 8 5202 £22 18560 + 282 6.02

3.2.4. Poultry slaughterhouse wastewater composition

The wastewater was collected from the poultry farm PC "Izhevsk" (Agmola region,
Kazakhstan). To prevent the growth of harmful microorganisms, the sample was sterilized
in a VK-75 autoclave at 1.1 atm and 121°C for 45 minutes. The sterilized wastewater was
then stored in a refrigerator at 4°C. The main properties of wastewater can be seen in Table
3.7.

Table 3.7. The properties of the sterile poultry slaughterhouse wastewater.

Type of Concentration, mg/L pH
wastewater TC TIC TOC TN COD
Real 1156+ 7.4 46.94 + 1 68.66 £9.7 9.52+0.7 155+ 15 7.53+0.2

3.2.5. Municipal wastewater composition for batch photochemical experiments

The wastewater treatment facility "Astana Su Arnasy" (Astana, Kazakhstan) provided the
actual municipal wastewater in April 2021. 20 L of wastewater samples were collected and
preserved in a refrigerator at 4 °C to conduct experiments and additional analysis. Prior to
the studies, the wastewater was filtered using a paper filter to assure the process's
homogeneity and repeatability. The parameters of real municipal wastewater are shown in
Table 3.8.

Table 3.8. The properties of the real municipal wastewater collected in April 2021.

Type of Concentration, mg/L pH
wastewater TC TIC TOC TN COD
Real 118.5+2.2 98+£2.3 20.77+ 1.7 37.5+25 335+1.5 7.754+0.3
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3.3. Experimental procedure

3.3.1. Continuous flow activated sludge process

The continuous flow biological treatment investigations were carried outina GUNT CE 705
Activated Sludge Process Bioreactor. A 200 L feed wastewater vessel, an aeration vessel
with 34 L aerobic and 17 L anoxic zones, a 30 L secondary clarifier, and an 80 L treated

water tank were all part of the system. The reactor's layout is seen in Fig. 3.1.
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Fig. 3.1. The scheme of CE 705 bioreactor from GUNT (Germany) [171].

The aeration tank was kept at a consistent temperature of 25°C. Both pumps responsible for
return sludge and raw wastewater had flowrates of 2 L/h, while internal circulation was kept
at 12 L/h. The nitrification zone maintained a dissolved oxygen (DO) concentration of 3.5
mg/L, while the denitrification zone remained at a constant dissolved oxygen concentration
of 0.01 mg/L throughout the entire experiment. Every two days, 2 liters of waste sludge were
manually removed from the bottom of the clarifier. The concentration of recycle active
sludge was 4.3+£2.6 g/L and the HRT was 25 hours, with a SRT of 20 days. The TSS in both
the nitrification and denitrification zones was consistently measured at 1.9+0.5 g/L. The pH
of the inflow was continuously monitored and remained at 7.56+0.2. As part of the practical

evaluation of the activated sludge process bioreactor's dynamic response, 10 g/L of NaCL
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was continuously added to the reactor vessel from the inflow tank and conductivity was
measured.

A six-day blank experiment was carried out. The trial with activated sludge began with no
emergent pollutants. Ibuprofen, metronidazole, and caffeine were each added at 30 mg/L in
each of the three phases. Finally, all three pollutants were mixed at 10 mg/L concentrations
while keeping a constant total organic carbon by partially eliminating glucose from the
system.

Activated sludge (5 L) was provided by the “Astana Su Arnasy” wastewater treatment plant
in Astana, Kazakhstan. The activated sludge was given 26 days to acclimate and for the
reactor to reach steady-state. Each stage of the emerging pollutants research lasted for 10
days, during which frequent samples were taken and analyzed. After the 10-day test, the
reactor was run for three days with synthetic wastewater without any emerging contaminants

to remove their concentration from the system.

3.3.2. Sequencing batch reactor and membrane filtration experiments

“Astana su arnasy wastewater treatment plant in Astana, Kazakhstan provided samples of
recycled activated sludge with a total suspended solids (TSS) range of 6-8 g/L during the
winter of 2021. Following sample collection, 200 mL of synthetic wastewater was combined
with 2 L of recycled activated sludge (RAS) and kept under aeration overnight. Next day,
aeration was stopped and after 2 hours of sedimentation, the supernatant was removed. Then,
the amount of withdrawn liquid was replaced with the distilled water. This procedure was
done twice. Batch experiments were carried out with Armfield W11 SBR, which are,
essentially, plexiglass cylinders measuring 30 cm in height and 24 cm in diameter. The
solution was mixed using vertical agitators from Daihan (model HS-120 A) and pumped into
and out of the reactor vessel using a peristaltic pump (Cole-Parmer, USA). Each reactor had
built-in aerators on the bottom that could aerate at a rate of 3 L/min, with an eight-hour
hydraulic retention period. The biological treatment process consisted of 1 hour of FILL
stage, 7.5 hours of REACT stage, 1 hour of SETTLE stage and 30 minutes of DRAW stage.
The aerobic REACT stage lasted 5 hours, while anoxic REACT stage lasted 2.5 hours. There
was no mixing during the SETTLE and DRAW steps. To start the SBR, 5 L of feed solution
was supplied using a pump with peristaltic action, and 5 L of wastewater that had been
treated was pumped out after each cycle. The SBR effluents were kept at 4 °C for subsequent
study after each cycle. In total, there were 6 cycles for each experimental condition with and

without emerging pollutants.
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In this investigation, a membrane filtration system comprised of a peristaltic pump,
membrane holder (Sterlitech, USA), and stirrer plate was employed. To make a homogenous
solution, the feed was agitated on the plate, and the permeate was collected in the vessel on
the electronic balance. The experiments were conducted in dead-end mode with a filter area
of 4 x 4 cm2, and each lasted for six hours. Track-etch membranes as well as phase inversion
membrane were used for membrane filtration. Before the experiments, the membranes were

pre-conditioned by soaking them in deionized water at 37 °C for one day.

3.3.3. Batch photochemical treatment

The batch photochemical reactor (Toption Instrument Co., Ltd.) used for the studies is
depicted in Fig. 3.2. Inside the photoreactor, there were lamps with 30 W of power for 254
nm UV irradiation and 500 W for 365 nm UV irradiation. At the beginning of each run,
certain amount of the wastewater was supplied to the reactor along with the appropriate
concentrations of chemicals. The treated solution was continuously mixed using the
magnetic stirrer. With the UV lamp turned on, the experiment begun. At the completion of
the experiments, aliquots from the reaction mixture were obtained and delivered
immediately to the analyzer. The cooling of the reactor is carried out by the flow of the tap

water through the reactor jacket,

ub
—/

D

Fig. 3.2. The experimental setup of the batch photochemical reactor.

3.3.4. Continuous flow photochemical treatment

The continuous flow photochemical reactor configuration is shown in Fig. 3.3. A 10 W UV
light source (254 nm) and a 300 mL glass cylinder made up the photoreactor. The flow rates
of 0.54 L/h, 0.45 L/h, and 0.3 L/h were corresponding to the space times of 20, 40, and 60

min, respectively.
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TOC analyzer HPLC

Fig. 3.3. The continuous flow photochemical photoreactor's schematic.

3.4. Analytical methods

3.4.1. Analytical methods

Prior to HPLC, lon Chromatography (IC), TC, and TN analysis, samples were filtered using
20-micron Chromofil syringe filters. The Agilent 1290 Infinity HPLC, USA, was used to
measure the amounts of naproxen (NPX), carbamazepine (CBZ), bisphenol A (BPA),
sulfamethoxazole (SMX), caffeine (CAF), ibuprofen (IBU), and metronidazole (MNZ). The
details of HPLC analysis in further were previously reported [171-174] and shown in Table
3.9.
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Table 3.9. The details of HPLC analysis.

Parameter NPX BPA SMX CBz CAF MNZ IBU
Col ZORBAX Rapid resolution high definition column (Agilent), phase SB-C8, internal
olumn
diameter = 2.1 mm, length = 100 mm, particle size = 1.8 pm
Injection volume (pL) 1 1 1 1 1 1 10
50% H,0 50%  65% H,0 35%
Eluent 60% H,0 40% CH3;CN
CH3OH CHsCN
Flow rate (mL/min) 04 0.4 0.4 0.35 0.4 0.1 0.7
Column temperature Left side: 25 °C, right side: 25 °C
Detector wavelength
228.5 230 258 225 280 292 222
(nm)
Retention time (min) 3.746 2.680 1.372 1.056 0.742 3.357 4.687

Thermo Scientific Dionex ICS-6000, USA, was used to measure the levels of ions. TC and
TN concentrations were quantified using the Multi N/C 3100 analyzer (Analytik Jena AG,
Germany). The specifics of the IC analysis and TC and TN analysis were reported previously
[171].

3.4.2. Catalysts characterization

Zeiss Crossbeam 540 scanning electron microscope with energy dispersive spectroscopy
(SEM-EDS) and SmartLab, Rigaku X-ray diffraction spectrometer were used to analyze the
surface morphology and elemental contents of catalysts. Using a Nitrogen Porosimeter at
77.35 °K, the specific surface area of the materials and their pore size were calculated. The

Mastersizer 3000 was used to gather data on particle size distribution.

3.4.3. Measurement of other parameters

Dissolved oxygen concentration, conductivity and pH was measured by multi-parameter
WTW inoLab 9310 IDS (Germany). The samples were filtered through 1.2 m GF/F glass
microfiber filters under vacuum to determine the total suspended solids (TSS). TSS was

determined by drying the sample in an oven at 105 °C until the weight remained constant.
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The quantity of volatile suspended solids (VSS) in the sample was evaluated by calcining it
at 550 °C for 30 minutes.

The Hach DRB 200 dry thermostat reactor and Hach DR 3900 spectrophotometer were used
to measure the COD concentration. Additionally, Malvern Panalytical AxiosmAX X-ray
fluorescence spectrometer was used to characterize the wastewater. Agilent Cary 600 Series
FTIR was utilized to identify functional groups present in the pollutants of the wastewater.
Analysis of the metals was conducted using Analytik Jena ContrAA 700 atomic absorbance
spectrometer. A Lumex pyro-915+ mercury analyzer was used to determine the amount of

mercury present in wastewater.

3.5. Statistical methods

Design-Expert (13.0) was utilized to create the model for selecting experiments and
optimizing experimental conditions in this study. The screening process in this study
involved the use of Plackett-Burman Design (PBD) along with the linear regression model
(Eq. 3.1) [175]:

Y= Bo+ 2 Bixi (3.1)

where the response variable, which represents the removal of pollutants, is denoted as Y.
The mean response is represented by Bo, while the linear coefficient for each independent
factor is represented by Bi. The level of each independent factor is represented by y;.

The PBD is a widely used method for screening because of its simplicity and ability to
identify the most important factors compared to other methods [176]. This initial stage helps
to simplify a process and provides direction for further development [175]. The PBD model
Is represented by a matrix with four factors and two levels each (high and low or +1 and -1),
as shown in Table 3.10.

Table 3.10. PBD factors and levels used in landfill leachate treatment using UV/PS/Goethite

Levels
Factors
1 1
UVA OFF ON
Time, h 1 3
PS, mM 150 450
Goethite, g/L 0.5 2.5

In addition to screening, optimization plays a crucial role in evaluating a process. The

regression equation derived from optimization can offer valuable insights such as accurate
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forecasts of the actual process, the interplay between the components involved, and their
levels of significance [176]. Following the screening experiments, the Box-Behnken design
(BBD) was acquired in a three-factor format with three levels. The three levels were coded
as-1, 0, and +1, as presented in Tables 3.11, 3.12 and 3.13.

Table 3.11. BBD factors and levels used in landfill leachate treatment using UV/PS/Goethite

Levels
Factors
-1 0 1
Time, h 3 6 9
PS, mM 200 400 600
Goethite, g/L 0.5 1 15

Table 3.12. BBD factors and levels used in batch photochemical wastewater treatment using
UV/PS/Fe?",

Levels
Factors
-1 0 1
Time, min 60 100 140
pH 3 5.35 7.7
K2S,0g/Fe2* molar ratio 75 10 12.5
KS,0g concentration, mM 10 20 30

The Box-Behnken design (BBD) is an important tool for optimizing processes [176]. Despite
requiring a small number of tests, the BBD can offer extensive and detailed information,

including the effects of operational factors on all outcomes and their interactions.

In order to estimate the outcomes of the tests, a polynomial model based on the connection

between outputs and variables (Eg. 3.2) was used [22]:
K

K
Y= B+ Z Bix; + Z BijXix; + Z Bix; + e (3.2)
=1

i<j j=1
In this equation, Y is the outcome variable, B, denotes a constant coefficient, 3; a coefficient
that determines the linearity, B;; is a parameter which determines the quadratic effect, f;;
denotes an interactive regression coefficient, x; and x; denote coded variables, and € denotes

an error. The Minitab Software (19.0) was utilized to construct a Pareto chart.
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CHAPTER 4. TREATMENT OF SYNTHETIC WASTEWATER WITH
CONTINUOUS FLOW ACTIVATED SLUDGE PROCESS AND ADVANCED
OXIDATION PROCESSES

4.1. Introduction

The majority of emerging contaminants are pharmaceutical chemicals [5]. Pharmaceutical
chemicals are typically found in wastewater from healthcare facilities, the pharmaceutical
production sector, agricultural waste, and household trash [29,30]. It is known that
certain pharmaceuticals are not removed by traditional WWTPs.

Caffeine may be found in coffee, tea, and many other soft drinks and is frequently used as a
psychostimulant. Urine and domestic plumbing are two ways that caffeine reaches aquatic
environments. As much as 16 pg/L of it was discovered in Singapore groundwater tests
[177]. Caffeine's potentially harmful consequences when released into the environment
without adequate management have been well documented [178]. When consumed with
polluted water, caffeine has been demonstrated to negatively impact an animal’s neurological
system and gastrointestinal tract [179]. Additionally, irrigation with water that contains
caffeine reduces soil fertility [180]. Although many microbes have been shown to be
hindered by caffeine, the case has been reported when fungi and aerobic bacteria have
effectively degraded caffeine by utilizing it as a source of nitrogen [181].

Metronidazole (MNZ) is an antibiotic and anti-inflammatory drug with proven efficiency. It
has a variety of applications and has been discovered in wastewater all over the world [182].
This antibiotic has a poor biodegradation rate and is harmful to the environment. In high
dosages and after prolonged usage, it is thought to be a chemical that may be mutagenic and
carcinogenic at high concentrations [100]. Because of its antimicrobial characteristics and
recalcitrance, typical wastewater treatment systems only partially remove metronidazole. It
interferes with the nitrification processes and the development of microbes found in
activated sludge process, reducing the plant's overall effectiveness [183].

Ibuprofen (IBU) is frequently used as a pain reliever to lower fever and inflammation and
one of the pharmaceutical pollutants with the most extensive investigation [13]. Ibuprofen
can interfere with an aquatic animal's ability to reproduce and disturb their endocrine system
[184]. It has also been asserted that conventional methods including chlorination or
coagulation were not efficient at eliminating of this compound [97].

The majority of WWTPs use the activated sludge technique and can successfully remove
organic impurities that are biodegradable. However, a quite number of drugs are not
biodegradable, and some of them have resistant characteristics [91]. The efficiency of

activated sludge process was previously shown in Table 2.3. As a result, effective pre-
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treatment or post-treatment systems have been used to completely remove emerging
contaminants in wastewaters. These systems include advanced oxidation processes (AOPS)
and membrane bioreactors [20].

AOPs refers to a large set of efficient technologies used to clean industrial wastewater and
tainted drinking water. Hydroxyl and sulfate radicals are the typically used oxidants in
AOPs. Different organic contaminants can be oxidized by these oxidative radicals [185].

4.2. Focus of the chapter.

This chapter's goal was to assess the MBR, AOPs, and activated sludge technology for
wastewater treatment. By monitoring the concentration of TSS, TC, TN, NHs" and NO3™ as
well as the content of the organic pollutants, it was possible to assess the impact of the target
pollutants (CAF, MNZ, and IBU) on the processes separately as well as together. The
effectiveness of AOPs for the wastewater treatment involving MNZ has not been the subject
of any systematic or controlled investigations, to the authors' knowledge. Also, no prior
study has been done to examine the joint impact of CAF, MNZ and IBU on nitrogen

reduction processes during the biological wastewater treatment.

4.3. Preliminary blank experiments
The aim of the blank test was to evaluate the impact of the reactor on the treatment of the
synthetic wastewater excluding the activated sludge. TC and TN removals were monitored

during this test which is illustrated in Fig. 4.1.
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Fig. 4.1. The removal of TC and TN in the blank experiments.

After day 6, TC removal of 43% and TN removal of 22% has been achieved during the blank
test. The mean TC and TN values in the influent were corresponding to 265+31 mg/L and
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26+2 mg/L. The significantly high TC elimination is largely linked with the contamination
with microbes in the feed tank and, in a lower degree, to aeration-induced elimination. There
are just a few studies in the literature that involve blank tests with activated sludge
bioreactors. SBR was employed to treat palm oil industry wastewater and a COD reduction
of 35% was obtained after 40 days, which the authors explained with foaming [186].

In a work utilizing analogous synthetic wastewater, the effect of air stripping was assessed
using SBR [90]. They found that the removal of TC was 44% after 21 h of air stripping.
Moreover, the elimination of chlorophenols were in range of 10 to 29% [90]. The literature
indicates that caffeine, ibuprofen, and metronidazole have Henry solubility (Hcp) values that
are significantly lower than those of chlorophenols. In light of this, we can assume that that
the aforementioned target pollutants utilized in the study were largely stable to evaporation
and that there was little chance that evaporation would result in a considerable loss of them.
A step input change experiment with sodium chloride as a tracer has been carried out to
investigate the hydrodynamic profile of the continuous flow reactor. Fig. 4.2 displays the

tracer studies' outcomes.
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Fig. 4.2. The results of the step input change experiment.

In essence, a continuous stirred tank reactor (CSTR) correlate how the activated sludge
bioreactor operated. Experimentally, the aeration tank had a residence time of 25.6 h, while
the predicted residence time was 25.5 h. After 3 days of the experiment, the NaCl
concentration in the solution inside the reactor amounted 94% of the feed solution

concentration. Therefore, it was considered that the reactor reached the steady state
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functioning. Based on that 10-day experiments with emerging pollutants and 3-day washing
out experiments without emerging pollutants have been selected.

4.4, TC and TN removal

Significant TC and TN removal as well as effective TSS were accomplished throughout
the acclimatization phase (Fig. 4.3). In particular, TC and TN were removed on average at
rates of 79.7% and 64.2%, respectively. pH and DO during the process are shown in Fig.
S4.1 and S4.2.
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Fig. 4.3. TC and TN removal efficiencies over time: A and A2 (without emerging
pollutants), Stage B (CAF 30 mg/L), Stage C (MNZ 30 mg/L), Stage D (IBU 30 mg/L) and
Stage E (CAF, MNZ, IBU 10 mg/L each).

The average TSS concentration was in range of 1.5-2.0 g/L in both nitrification and
denitrification zones during the whole experiment (Table 4.1).
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Table 4.1. TC, TN removals and TSS values over stages.

Stages TCrem. (%) TN rem. (%) TSS, g/L
Nitrification Denitrification

A (without emerging 79.7£9.3 64.2+16.3 1.9+0.7 1.8+0.7
pollutant)

Stage B (CAF 30 mg/L) 82.1+1.7 45.5+4.0 2.0+0.6 1.840.5

Stage C (MNZ 30 mg/L) 73.7+6.9 34.746.3 2.0+0.3 2.0+0.3

A2 (without emerging 76.4£12.7 60.7£26.5 1.6+0.5 1.5+0.3
pollutant)

Stage D (1BU 30 mg/L) 60.542.5 42.8+1.1 1.75+0.3 1.85+0.4

Stage E (CAF, MNZ, IBU 68.844.1 32.3£15.2 1.6£0.2 1.6£0.2

10 mg/L each)

After caffeine was introduced to the system, no improvement in TC removal efficiency was
seen (Table 4.1). Caffeine is known to have negative impact bacteria responsible for
ammonium oxidation, which possibly caused the dramatic decline in TN elimination
efficiency down to 46% [126]. Additionally, due to caffeine's potential to improve some
microbes' capacity to produce biomass, the average TSS concentration also slightly
increased [187].

In the activated sludge bioreactor, there was no discernible decrease in the effectiveness of
TC removal during the course of Stage C, while TN removal decreased by double the amount
compared to Stage A, when emerging contaminants were absent (Table 4.1). Given that
metronidazole is an antibiotic and a resistive substance, this was anticipated. It can have a
negative impact on bacterial development, and a 2 mM concentration of metronidazole was
shown to six-fold inhibit denitrifying bacteria's rate of growth [188]. Metronidazole
significantly decreased the process' effectiveness, therefore, acclimatization stage (A2) was
conducted again to reach the steady state performance again. 76% TC removal and 61% TN
removal was reached during the course of the acclimatization stage.

Similar to Stage C, the mean TN removal fell sharply to 41% when 30 mg/L of ibuprofen
was introduced from the feed tank (Fig. 4.3). Additionally, the TC removal was negatively
impacted and fell to 60%. The elimination of TN was also greatly affected in Stage D. These
findings are consistent with the literature, which found that high concentrations of ibuprofen

(0.5and 1 g/L) significantly affected the microbial activity of aerobic microorganisms [189].
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Finally, using 10 mg/L for each chemical, the combined effect of the EPs on the removal
ability of the biological treatment was examined. Mean TC and TN removal in this stage fell
to 68% and 32%, respectively (Table 4.1). As was already mentioned, all three of the
chemicals hindered the effectiveness of TN elimination when used individually. As a result,
the combination of pollutants reduced the effectiveness of TN elimination, lowering it to
22% on day 10 of Stage E. The mean TC removal was in range of 60% to 82%, as shown in
Table 4.1. Due to the reactor's adaptability and ability to operate at a high retention time, it

was possible to prevent the loss of the biomass and maintain a sufficient TSS.

4.5. Nitrification and denitrificafion

The effects of EPs on the biological activities have been examined in a number of research.
Caffeine, ibuprofen, and their by-products have harmful effects on riverine microbial
populations [190]. It was also reported that denitrifying bacteria could be affected by the
presence of ibuprofen in the solutions, whereas metronidazole may have harmful impact on
aerobic bacteria [188,189].

Figures 4.4 and 4.5 display the removal capabilities of ammonium nitrogen and nitrate
nitrogen, respectively.
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Fig. 4.4. Efficiency of NH4"-N removal in an activated sludge bioreactor: A and A2
(without emerging pollutant), Stage B (CAF 30 mg/L), Stage C (MNZ 30 mg/L), Stage D
(1IBU 30 mg/L) and Stage E (CAF, MNZ, IBU 10 mg/L each).
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Fig. 4.5. Efficiency of NOs™-N removal in an activated sludge bioreactor: A and A2
(without emerging pollutant), Stage B (CAF 30 mg/L), Stage C (MNZ 30 mg/L), Stage D
(1IBU 30 mg/L) and Stage E (CAF, MNZ, IBU 10 mg/L each).

Stage A led to the establishment of effective nitrification and denitrification processes. With
emerging contaminants, the removal efficiency of TN was limited at all stages, and this
appears to be due to various causes for each one. The NH4™-N in the effluent rose in the
presence of caffeine up to 9 mg/L, as shown in Fig. 4.4. This rise can be attributed to the
reduction of activity of the microorganisms responsible for the nitrification [126]. In the
effluent, the NOs™-N content varied from 1 to 3 mg/L. (Fig. 4.5).

In Stage C, ammonium nitrogen content in the effluent was around 1.6 mg/L. Effluent nitrate
nitrogen rose dramatically from 2 to around 13 mg/L. These findings are consistent with the
literature, where metronidazole reduced the biological activity of the autotrophic and
heterotrophic microorganisms, which are responsible for denitrification and nitrification
[188].

The rise in nitrates was only noticed only for metronidazole. Metronidazole has a low
molecular mass, which makes it easy to enter both anaerobe and aerobe cell membranes.
Reactive intermediates created during metronidazole's reduction cause damage to the DNA
of the bacteria. Metronidazole's selective action against anaerobic microbes is explained by
the presence of ferri-doxin system in anaerobes, which facilitates the drug's reductive
process [76]. Therefore, it is very possible that metronidazole impacts the denitrification,
which increases the concentration of the nitrates in the effluent.

NOs3-N and NH4"-N were almost absent in the outlet when the metronidazole input was
discontinued. Fig. 4.4 makes it abundantly evident that at Stage D, the concentration of

NH4*-N increases to 13 mg/L. This indicates that the ammonium oxidation was significantly

65



impacted by ibuprofen. Given that the generation of nitrates was inhibited, it is unknown if
ibuprofen suppresses the denitrifying bacteria. According to the findings in the literature,
ibuprofen is known to inhibit the action of bacteria that create ammonium and nitrite [189].
Lastly, a combination of caffeine, ibuprofen, and metronidazole was investigated. Fig. 4.4
demonstrates how, during the course of Stage E, the ammonium nitrogen content in the outlet
reduced from 14 to 1 mg/L. Due to the reduced concentrations of caffeine and ibuprofen, it
Is possible that nitrifying autotrophs were not inhibited. The quantity of NO3z™-N in the outlet,
on the opposite, grown considerably from 1 to 21 mg/L when metronidazole was present, as
shown in Fig. 4.5. As was previously noted, metronidazole had a significant impact on the
denitrifying bacteria. According to nitrification/denitrification experiments, it is essential to
remove EPs prior to biological wastewater treatment in order to prevent disruption of the TN

removal efficiency.
4.6. Emerging contaminants' fate in the activated sludge process
Ibuprofen and caffeine were fully eliminated from the system, however metronidazole

remained resistant to biological decomposition (Table 4.2).

Table 4.2. The results on the removal of the EPs

Experimental

Stage B Stage C Stage D Stage E
stage
Biodegradation of EPs, %
Time, days CAF MNZ IBU CAF MNZz IBU
3 98.3 27.4 100 100 56.5 83.8
7 100 12.2 100 100 51.65 100
10 98.8 12.4 100 100 52.1 100
Mean
99.0+0.7 17.3+7.1 100 100 53.4+2.2 94.6+7.7
removal, %
Mean
concentration, 28.1£0.5 26.3+0.4 26.7£1.2 10.6+0.15 9.4+0.15 10.3+£0.3
mg/L

Caffeine was entirely biodegradable, as evidenced by the average removal rate in Stage B of
99%. This outcome is consistent with the literature, where the activated sludge technique

was employed to completely remove caffeine [191]. In another study, the membrane
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bioreactor was applied to treat leachate [192]. They were able to remove 99.9% of the
caffeine, and they concluded that this was related to its high biodegradability.

Between 12 to 27% of the metronidazole is eliminated in Stage C. The poor metronidazole
elimination percentage may be attributed to the antibiotic's ability to inhibit the bacteria
[183]. Imidazoles are potent bactericides that prevent microorganisms from synthesizing
nucleic acids. They are mutagenic to fungi, rodents, and anaerobes as well [76]. Other
authors also produced similar to our study findings on metronidazole removal using
activated sludge such as 15% removal after 10 days [101] and 22% removal after 9 days
[100]. The stability of the imidazole ring is thought to be responsible for metronidazole's
recalcitrance [182]. The formation of exopolymeric molecules, which are crucial for the
adsorption of metronidazole, is connected with its biological elimination. The ability of the
bacteria to degrade metronidazole is, however, limited [193].

During Stage D, ibuprofen was completely eliminated. Ibuprofen is easily biodegradable,
and even at 12°C, elimination of up to 99% of 10 mg/L of the drug was achieved in 24 hours
[98]. 50 mg/L ibuprofen suppresses the microbiological activity, according to other
investigations on the effects of high ibuprofen concentrations [194].

Finally, in Stage E, all concentrations of the biodegradable substances caffeine and ibuprofen
were eliminated. Metronidazole had an average clearance effectiveness of 53.4+2.2%. The
decrease in its concentration can be used to explain this rise in removal rate. Additionally,
the use of ibuprofen during Stage D of the bioreactor may have raised the prevalence of
bacteria resistant to antibiotics, which may have boosted the microbial activity of activated
sludge [194].

4.7.  Photochemical treatment of activated sludge effluents containing

metronidazole

As metronidazole has not been completely removed by the activated sludge process in Stage
C, it was decided to further treat the effluents with metronidazole (19.44 mg/L) using
photochemical treatment. Hydrogen peroxide, potassium persulfate, titanium dioxide and
ferrous iron were applied for this purpose under UV. Figures 4.6. and 4.7 display the TOC
removal and MNZ degradation profiles.
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Fig. 4.7. Degradation MNZ using photochemical treatment ([H202] = 8 mM, [K2S20g] =5
mM, [Fe?*] =5 mg/L, [TiOz] =1 g/L.

UV photolysis did not result in the significant removal of TOC. Similar to the UV
photolysis, the application of H.O> (8 mM) proved ineffective in significantly mineralizing
the wastewater (TOC removal of 8%). The UV/H.0. method was more effective and
removed 54% TOC after 150 minutes when the pH was lowered to 3. Changes in pH have
an influence on the nature and light absorption of the compounds in water. Contaminants in
the solution only partially absorb radiation at an acidic pH, therefore the bulk of irradiation
is used to cause hydrogen peroxide to break down and produce hydroxyl radicals.

Additionally, TIC, containing hydroxyl radical scavengers, is reduced by acidic pH [152].
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In the following experiment, Fe(ll) was added at a concentration of 5 mg/L to begin photo-
Fenton reactions, which improved the UV/H20: process. Using this method led to 23% TOC
removal, while TOC removal climbed to 53% when UV/H,O2/Fe?* was used at pH 3. It must
be noted that as iron is more soluble at acidic pH ranges, the photo-Fenton reaction benefits
from them. Additionally, the application of UV aids in avoiding the formation of organic
iron complexes that could prevent Fe(ll) regeneration [152].

Another source of powerful oxidizing radicals was K>S:Og. The scavenging elements
(natural organic matter, alkalinity) in solution have less of an impact on SO4? radicals than
on OH radicals. UV/K,S,0s achieved 43% removal of TOC, while introduction of Fe?* to
this system increased TOC removal to 78%. To the end of the treatment effluent's pH
dropped to 2.88 due to the production of sulfate radicals and this was advantageous for the
conversion of Fe3* to Fe?*. Lastly, 12% TOC was removed in photocatalytic tests using 1
g/L TiOo.

MNZ degradation findings (Fig. 4.7) show that in all studies except UV photolysis and
UV/TIOz, 100% MNZ degradation was attained. After 150 minutes of exposure, 98% and
55% of MNZ were decomposed by UV/TiO2 and UV photolysis, respectively.

4.8. Summary of the chapter

This chapter examined the biodegradability and inhibitory properties of three common
commercial medications that are present in wastewater effluents: ibuprofen, caffeine and
metronidazole. Activated sludge process was run on a continuous flow mode for 95 days.
Almost complete removal of caffeine and ibuprofen was obtained throughout the separate
treatment and when treated in combination. In case of metronidazole only 17% removal was
achieved during the separate treatment and 53% removal was achieved when treated together
with caffeine and ibuprofen. The TC elimination efficiency was shown to be lowered by the
introduction of ibuprofen and metronidazole to the wastewater, but not by the addition of
caffeine. Nevertheless, the efficacy of TN removal was reduced at all testing phases with
emerging pollutants. According to the IC results, the presence of caffeine, ibuprofen, and
metronidazole affected nitrification while inhibiting denitrification. Inefficient TC (around
70%) and TN (around 30%) removal efficiency were the result of the synthetic wastewater's
cumulative inclusion of caffeine, metronidazole, and ibuprofen. It was discovered that the
confluence of emerging contaminants damaged denitrification, causing the abundance of
unconverted nitrates in the effluent.

The elimination of metronidazole was 100% after 60 minutes and 78% for TOC after 90

minutes in the photochemical treatment of the activated sludge process effluents using
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UV/K2S,0s/Fe?*. The study demonstrated that AOPs are effective methods for treating
biological treatment effluents, but they need additional in-depth study to comprehend the
mechanisms of removal. These findings were published in Journal of Chemical Technology
and Biotechnology with a research paper titled “The effect of caffeine, metronidazole and
ibuprofen on continuous flow activated sludge process” and in Chemical Engineering
Transactions with a paper titled “Treatment of a biological effluent containing

metronidazole”.
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CHAPTER 5: INTEGRATED TREATMENT OF SYNTHETIC WASTEWATER
WITH MEMBRANE BIOREACTOR AND ADVANCED OXIDATION
PROCESSES

5.1. Introduction

In general, the types of residential and industrial activities that take place might affect the
composition of wastewaters from one location to another. In any case, the organic debris,
pathogens, nutrients (nitrogen and phosphorus), hazardous pollutants (both organic and
inorganic), and dissolved minerals may be distinguished as the elements of the wastewater
matrix [30]. Emerging organic pollutants can cause substantial harm to the ecosystem and
pose serious health hazards to humans when they are present in aquatic environments such
as sewage, surface water, groundwater, and drinking water [71].

A significant number of organic pollutants have been released into the environment since
the beginning of industrialization. The outcome of their current involvement is still uncertain
as they haven't been commonly detected before. The increasing number of refractory
infections and the potential carcinogenic and/or endocrine-disrupting consequences of these
substances pose a serious danger to the immune systems of living things [73]. SDG 6 places
a strong emphasis on how urgent the situation is, and by 2030 it aims to reduce the amount
of untreated municipal wastewater by half, stop pollution, stop the discharge of new
contaminants into water bodies, accomplish smart recycling, and reuse water safely around
the world [25]. This puts a lot of pressure on the scientific community to create solutions to
eliminate the danger of organic pollutants that are affordable, ecologically acceptable,
useful, and implementable on a broad scale.

Sequencing batch reactors (SBRs) garnered the initial wave of attention for the purpose in
the latter part of the 20" century. This technique involves adding wastewater and chemicals
to a vessel for a predetermined period of time, after which the wastewater is released [195].
The "fill-and-draw" operations used in the traditional activated sludge treatment method,
where raw sewage is used as the feed, gave rise to this technology. Aeration, settling, and
clarification are further chemical processes that SBR systems imply doing repeatedly [89].
Although adaptable and having good removal efficiency values for total suspended solids
(TSS), phosphates, COD, and biological oxygen demand (BOD), this process has weak
selectivity, making it unpromising for the removal of chemical micropollutants [36,38,40].
When Kolecka et al. evaluated the SBR system at the Swarzewo WWTP, they found that
94.4-99.5% of conventional pollutants were removed [196]. But there was a lot of variation

in the removal of pharmaceuticals; for example, the removal efficiency for naproxen ranged
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from 3.6 to 100%c. Even negative removal efficiency values were noted for diclofenac. The
elimination of non-steroidal anti-inflammatory drugs was shown to be ineffective using
batch treatment techniques and activated sludge processes [196].

The membrane bioreactor (MBR) has been used as an effective wastewater treatment
technique [17]. System is identical to batch reactor, but treated water is selectively and
preferentially filtered via membrane with embedded active biomass treatment [19]. Standard
membranes for membrane bioreactors are often created using the phase inversion approach.
Using this method, it is challenging to manage membrane pore size distribution, density, and
shape [16,118]. It has been suggested that these restrictions may be circumvented using the
track-etch membrane technique [20]. The productivity of the wastewater treatment plants
has risen thanks to incorporating membrane bioreactor technology [116,118]. Membrane
fouling, a phenomena where pollutants are deposited inside and on the surface of the
membrane matrix, reduces the permeability effectiveness of membrane pores, and is the
fundamental drawback of MBRs [17]. Pre-treatment procedures are thus preferred to avoid
fouling and increase the lifespan of membranes.

Advanced oxidation processes are one of the strategies that has a lot of potential for post-
treatment of emerging contaminants. They are drawing attention because they are so
effective in destroying the target organic pollutants. The actual process often depends on a
mixture of oxidants that produce active species, most frequently radicals, and catalysts
(photoactive metals and metal oxides) [7,144]. Catalysts are also activated by other factors,
such as thermolysis, sonolysis, photolysis, etc. The goal of each of these techniques is to
produce active radicals [159]. Historically, the major oxidation sources for these
processes was the hydroxide radicals created by the breakdown of hydrogen peroxide.
However, the need for alternative oxidants was driven up by the danger that the latter causes
during its transit, storage, and use. Given their promising oxidizing capability, persulfate

salts quickly attracted attention [142].

5.2. Focus of the chapter

The evidence in existing literature highlights the gravity of the issue regarding emerging
pollutants and the inadequacy of existing methods of wastewater treatment to address this
problem individually. Therefore, it is imperative to seek out effective combined water
treatment technologies. This section delves into the utilization of MBR along with AOPs for
the treatment of wastewater containing organic pollutants such as sulfamethoxazole,

naproxen, and bisphenol A. To the best of the authors' knowledge, there are no published
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studies on the integration of track-etch membrane bioreactors and advanced oxidation

processes.

5.3. SBR process
At the start of the study, tests were conducted without activated sludge to assess the influence
of the reactor's structure and the possibility of organic compounds being released due to

aeration. Fig. 5.1 illustrates how EP degrades and how TOC, TC, and TN are removed in an

abiotic environment.
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Fig. 5.1. Abiotic control experiments using SBR.

Insignificant amounts of organic matter and nitrogen were removed as a result of hydrolysis
and volatilization. It is important to note that only organic substances with Henry's law
constants above 0.005 can be removed from solutions through air stripping [197]. Therefore,
these chemicals' volatilization as a result of air stripping did not aid in their elimination.

The studies with and without EPs had average TSS values between 2.4 and 2.9 g/L (Fig.

5.2).
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Fig. 5.2. The concentration of TSS during the SBR experiments.

TSS was composed of around 80% volatile suspended solids (VSS), also known as

biological solids. Fig. 5.3 displays the outcomes of SBR tests using activated sludge.
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Fig. 5.3. SBR experiments: a) removal of TOC, TC and TN and degradation of EPs; b)
removal of TOC, TC and TN and degradation of EPs normalized per TSS, 1g/L.

The removal efficiencies of TC, TOC, and TN were comparable for experiments with and
without EP. The studies with NPX, BPA, or SMX showed TOC removal of 83%, 86%, and

78%, respectively, compared to the control experiment without EPs, which had a TOC

removal of 80%. TN removals ranged from 39 to 52%. The TOC and TN elimination were

in agreement with earlier findings. Doskaliyev et al. observed TC removal from synthetic

wastewater ranging from 80 to 95% and TN removals ranging from 20 to 80% [90]. In a
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different research, Sajjad and Kim employed SBR to treat synthetic wastewater and were
successful in removing 84% TOC and 71% TN [198].

For EPs, the biodegradation values were highly variable. SBR was able to degrade BPA by
45%, but NPX and SMX degraded BPA by only 11% and 6%, respectively. Previous
research has demonstrated that the inclusion of nitriles, aromatic alcohols and esters can
enhance biodegradability, while the presence of nitro-, azo-, aromatic amine-, halogenic and
sulfo- groups can hinder biodegradability [138,199]. The chain elongation also improves the
compound's degradation because the side chain can be easily broken to initiate the
compound's disintegration [37]. The organic molecules' biodegradability is additionally
aided by the compounds' branching structure and large molecular weight [16]. Degradations
of 60% or more have been observed for compounds having MW greater than 300 [37].
Guerra et al. looked into the effectiveness of the water treatment facilities in Northern
America and reported about 1% to 77% BPA degradation [200]. BPA has also been shown
to have inhibitory effects on activated sludge at high concentrations (53-100 mg/L)
[109,201]. In batch sorption tests, Tang et al. showed NPX (200 g/L) removal of 11% after
10 min, and by 25 min, practically all of the NPX was degraded utilizing the activated sludge
method [202]. Around 70% degradation of NPX from municipal wastewater was found by
other researches [105]. When treating human metabolite solutions including SMX with
activated sludge, Geng et al. found that 3.1% of the SMX was mineralized and that 50% of
the SMX was adsorbed [203]. Collado et al. employed SBR to treat SMX (50 g/L) and got
20-50% elimination of SMX [204]. Overall, the outcomes of this work's elimination of EPs
were consistent with those of earlier research. The removals per TSS were normalized as an
additional method of comparing the collected data. As shown in Fig. 5.3b, the study
conducted with BPA had the highest effectiveness per TSS. However, due of the minor
variations between the trials, it was obvious that the presence of EPs at 3 mg/L had no effect

on the SBR process.
5.4. Membrane filtration

The PIM and TEM were used to filter the SBR effluents. Fig. 5.4 displays the outcomes of

the filtration experiments.
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Fig. 5.4. The results of the membrane filtration experiments conducted for 6 hours in dead-
end mode: a) removal of TOC and b) removal of emerging pollutants.

For all membranes, there was no discernible TOC reduction. The TOC reduction was
between 0% and 6%. However, the elimination of EPs was more successful than that of
TOCs. There was a definite trend toward BPA elimination utilizing various TEM sizes. The
amount of BPA removed was higher when the TEM was smaller in size. When a 10 nm
TEM was employed, the maximum BPA elimination recorded was 93%. Furthermore, 11%
of NPX and 14% of SMX could be eliminated by 10 nm TEM. BPA was removed by 52%
when PIM was used, but just 3% when NPX and SMX were used.

Gonzalez-Pérez et al. observed that the removal of NPX was greater than 95% using MBR
at high hydraulic- and sludge-retention times [205]. Under aerobic circumstances, 98% of
the BPA was degraded in the MBR system [206]. Under aerobic and anoxic conditions, Hai
et al. used MBR to remove 65% of SMX [207].

The membrane used in this study is known to remove non-polar compounds through sorption
and retention, while polar compounds are primarily removed through biodegradation due to
limited sorption [16]. The pore size of the membrane used in this study was 10 nm, which is
larger than the size of the EP molecules studied. However, the results showed that as the
pore size decreased, the removal of EPs increased. This could be attributed to membrane
fouling, as seen in previous studies where the use of a fouled membrane resulted in higher
retention of pollutants compared to a clean membrane [208]. This is because fouling can
reduce the pore size and increase retention through size exclusion [209]. Additionally, the
high electropositivity of BPA molecules allows them to strongly attach to organic matter and
fouling cakes, further contributing to their retention [209]. Therefore, it can be assumed that

both physical retention and sorption mechanisms play a role in the removal of EPs. However,
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due to the complexity of EP removal, the exact mechanism of filtration cannot be determined
[16].

It was anticipated that there would be varied water flux patterns because the membranes had
different pore sizes and types. Gravimetric measurements were used to obtain the combined

profiles of water flux displayed in Fig. 5.5.
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Fig. 5.5. The overall water flux during the filtration process in dead-end mode of the SBR
effluents using different membranes.

For each membrane, the initial water flow varied between 46 and 380 L/m?/h (LMH). On
average, water flux went in the following sequence from greatest to lowest value: PIM, TEM
100, TEM 50, and TEM 10 nm. PIM was the most stable of these 4 membranes, while being
capable of rejecting 200 kDa particles. PIM started with a water flow of 207 LMH and ended
with one of 41 LMH after six hours. Initially, 100 nm TEM had a larger flux than other
membranes due to its largest pore size, but with time, as a result of membrane fouling, the
flux substantially dropped. The average water flow at TEM 100 nm after 6 hours of operation
was 31 LMH.

Fig. 5.5 shows that the water flow experienced a dramatic reduction at the start of the
filtration. This might be explained by the fact that faster convective flow transported a large
concentration of pollutants to the membrane pores or surfaces, blocking or constricting the
membrane pores [210]. Fig. 5.6 displays SEM pictures of TEM 100 nm before and after
filtering.
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Fig. 5.6. SEM image of 100 nm TEM before (a) and after (b) membrane filtration.

The water flux patterns for TEM 10 nm and TEM 50 nm were similar during the filtration
process. Initially, the water flux for TEM 50 nm and TEM 10 nm were 65 LMH and 62
LMH, respectively. After 6 hours, the water flux decreased to 19 LMH for TEM 50 nm and
10 LMH for TEM 10 nm. Table 5.1 shows the TSS and particle size distribution of the SBR

effluents before and after being filtered through the membranes.

Table 5.1. The TSS and particle dimensions of the SBR wastewater before and after being

filtered through a membrane.

TSS, mg/L Median particle size, d.um

SBR effluent
NoEP NPX BPA SMX NoEP NPX BPA SMX
Initial 68.5 51.1 811 655 67.4 595 59.6 47.6
PES <2 <? <2 <2 0.39 044 054 0.38
TEM 10 nm <2 <? <2 <2 0.45 045 084 0.50
TEM 50 nm <2 <? <2 <2 0.29 047 0.60 0.46
TEM 100 nm <2 <? <2 <2 0.19 0.35 037 046

The use of membrane filtration effectively eliminated all TSS from the SBR effluents. The
median size of particles in the SBR effluent samples varied from 47.6 to 67.4 um, but after
filtration, the median size of the particles in the solution decreased to a range of 190 nm to
840 nm. Despite the fact that the membranes had a pore size considerably smaller than the
reported particle size (10-100 nm), it is possible that particles agglomerated after filtration.
This suggests that the larger particles were successfully captured by the membrane, resulting

in a shift from microscale to nanoscale in the median particle size.
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5.5. Photochemical treatment of the SBR effluents
The UV/PS process was investigated for its ability to remove organic materials from SBR

effluents. Fig. 5.7 displays TOC removal curves for varying PS concentrations.
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Fig. 5.7. The results of the photochemical treatment of the SBR effluents using UV/PS
process.

Only 14% of the TOC was removed after 150 minutes when UV irradiation was used alone.
After 150 minutes, the addition of 1 mM PS to the system dramatically boosted TOC removal
by up to 44%. Final TOC removals with the usage of 5 mM and 10 mM PS were 59 and
62%, respectively. This could be a result of the recombination of hydroxyl radicals that have
been produced in excess [211]. When 15 mM PS was employed, the greatest TOC reduction
(70%) was found.

Further research was done on the possibility of utilizing different PS activators. For this, the
effects of goethite, ZVI, and iron (Il) sulfate heptahydrate were examined. Persulfate

oxidation results with various iron sources are shown in Fig. 5.8.
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Fig. 5.8. The results of the photochemical treatment of the SBR effluents using UV/PS and
various iron sources, each with an iron content of 37.5 mg/L.

The use of UV/PS/Goethite resulted in the lowest reduction of TOC, at only 66%. This is
because UV light can activate persulfate to produce sulfate radicals (Eg. 5.1), but the process
may be less efficient due to the extra step needed to regenerate the ferric ion (Fe3*) in goethite
into ferrous ion (Fe?"). These ions are responsible for activating persulfate (Eq.5.2-3).
Overall, the interaction between these three factors can be represented by the following

equations [172]:

h
5,02~ 5 2505 (5.1)
h
Fe3* + H,0 — Fe2* + HO" + H* (52)
h
S,02~+Fe?* 5 SO; + S0~ + Fe3* (5:3)

It is important to note that the presence of highly complex water matrices and inorganic
mineral ions may have an impact on these reactions [172]. The combination of UV/PS/Fe?*
led to a 79% reduction of TOC after 150 minutes. The most efficient system was
UV/PS/ZVI, which achieved a TOC removal of 85%. These systems also showed complete
degradation of all EPs within 30 minutes of treatment, compared to 60 minutes when using
UV alone.
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5.6. Photochemical treatment of the membrane filtration effluents

The UV/PS/ZV1 system was used to treat the PIMBR and TEMBR effluents in order to
combine the membrane bioreactor with AOPs. The outcomes of the experiments are
displayed in Fig. 5.9 and 5.10.
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Fig. 5.9. The results of the photochemical treatment of the TEMBR effluents using
UV/PS/ZV/ process.
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Fig. 5.10. The results of the photochemical treatment of the PIMBR effluents using
UV/PS/ZV/ process.

It should be noted that whereas the MBR effluents had TSS less than 2 mg/L, the effluents
after SBR had significantly higher TSS up to 80 mg/L. As a result, increased UV/PS/ZVI
system efficiency was anticipated. Organic carbon was removed from TEMBR and PIMBR

effluents by UV irradiation in amounts of 22 and 26%, respectively. Compared to SBR
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effluents, this was nearly twice as high. In case of TEMBR and PIMBR effluents, 74% and
81% of organic carbon was removed using UV/PS 1 mM/ZV1 2.5 mg/L. These outcomes
were similar to those obtained by the UV/PS 15 mM/ZV1 37.5 mg/L procedure used for SBR
effluents (85%). Membrane filtration may thereby effectively lower the amount of chemicals
utilized as photochemical oxidants and activators, as well as the associated expenses. At
higher PS concentrations, TOC was completely removed from both effluents within 30 to 60
minutes.

Advanced oxidation processes have been utilized successfully to remove
organic contaminants. The initial concentrations of sulfamethoxazole, naproxen, bisphenol
A in TEMBR effluents were 2.7 mg/L, 2.9 mg/L, and 0.1 mg/L, respectively, while PIMBR
effluents contained 2.7 mg/L, 2.8 mg/L, and 0.8 mg/L, respectively. The use of UV treatment
alone demonstrated significant removal of emerging pollutants, with removal rates ranging
from 55.8% to 100%. However, full degradation of TOC was not achieved, suggesting that
certain pollutants, such as NPX, BPA, and SMX, may have been transformed into
photodegradation byproducts. In contrast, the implementation of UV/PS 1 mM/ZV1 2.5
mg/L resulted in complete degradation of emerging pollutants within a short time frame of

30 minutes. The comparison with the literature is given in Table 5.2.

Table 5.2. Comparison of the results of the persulfate oxidation of the emerging pollutants
in the TEMBR effluents with the literature.

The process EP concentration Removal, % Ref.

UV only for 160 min BPA (5 mg/L) 80 [212]

UV/PS 1 mM for 5 min BPA (2 mg/L) 60 [213]

UV only for 30 min NPX (25 uM) 10 [214]

UV only for 40 min NPX (10 uM) 100 [215]

UV only for 20 min SMX (10.87 mg/L) 100 [216]
UV/PS 1 mM/ZVI 2.5  SMX (2.7 mg/L), NPX (2.9 100 This work

mg/L for 30 min mg/L) and BPA (0.1 mg/L)

In summary, the degradation rates of emerging pollutants in this study were consistent with
previous findings. Given the potential risks posed by emerging pollutants and their by-
products to the environment and human health, it is crucial to achieve complete
mineralization of the organic carbon in effluent. The MBR-AOPs system utilized in this
study successfully achieved this objective, making it a promising approach for further
wastewater treatment investigations.

The integration of AOPs with traditional technologies has led to advancements in

environmental friendliness and operability [217]. However, the homogeneous Fenton
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method faces challenges with iron-containing sludge and low pH levels, making it less
favorable for scaled-up processes. The photo-Fenton process has shown high efficiency in
degrading complex organic compounds, but strict pH control and the consumption of
oxidizing reagents and chemicals for pH adjustment limit its industrial application and
increase costs. The operation of the process under low pH requires tubes, pipes and reactor
vessels made of acid-resistant materials. Moreover, additional post-treatment is required
after AOPs to increase the pH of the wastewater and remove sulfate ions using ion exchange
or other methods [218]. AOPs and integrated AOPs are being compared to other
technologies for wastewater treatment [219]. Combination processes are more efficient, but
different pretreatment and combinations are needed for each type of wastewater. For now,
limitations of AOPs have hindered their industrial use and more research should be done

until it reaches the point of economic efficiency.

5.7. Summary of the chapter

In this chapter, sequencing batch reactor, membrane filtration, and advanced oxidation
methods were used to treat synthetic wastewater with and without emerging contaminants.
For wastewater with and without emerging contaminants, the sequencing batch reactor,
running on HRT 8 h, obtained TOC removal ranging from 78 to 86% and TN removal
ranging from 39 to 52%. It was possible to draw the conclusion that the emerging
contaminants at concentrations of 3 mg/L had no impact on the biological treatment process
since the variation between the removals was within a standard deviation range.
Additionally, a sequencing batch reactor was able to partially remove emerging
contaminants. For instance, while NPX and SMX had average removal rates of 11% and 6%,
respectively, BPA had an average removal rate of 45%.

Additionally, phase inversion membrane and track-etch membranes with pore diameters of
10 nm, 50 nm, and 100 nm were employed to filter the SBR effluents. For all four types, the
average removal of organic carbon was negligible, falling between 1 and 6 percent.
However, membrane filtration had an efficiency comparable to the SBR for the removal of
emerging contaminants. When TEM 10 nm was employed for filtration, the maximum level
of pollutant removal was seen since almost complete removal of BPA (93%) was achieved
and fractions of NPX (11%) and SMX (14%) were degraded. Sorption and size exclusion
may play a main role in the removal of BPA employing membranes. Additionally, all
membranes were successful in removing TSS and bringing particulate matter down from the
micro to the nanoscale. The phase inversion membrane had the highest average water flux,

which was most likely due to its increased hydrophilicity in comparison to the other track-
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etch membranes. However, SEM examination revealed that all membranes had pore
blockage during the first 20 minutes, which caused a dramatic drop in the water flux.

After SBR, TEMBR, and PIMBR, advanced oxidation processes based on persulfate were
used for the subsequent treatment of the effluents. The UV/PS 15 mM treatment resulted in
the highest final TOC reduction of 70%. ZV1 was the most effective PS activator evaluated,
with an 85% final TOC removal. After TEMBR and PIMBR, the effluents were finally
passed for the photochemical treatment. After 150 min UV/PS 1 mM/zZVI 2.5 mg/L
eliminated 74% and 81% of TOC from the TEMBR and PIMBR effluents, respectively.
Moreover, BPA, NPX, and SMX were completely degraded after 30 minutes in both
effluents. These results were published in Journal of Water Process Engineering with a
research paper titled “Membrane bioreactor and advanced oxidation processes for combined
treatment of the synthetic wastewater containing naproxen, bisphenol A, and

sulfamethoxazole”.
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CHAPTER 6: PHOTOCHEMICAL TREATMENT OF POULTRY
SLAUGHTERHOUSE WASTEWATER
6.1. Introduction

High concentrations of several contaminants are common characteristics of wastewater
discharged from a slaughterhouse plant. Remaining blood, urine, and feces are the primary
sources of organic nitrogen, whereas skin lipids and oils are the main sources of organic
carbon. The presence of phosphorus in this effluent is influenced by disinfectants, detergents,
blood, and manure [220]. Poultry slaughterhouse wastewater may also contain a variety of
harmful bacteria, including Salmonella, Staphylococcus, and Clostridium [221].

The treatment of the industrial wastewater has evolved into a critical concern for the poultry
processing sector as a result of tighter rules on water disposal and growing consumer
environmental consciousness. Biological treatment is used in the majority of poultry
slaughterhouse wastewater treatment facilities. An activated sludge method [171] and
membrane bioreactor [116,222] can all be used to obtain a COD removal rate of more than
80%. Treatment of wastewater using biological technologies is successful globally. In
situations involving substantial loading of organic pollutants, they are very efficient and
affordable [114,132]. In general, aeration uses around 50 to 60% of the energy, activated
sludge treatment uses between 15 and 25 %, whereas another 15% of the energy is dedicated
for the secondary clarifier [223]. Pharmaceuticals, vaccinations, cleaning supplies, and other
organic contaminants found in slaughterhouse effluent may prevent microbial activity of
the activated sludge and escape the treatment, which might have detrimental effects on
aquatic life [3,224]. The investigation of complementary water purification methods, such
as AOPs, is motivated by the potential obstruction related to biological treatment and the
strengthening of disposal rules.

Using electrocoagulation with the addition of H.O», Eryuruk et al. [221] examined the
treatment of actual slaughterhouse wastewater. Authors reported that it was possible to
remove 95% of COD under optimal conditions (0.2M H2O>, 0.5 g/L polyelectrolyte and 50
mA/cm?).

Davarnejad and Nasiri also did a study on the use of the electrochemical oxidation to treat
slaughterhouse wastewater. In their efforts, they were able to remove COD by 92% and color
by 88% [22]. Thirugnanasambandham et al. discovered that pH 3, 20 mL/L H20,, 10
mA/cm?, and 30 minutes of electrochemical reaction produced the best treatment results,
which removed 93% and 97% of the turbidity and COD, respectively [225].
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Bustillo-Lecompte et al. [226] carried out a similar investigation into the improvement of
continuous flow UV/H20: process of slaughterhouse wastewater. 81% of TOC removal was

achieved under ideal conditions, as established by the central composite design.

6.2. Focus of the chapter

This chapter describes the use of AOPs to photochemically treat actual slaughterhouse
effluent utilizing hydroxyl and sulfate radicals as the main oxidants. To study the
photocatalytic degradation, TiO2 and iron-doped TiO> catalysts were utilized. Additionally,
the impact of starting pH and various H20O> concentrations on the treatment of wastewater
was assessed. Even though there are several research on the conventional slaughterhouse
wastewater treatment, very few of them are pertinent to the application of AOPs. The
research indicates that no published studies have yet been done on the use of sulfate radicals

for the treatment of slaughterhouse effluents.

6.3. Slaughterhouse wastewater characterization

Poultry slaughterhouse wastewater had COD and TOC values of 155 mg/L and 68.7 mg/L,
respectively. This indicates that the wastewater was low-strength. The World Bank and
European legislations suggest that the COD outflow limitations for slaughterhouse
wastewater not exceed 125 mg/L. Australian discharge regulations are even stricter, which
requires the TOC of the discharge effluent be under 10 mg/L [227].

High-strength slaughterhouse wastewater is often treated anaerobically. However, it
frequently finds it difficult to adhere to the typical discharge limitations [228]. Additionally,
refractory substances like disinfectants, antibiotics, and detergents may evade the biological
treatment process [38,177,229]. In order to completely remove contaminants, post-treatment
is therefore required.

Vidal et al. conducted similar studies, first using anaerobic digestion to produce effluents
with  TOC of 52 mg/L from the slaughterhouse wastewater [230]. The TOC
was subsequently reduced to 2 mg/L using the solar photoelectro-Fenton method to treat the
effluents.

Tables 6.1 provide a summary of the findings of the IC investigations.

Table 6.1. The IC results of the sterile poultry slaughterhouse wastewater.

lon Na* NHst K* Mg?*  Ca** F Cl SO# Br NOs

PO

Content, mg/L 14187 0.84 1486 67.27 13243 1046 21388 236.11 0.22 2.98

1.78
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The findings of IC show that poultry slaughterhouse wastewater includes significant levels
of alkali and alkaline earth metals, fluoride, chloride, and sulfates. Moreover, the traces of
the ammonium, bromine, nitrate and phosphate were also present. Sulfate and hydroxyl
radicals are reported to be scavenged by CI" and Br- [7]. Additionally, CI" and Br may lead
to the creation of harmful chlorate and bromate oxyanions [7]. Both bicarbonate and
carbonate ions, which make up total inorganic carbon, have the ability to scavenge hydroxyl
and sulfate radicals [231].

Fig. S6.1 displays the FTIR data of the slaughterhouse wastewater. The wastewater included
substances with the following functional groups, according to the FTIR data (Table S 6.1):
O-H, =C-H, C-N, C=C, C=0, N-H, C-Br and C-I. Both IC and FTIR tests revealed the
presence of bromine species, which can be derived from sanitizers that include bromine and

are frequently used to eliminate harmful bacteria in buildings and machinery [232].

6.4. UV/H20:2 process

The poultry slaughterhouse wastewater was initially treated with 0-196 mM of H2O> while
being exposed to UV light. The findings are displayed in Fig. 6.1. UV photolysis had TOC
removal of 3% after 150 min. Hydroxyl radicals produced by hydrogen peroxide's
dissociation should is responsible for the degradation of organics in the wastewater (Eq. 6.1)
[158].

h
H,0, & *OH (6.1)

TOC removal increased from 47% to 74% with the increase in the concentration of hydrogen
peroxide from 49 to 98 mM. Because hydrogen peroxide itself has a scavenging effect on
the generated hydroxyl radicals, as has already been seen in earlier experiments, a further
increase in H>O2 was also not beneficial [13]. Fig. S6.3 shows the pH development during
these experiments. In all experiments with H.O: a starting value was around 7.5, then pH
dropped to around 6.7, while in the experiment without H202, pH practically remained
constant. The effective operation of AOPs at circumneutral pH is essential due to the
possibility of applications on a greater scale [231].

In another study, the optimal ratio of influent TOC to H.O: for eliminating the most TOC
(81%) was 35.8 (mg/L TOC/mg/L H>0O>) [226]. These results are close to those found in our

investigation employing a batch photoreactor (Fig.6.1).
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Fig. 6.1. Time-dependent TOC elimination throughout the UV/H.O> process.

Fig. 6.2 displays the outcomes of the computations of energy per order. The use of 98 mM
H20; had the least energy spent (324 kWh/m?®/order).
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Fig. 6.2. The impact of H,O> starting concentration on the UV/H.O: process's electrical

energy consumption

The wastewater's initial pH was then adjusted to lower levels in an effort to see whether it
was possible to achieve the same level of TOC removal (74%) while using less H.O>, hence
lowering the process's cost. The impact that pH has on how hydroxyl radicals are produced
is crucial. It is evident from Fig. 6.3 that the process was not enhanced by lowering the

wastewater's original pH. In extremely acidic aqueous conditions, H;0% is created when
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H20: is present (Eq. 6.2), which enhances the stability of H.O and reduces the production
of "OH radicals [233]. Additionally, HOZ competes with *OH for H20- (Eq. 6.3-4) [234].

H,0, + H* - H,0% (6.2)
H,0, + HO; - H,0 + 0, + OH™ (6.3)
"OH + HO; —» OH™ ++ °HO, (6.4)

The findings are in correlation with the recent study [235].
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Fig. 6.3. The impact of pH on TOC removal during the UV/H.02 49 mM process.

6.5. UV/H202/Fe?* process

The AOP that has been the subject of the most investigation is the UV/H20; process, in
which hydrogen peroxide is photolyzed to produce hydroxyl radicals [146,147].
Nevertheless, the process is constrained by H202's low UV photon absorption. Iron can
enhance the process overall by enhancing photon absorption by starting photo-Fenton
reactions [236].

In order to conduct photo-Fenton studies, 98 mM H.O> was employed. In this series of tests,
H20 and Fe?* were used (Fig. 6.4). The initial pH was once changed to 3.3. The procedure
only benefited from the increment in Fe?* content from 5 to 20 mg/L during the first 90
minutes of the treatment, then the TOC removal eventually stabilized at a value of about
67% for both concentrations. The highest TOC removal obtained (82.5%) was significantly
boosted by the first pH adjustment to 3.3. A pH level close to 3 has been demonstrated to
enhance Fenton reactions in a prior publication [237]. The Fenton oxidation process is

strongly influenced by the production of [Fe(OH)]?" at pH values between 2.8 and 3.5.
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Fig. 6.4. Time-dependent TOC elimination throughout the UV/H202/Fe?* process.

According to calculations, the lowest Eeo values for the photo-Fenton experiment was 248
kWh/m?3/order after the adjustment of pH.

6.6. UV/TIO2 process

The treatment of the wastewater also involved TiO2-mediated photocatalysis. In particular,
0.5and 1.0 g/L TiO2 and 0.5 g/L Fe(4%wt.)/TiO. were utilized as catalysts under UV light.
In the past, the Fe/TiO; catalyst outperformed the pure TiO2 catalyst in the oxidation of 4-

tert-butyl phenol in solution [238]. The outcomes are displayed in Fig. 6.5.
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Fig. 6.5. Time-dependent TOC elimination throughout the UV/TiO> process.
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According to the findings, the undoped catalyst was more effective at removing TOC than
the iron-doped catalyst. After 60 minutes, using 0.5 g/L and 1 g/L TiO2 reduced TOC by
44% and 40%, respectively. However, monitoring TOC levels after 150 minutes showed no
discernible improvement. Increased turbidity in the solution as a consequence of a rise in
catalyst concentration decreased ability of the UV light to penetrate the solution and reach
the catalyst [12,165].

Fe-doped TiO- treatment resulted in a TOC elimination of 10% after 150 minutes, which
was far low to be of real significance. Fe-doping has various effects on the effectiveness of
wastewater treatment, according to the literature. Different Fe dopant concentrations were
also synthesized by Chen et al. [239]. In the photocatalytic treatment of effluent from
papermaking industry, the catalysts with lower Fe contents (0.01%, 0.03%, and 0.05%) were
more efficient than the undoped TiO2. The improvement in electron-hole separation
efficiency brought about by the introduction of Fe?* may be used to explain why the
photocatalytic activity has increased [239].

In another study, Bukhari et al. used pure TiO2 (1 g/L) to photocatalyze the treatment of
slaughterhouse wastewater and were able to remove 72% of the COD, but addition of Ag
did not have significant effect [240].

6.7. UV/K2520s

K2S20g was utilized at doses from 1 to15 mM. In addition, under UV irradiation, a photo-

Fenton-like reaction was employed by combination of Fe?* and K,S,08. (Fig. 6.6).
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Fig. 6.6. Time-dependent TOC elimination throughout the UV/K>S>0s process
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The rise in oxidant concentration led to an increase in TOC elimination. 15 mM K2S;0s
successfully eliminated 85% of the TOC after 150 min, outperforming earlier experiments
employing 98 mM H.0; (74% TOC removal). Sulfate radicals (‘"SO4", 30-40 us) have a half-
life that is significantly longer than that of hydroxyl radicals (10 ps). As a result, while
working with actual wastewaters, *SO4” is less susceptible to being scavenged by unintended
molecules, which makes *SO4 more alluring to "OH [6,139].

Previous research has compared the performance of "SO4~ and "OH based photocatalytic
processes. During photochemical treatment of sodium diatrizoate with 10 mM K>S>0s and
10 mM H»0,, Velo-Gala et al. [241] obtained 78% and 77% decomposition of sodium
diatrizoate at circumneutral pH, respectively. The pH rise had a negative impact on the
UV/H20. system's degrading performance, in contrast to the UV/K>S;0g system. The
degradation of sulfamethazine (SMZ) with the help of UV/H.0, and UV/K>S;0s was
compared by Acosta-Rangel et al. After 60 minutes of the experiment, it was shown that
using 0.147 mM K2S,0g and 0.147 mM H202 caused an 80% and 89% degradation of SMZ,
respectively [242].

The effectiveness of the several AOPs used for treating the wastewater from slaughterhouses

has been examined and is displayed in Fig. 6.7 in a comparison of TOC and COD removal.
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Fig. 6.7. The removals of COD (in red) and TOC (in black) by various AOPs used for the
treatment of the slaughterhouse wastewater (Ref-s: a) [243]; b) [226]; c) [244] d) [245]; e)
[22]; f) [246]; g-h) current study).

According to Fig. 6.7, the majority of the projects effectively treated slaughterhouse
wastewater, with pollutant removal rates ranging from 81 to 99%. The UV/H202/Fe?*/pH3
and UV/K2S,0g processes utilized in the current study both had removal efficiencies that
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were within the specified range. Table S 6.2 provides more information on these processes'
experimental settings and effluent characteristics.

Calculations revealed that the EEO values for the UV/K2S20g(15 mM) and UV/K2S,0g(15
mM)/Fe?*(20mg/L) were 226 kwWh/m®/order and 325 kWh/m®/order, respectively. Table S
6.3 lists the reported Eeo values for persulfate-based AOPs from the literature.

Evidently, model solutions were used for the majority of the works [223,247-254]. The
UV/persulfate technique is now seen as being close to a full-scale wastewater treatment
application [139]. The Ego results should be considered as suggestive, and pilot-scale testing

is required to ascertain whether it is feasible on a greater scale.

6.8. Formation of intermediates

The amounts of formic and acetic acid were quantified using IC. These substances are the
final intermediates that can be found before all of the organic molecules have completely
mineralized. The following material balances were used to indirectly compute the amounts
of organic carbon (OC) in intermediates and mineralized COz:

OCintermediates = final(TOC — TOCormic acid — TOCacetic acid) ®)

OCcp, = initialTOC — finalTOC (6)

The outcomes are displayed in Fig. S6.3. During the UV/H20: process, the lowest
concentration of intermediates was discovered at 98 mM of H.O2, while the production of
acids increased as H20O2 concentration increased. The generation of acids increased when the
pH was changed from neutral to acidic levels. Similar to this, the intermediate concentration
marginally dropped when Fe(I1) concentration increased during the UV/H202/Fe?* process
from 5 to 20 mg/L. Additionally, the CO2 production was increased by combining this
process with pH adjustment. The UV/H,02/Fe?* technique at pH 3.3 produced the least
amount of undetected intermediates (10% of TOC), while formic acid concentrations of 1.2
mg/L and acetic acid concentrations of 17.9 mg/L were found.

In the final solutions after testing using the heterogeneous catalysts, no formic acid nor acetic
acid was found. According to Fig. S6.3, the increase in K2S20g concentration sped up the
breakdown of the intermediates by intensifying the generation of CO.. Lastly, the
UV/K,S,0s process did not become more effective with the inclusion of Fe?*, in contrast to
the UV/H,0,/Fe?* process.
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6.9. Summary of the chapter

In this study, a poultry slaughterhouse wastewater was treated using several photochemical
treatment methods. The main objective of this work was to apply different AOPs and select
the most effective photochemical system for the treatment of wastewater with a complex
matrix in terms of organic carbon removal. While employing UV photolysis and the UV/4%
Fe-TiO2 process had negligible TOC removal, using undoped TiO> removed 44% of the
TOC after 60 minutes. The UV/H20> technique removed 74% of the TOC when the H20-
concentration was increased to 98 mM. Higher iron concentrations were used, however this
did not improve the process' effectiveness. The TOC removal with H20, (98 mM) and Fe?*
(20 mg/L) at pH 3.3 reached 82.5% after 150 min under UV light.

After 150 minutes in the UV/K2S20g system, 15 mM K2S,0g removed 85% of the TOC,
whereas 73.5% of the TOC was removed using K2S,0s (15 mM) and Fe?* (20 mg/L). The
UV/K>S>0s process demonstrated Eeo value of 226 kWh/m3/order, which was the lowest in
this work. The UV/K>S,0s treatment's effluent quality was within the legal limitations for
disposal set by the United States, Australia, and European nations. In order to fulfill
discharge requirements and recycle the effluents, the UV/K:S;0g procedure may be used
after biological wastewater treatment. The research findings from these investigations are
published in the Journal of Water Process Engineering under the title “Treatment of a

poultry slaughterhouse wastewater using advanced oxidation processes”.
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CHAPTER 7: PHOTOCHEMICAL TREATMENT OF MUNICIPAL
WASTEWATER

7.1. Introduction

In recent years, it has been clear that the discharges from urban wastewater treatment plants
represent a significant source of new micropollutants, including hormones, medications, and
items for personal care [3]. Traditional WWTPs are unable to remove micropollutants at a
rapid pace, sincethey are resistant to biodegradation despite their extremely low
concentration [4]. Currently, strategies for eliminating these chemicals from MWW are
being considered [4].

In recent years, scientists have been interested in a novel kind of oxidizing agent such as
persulfate [6]. The metal activation approach only produces 50% of the sulfate radicals that
may be produced when using the equal molar concentration of persulfate by heating or UV

activation of persulfate (Eq.7.1-2). Fe?* and Fe* are the most frequently utilized metals [9].
5,02~ 5 2505 (7.1)

S,03+Fe?* - SO, + SO5™ + Fe3* (7.2)

Sulfate and hydroxyl radicals each have distinct reaction patterns, although both are highly
reactive entities with short lifetimes. When reacting with organic materials, *OH has a
propensity to remove hydrogen from C-H bonds or attach to C=C bonds, whereas sulfate
radicals have a propensity to remove electrons from the molecule, which subsequently
results in the formation of organic radical cations [255]. EqQ-s 7.3 and 7.4 show how hydroxyl
radicals are produced by sulfate radicals [160].
S0, + 5,02~ - S03™ +S,04” (7.3)
SO, + H,0 — SO}~ + H* + HO" (7.4)
Additionally, under alkaline circumstances, sulfate radicals might generate more hydroxyl
radicals [255]. In contrast to hydrogen peroxide (H20O2), persulfate also has the ability to
directly oxidize certain organic compounds [7].
In order to degrade sodium diatrizoate in an agueous medium, Velo-Gala et al. [241]
investigated the efficiencies of UV/H20. and UV/K>S>0g-based oxidation processes. With
larger rate constants, the UV/K2S,0g process was discovered to be more effective than the
UV/H20- system [241]. In order to effectively degrade dye pollutants in actual wastewater
treatment, Pervez et al. [256] used a novel Fes04@GO+K2S20g system. Persulfate-activated
iron-based heterogeneous catalysts have gathered significant attention as a foreseeably

cutting-edge and sustainable system for water treatment.
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7.2. Focus of the chapter

In light of research on energy usage, persulfate-based oxidation procedures have lately been
claimed viable for full-scale application [139]. Even though, it is crucial to assess the
procedure’ effectiveness using actual wastewaters. Consequently, the objective of this work
was to evaluate the effectiveness of AOPs that treat municipal wastewater utilizing Fe and
potassium persulfate under UV light. No research using the UV/S,0s?> /Fe?* procedure to
remediate real municipal wastewaters have been reported. The photochemical treatment of

the real wastewater was optimized using the response surface methodology (RSM).

7.3. Experimental design results

Table 7.1 displays the results as well as the Box-Behnken design that was generated by the
program. 95% two-sided confidence intervals were presented in Table S7.1.
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Table 7.1. Box-Behnken design matrix and results.

Experimental variables

Response (Y, %)

RuUN X1 X2 X3 Xa Actual Predicted
Time pH 208 ks0yFe*  TC TOC TN TC TOC TN
1 60 535 30 10 5635 4579 942 5477 4643 3486
> 100 3 30 10 5080 27.98 10.87 4818 3435 1579
3 140 535 20 75 60.69 5806 6.97 57.54 60.27 26.40
4 100 3 10 10 68.35 5303 635 6551 5862 30.66
5 140 3 20 10 5850 4689 6.63 6453 5278 1446
6 140 535 30 10 7131 739 1005 6357 6580 1549
7 100 535 20 10 5096 5574 3566 47.52 5587 4565
8 100 77 10 10 30.86 7627 507 37.30 6955 1225
9 100 535 20 10 4717 5964 4613 4752 5587 4565
10 60 535 20 75 68.24 4606 813 6430 4937 28.64
11 60 3 2 10 65.61 2468 3952 6628 2572 26.26
12 60 535 10 10 5739 5696 214 6329 57.82 17.70
13 140 535 20 125 6169 6361 5335 6046 59.94 44.94
14 100 77 20 125 4636 7234 1149 4699 7468 30.83
15 100 3 20 75 60.63 3745 4666 58.16 3851 20.06
16 140 77 20 10 4932 6799 21.08 5567 68.90 2050
17 100 3 20 125 5751 558 5161 58.75 5285 54.42
18 100 535 20 10 4444 5223 5515 4752 5587 4565
19 100 77 20 75 5507 79.09 3343 5199 8545 32.36
20 60 535 20 125 5001 5583 5926 56.98 5326 51.03
21 100 535 10 75 4611 6096 2324 4880 5544 21.98
22 100 535 30 125 4419 5394 5780 4852 5641 4531
23 60 77 20 10 5621 8731 3061 57.20 7837 17.94
24 100 77 30 10 60.79 9815 4414 5846 9220 3193
25 100 535 10 125 5474 669 6013 5181 7127 57.30
26 100 535 30 75 4598 761 4981 5593 68.68 38.80
27 140 535 10 10 5147 6526 5153 5121 5603 27.83
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The equations of the models were presented below (in coded units):
TC removal (%) = 47.52 — 4.48X; + 9.62X12 + 8.6X2*X3 (7.5)

TOC removal (%) =  55.87 + 4.92X1 + 19.61X5 + 6.04X5? + 2.4X4> — 10.38X1*X2  (7.6)
+11.73X2*X3 — 7.02X3*X4

where, in descending order, X1, Xz, X3, and Xs stand for, respectively, time (min), pH,
K2S,0s (mM), and molar ratio of K2S;0s to Fe?*. In equations, Xz, X12 and X2Xs terms for
TC removal and X1, Xz, X32, X1X2, X2X3 and X3X4 terms for TOC removal were significant
according to the analysis of variance. No parameters for TN removal were determined to be
essential especially to the model's poor fit. Confidence intervals for BBD model coefficients
were provided in Tables S7.2 and S7.3.

The normal probability versus residuals for removals are depicted in Fig. 7.1. They
demonstrate how all three models' data match the normal probability distribution. Fig. 7.2,
respectively, displays the experimental and estimated data for the removals. These numbers
show that the actual and anticipated statistics for TC and TOC elimination have a fair degree
of consistency. The regression quadratic model, however, does not appear to have a straight-

line pattern in Fig. 2c, suggesting that it is not suitable for the TN model.
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Fig. 7.1. Normal probability plot of the residuals for (a) TC removal, (b) TOC

removal, and (c) TN removal.
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Fig. 7.2. Actual vs predicted plot: (a) TC removal, (b) TOC removal, and (c) TN

removal.

7.4. ANOVA Analysis

Using the ANOVA, the model's suitability was evaluated. Calculating and evaluating
regression coefficients (R?), F- and p-values are all included in the study. Table 7.2 lists the
outcomes of the ANOVA.
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Table 7.2. ANOVA test for the different models.

Response Source Sum of Degrees of Mean Square F-Value p-Value
Squares Freedom

TC removal Model 1344.37 14 96.03 2.84 0.039
Error 405.90 12 33.83
Lack of fit 384.45 10 38.45
Pure error 21.44 2 10.72

TOC removal Model 6659.09 14 475.65 11.64 0

Error 490.32 12 40.86
Lack of fit 462.84 10 46.28
Pure error 27.48 2 13.74

TN removal Model 4664.4 14 333.17 0.70 0.739
Error 5697.3 12 474.77
Lack of fit 5507.3 10 550.70
Pure error 190.3 2 95.14

The models' main parameters include regression coefficients. R? was 0.7681, 0.9314, and
0.4502 for the elimination of TC, TOC, and TN, respectively. Generally, the value of the
regression coefficient should be closer to 1. R? value of the TOC removal model was greater
than 0.8 and could be considered for further optimization. In case of TN removal, the model
could explain only 45% of the entire variance in the TN removal.

Model predictions are generally considered statistically significant when p is less than 0.05,
while p is greater than 0.1 indicates that the model does not adequately capture the
experimental data [22]. The models employed to predict the TC and TOC reductions have
P-values of 0.039 and 0.0001, respectively, indicating that they are significant for both
responses. F and p values for the TN elimination indicate that the model is inappropriate for
the further optimization.

Overall, the quadratic model accurately captured the process when the ANOVA findings

were taken into consideration, and it may be used to enhance the TC and TOC reductions.

7.5. Visualization of the regression models

Surface plots in three dimensions show how the factors interact with the response. The

models were graphically demonstrated in Fig. 7.3-7.4.

100



% ‘|lenowial D]

% ‘lenowal D]

C: K25208

100

A: reaction time

A: reaction time

(©)

9% ‘leAowas )

% ‘|leAowal D

100

A: reaction time

e}
(e}
~
1%
N
o4
G

D: K25208/Fe2 +

105

% ‘lenowas D]

% '|lenowal D|

Fig. 7.3. Surface plots for TC removal model: (a) time and pH, (b) time and K2S20s

(c) time and K3S,0s/Fe?*, (d) pH and KzS;Ogs content, (¢) pH and

Content,
KS,0s/Fe?*

(f) K2S20s content and K2S,0s/Fe?* ratio.

101



—
)

-
—
(=}
-~

CSOTS

SIS S

“““ <5

RSSO
<> COCSISITSTS

TOC removal, %
TOC removal, %

140

100

A: reaction time

—~
0
-
—~
o
=

2 SEELIEAR2>
LIS AZSCZ
X5 o,'ot’o:%:’o:a

5 5
SRS .'
G552

TOC removal, %
TOC removal, %

@
LK

TOC removal, %
TOC removal, %

Fig. 7.4. Surface plots for TOC removal model: (a) time and pH, (b) time and
K2S20s content, (c) time and K2S;0s/Fe?*, (d) pH and K2S,0s content, (e) pH and
K2S20s/Fe?*, (f) K2S20s content and K2S,0s/Fe?* ratio.

The interplay of time and pH is depicted in Fig. 7.3a. It is clear that the TC removal was
marginally reduced by an increase in reaction time and pH. Fig. 3b shows that TC removal
increased from 56.3% to 71.3% at 30 mM K2S,0s and dropped from 57.4% to 51.5% with
time at concentration of K>S>Og at 10 mM. Fig. 7.3c displays a comparable pattern, where
the removal of TC increased at high molar ratios and reduced at low molar ratios with time.
Fig. 7.3d illustrates how pH and K>S>0Os interact. When K2S,0g concentration was increased
at an acidic pH, TC removal decreased from 68.4% to 50.8%, but when it was increased at
a neutral pH, TC removal increased from 39.9% to 60.8%. The connection between pH and
molar ratio is shown in Fig. 7.3e, where TC removal reduced with an increase in pH. The

interplay of oxidant dose and ratio of the oxidant to the Fe?* on TC elimination is shown in
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Fig. 7.3f. At low molar ratios, TC removal enhanced with the K>S,Ogs rise; at high molar
ratios, it declined.

Fig. 7.4a shows that TOC removal in acidic conditions improved with reaction duration and
reduced at neutral pH. Fig. 7.4b depicts the gradual rise in TOC removal with time at low
ranges (57% to 65%), as well as the abrupt increase from 46% at 60 minutes to 74% at 140
minutes and 30 mM K3S,0g. The effects of the time and the K,S;0s/Fe?* on TOC removal
are depicted in Fig. 7.4c. In any range, the TOC removal got greater with time and molar
ratio increase.

The relationship between pH and oxidant dose is depicted in Fig. 7.4d. In actuality, the TOC
removal at any range was improved by the pH rise. The increase in
oxidant concentration decreased the TOC removal from 53% to 28% at acidic pH and from
76% to 98% at neutral pH. According to Fig. 4e, the molar ratio of K,S,0s/Fe?* had less of
an impact on TOC removal than pH did. The TOC removal increased with pH
increment from 37% to 79%, but it decreased with molar ratio increase from 79% to 72% at
a neutral pH.

The effect of K2S,0s amount and K;S,0gs/Fe?* ratio on TOC removal is shown in Fig. 7.4f.
At a concentration of 10 mM K3S,0s, the increment in K,S,0g/Fe?* enhanced the removal
of TOC from 61% to 67%. On the other hand, the TOC removal was reduced from 76% to
54% by the molar ratio increase at 30 mM of K»S20s.

7.6. The effect of the parameters involved in the photo-Fenton-like oxidation.

Reaction time had a varied impact on TC, TOC, and TN elimination. The rise in reaction
time improved the elimination of TOC as seen in Fig. 7.4. This is due to the fact that it takes
time for organic substances to fully oxidize. After that, at 106 min, the removal of TOC
started to decline. On the other hand, TC removal declined as reaction time rose.

In this study, the maximum TC and TN removal rates were obtained at a pH of 5.35 and
100% TOC removal at a pH of 7.7, respectively. Persulfates lower the pH throughout the
reaction and are less reliant on pH adjustment. Due to the enhanced solubility, this generates
the ideal operating conditions for Fe?* [9].

The K3S;0s amount and K;S,Os/Fe?* ratio substantially influenced TC and TOC
elimination, according to the ANOVA findings. Fig. 7.4f illustrates how increasing the
K2S20g concentration reduced the TC removal from 55% to 44% and from 46.1% to 46% at
different molar ratios. Thus, 10 mM K3S;0g and a 12.5 K»S,0s/Fe** ratio were the ideal
ratios for removing TC.

At a low molar ratio, TOC elimination increased with the rise in oxidant dosage from 61%

to 76.1%, while at a high molar ratio, it declined from 66.9% to 54%. The ideal K2S,0g
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concentration for TOC removal was 30 mM, and a molar ratio of 7.5 was used. This was
probably brought on by too many iron ions consuming sulfate radicals, which led to the
creation of ferric iron and sulfate ions (Eq. 7.7) [9].

SO; + Fe?* - S03™ + Fe3* (7.7)

7.7. Optimization and Validation

At the next stage, the RSM was used to predict the optimal removal conditions (Table 7.3).
Table 7.3. RSM-calculated ideal conditions and experimental confirmation for the

wastewater treatment.

) ) K2S20s, Molar ratio Removal, %
Target Time, min pH i Error
mM K2S:0s/Fe?* Actual Predicted
TC 60 3 10 12.5 52.78 84.24 31.46
TOC 106.06 7.7 30 75 100 100 0
TN 97.98 4.33 15.05 12.5 56.29 63.87 7.58

The optimal removal conditions were determined using the RSM. The optimal conditions
for 100% TOC removal, according to RSM, were a pH of 7.7, a time of 106 min, a oxidant
concentration of 30 mM, and a K2S,0s/Fe?* ratio of 7.5. These parameters were employed
for the trials, and Table 7.3 demonstrates that there is high agreement between the actual and
anticipated data for TOC removal. On the contrary hand, RSM miscalculated the ideal
circumstances for the elimination of TC and TN. This is due to the models for TC and TOC
not fitting the experimental data, where the R2-coefficients were less than 0.8.
lon chromatography was used to determine the amounts of formic and acetic acids.
Equations (7.8) and (7.9) were used to calculate the intermediate and the mineralized organic
carbon following the photochemical treatment:

OCintermediates = final(TOC — TOCtormic acia — TOCacetic acid) (7.8)

OCcp, = initialTOC — finalTOC (7.9)

The results of the quantification of the intermediates are summarized in Table S 7.4.
Complete mineralization was achieved in experiments using RSM optimization.
Furthermore, it is clear that the only acetic acid was present in the organic carbon after run
#17 (pH 7.7, 60 min, 20 mM K3S,0s, and KS,0s/Fe?* of 10). Even though run 17 did not
result in complete TOC mineralization, the time and resource economies may benefit from

these circumstances.
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Similarly, UV/K2S:08/ZV1 was utilized to treat synthetic and real municipal wastewater
using the continuous flow photochemical reactor. Table 7.4 displays the anticipated ideal

experimental settings for TOC elimination.

Table 7.4. RSM optimal conditions and experimental verification for UV/K2S,0g/ZV1

process.
PS/ZVI Removal, %
Municipal Space

) . PS, mM molar TOC CBz Error

wastewater  time, min )

ratio Actual Predicted  Actual

Synthetic 60 60 15 71.14 65 100 6.14
Real 50 50 15 60.48 65 100 4.52

For TOC removal, RSM predicted the following process variables: a space time of 60 min;
a PS content of 60 mM; and a PS/ZV I ratio of 15. The model projected a 65% TOC reduction
for the synthetic municipal wastewater under these processing parameters. In actuality, a
removal of TOC of 71.14% was accomplished. Next, using the RSM-derived parameters,
real wastewater was treated. By comparing them to the TOC of the real wastewater, the
space time and PS concentration parameters for the effective treatment of the synthetic
wastewater were recomputed. The following parameters were attained: a PS content of 60
mM, a PS to ZVI molar ratio of 15, and a space time of 60 min. The PS/ZV1 ratio remained
consistent since it was PS concentration-dependent. When compared to the synthetic
municipal wastewater, 60.48% less TOC was removed under these parameters. The fact that
real wastewater has a higher concentration of radical scavengers (TIC of 77.8 mg/L) than
model wastewater (TIC of 32.8 mg/L), which might reduce process efficiency, could be
the cause for this drop in TOC removal. Under these conditions, CBZ was entirely

eliminated from both synthetic and real wastewater.

7.8. Summary of the chapter

Response surface methodology has been used to optimize the wastewater treatment process.
The RSM found that the optimal parameters for the complete mineralization of TOC in a
batch photochemical reactor were a time of 106 min, a pH of 7.7, a K2S20g dosage of 30
mM, and a K,S,0s to Fe?* ratio of 7.5. However, the RSM model miscalculated the optimum
parameters for TC and TN elimination. The highest removal of TC (71.3%) has been
observed at K2S,0s dosage of 30 mM and K,S;0s to Fe?* ratio of 10 at pH 5.35 after 140
min. In case of TN, the highest TN elimination was obtained at K>S>Og dosage of 10 mM
and K2S;0s to Fe?* ratio of 12.5 at pH 5.35 after 100 min. Using ANOVA, the crucial
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elements of the photochemical process have been determined. All relevant factors and
interactions between time, pH, and K2S,0g had an impact on TOC removal. These results
were published in Catalysts in publication titled “Photo-Fenton-like treatment of municipal
wastewater”.

The application of continuous flow UV/K2S20s/ZV1 process was conducted for synthetic
and real municipal wastewater for the first time. The study utilized RSM to examine the
effects of various process factors, including space time, K»S,O8 concentration, and
K2S208/ZV1 molar ratio, on the reduction of TOC. Synthetic municipal wastewater was
initially used for the experiments, and a model was created using RSM based on the collected
data. Carbamazepine was also added to both synthetic and actual municipal wastewater to
observe its fate during treatment with the UV/K2S20s/ZV1 system. The results showed that
in synthetic wastewater, a 71% reduction in TOC and complete elimination of
carbamazepine were achieved. In actual municipal wastewater, a space time of 50 minutes,
a K2S20g concentration of 50 mM, and a K2S20g/ZV1 ratio of 15 resulted in a 60% reduction
in TOC and complete elimination of carbamazepine. The difference in TOC removal
between the two types of wastewaters may be attributed to the complex composition of real
wastewater and the presence of radical-reducing agents. These results were published in
Catalysts in publication titled “UV and zero-valent iron (ZVI) activated continuous flow

persulfate oxidation of municipal wastewater”.
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CHAPTER 8: PHOTOCHEMICAL TREATMENT OF LANDFILL LEACHATE

8.1. Introduction

The production of landfill leachate, a liquid that results from the decomposition of solid
waste, and its infiltration with water to aquatic environment or other exposed-to-
environment sites are two of the primary concerns created by urban waste. Dissolved
organics and inorganics, heavy metals, and ammonia make up the majority of transferred
contaminants [169]. Moreover, it has been documented that the wastewaters contain
emerging contaminants such sulfamethoxazole [59].

Ecosystems are put in danger when landfill leachate is released into the environment
untreated [169]. The COD of an actual landfill leachate might vary between 100 mg/L for a
more than ten-year-old leachate to over 70000 mg/L for a young leachate according to the
literature [257]. Old dumpsites (Marseille, France) have a TN content of 5 mg/L, but new
landfill sites (Jiangsu, China) have a TN content of 13000 mg/L [257]. For aquatic species
and microbes involved in biological wastewater treatment, NH3-N concentrations more than
100 mg/L have been observed to be hazardous [258]. Upon reaching biological treatment
centers, the actual landfill leachate must get appropriate pretreatment.

Sulfate radical-based AOPs (SR-AOPs), which may break down organic compounds in
landfill leachate by using active species like sulfate (SO4™) and hydroxyl (HO") radicals,
have recently attracted a lot of attention [7,8]. Sulfate radicals are produced by persulfate
(PS) and peroxomonosulfate (PMS). Given their reliability, affordability, and comparatively
low reaction conditions, PS and PMS are often favored over H.O; [7,8]. Sulfate radical has a
typical redox potential between 2.5 and 3.1V [142].

Ishak et al. examined the two SR-AOPs while treating pre-treated leachate under the
identical circumstances and found that PS and PMS under UV light, respectively, removed
63.0% and 60.4% of COD from the sample [259]. Heat, ultrasonic (US), microwaves, UV
rays, pH, or transition metals can all be used to initiate sulfate radical production [160].
Because to its accessibility and thermodynamic stability, goethite was also used to activate
PS[9]. Eq-s 8.1, 8.2, and 8.3 [160] depict the processes that happen in the photo-Fenton-like

oxidation:
5,02~ 3 2505 (8.1)
Fe3* + H,0 5 Fe?* + HO" + H (8.2)
S,0%™ +Fe?* i SO, + S0%™ + Fe3* (8.3)

Goethite is also reported to be the most thermodynamically stable iron oxide mineral.
Because of its large surface area and abundance in nature, goethite is seen to be a potential
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substitute for present persulfate activators [260]. The continued development of affordable,
environmentally acceptable technology for the leachate and wastewater treatment can be

made feasible by the cheap price of goethite.

8.2. Focus of the chapter

In this investigation, UV light, PS, and goethite are used to remediate both synthetic and
actual landfill leachate. The sulfonamide antibiotic sulfamethoxazole was spiked into the
landfill leachates. Sulfamethoxazole has previously been detected in landfill leachate and
municipal wastewater [261]. In this study, it was employed as the target emerging pollutant
to examine its fate after the application of the photo-Fenton-like oxidation to treat a landfill
leachate. Using the RSM together with the Plackett-Burman and Box-Behnken designs,
evaluation and improvement of the photochemical treatment was carried out. There are
currently no published works utilizing UV and goethite to remediate landfill leachate and

activate PS.

8.3. Characterization of the catalyst

XRD, nitrogen porosimetry, and SEM-EDS were used to characterize the structural
properties of goethite (Fig. 8.1). The goethite XRD spectrum is shown in Fig. 8.1a, along
with the acquired diffraction peaks that match those mentioned in the literature (JCPDS No.
29-0713). Strong intensity and a small half-peak breadth on the diffraction peaks
demonstrated the stability of the crystal structure. The XRD investigation revealed no
additional phases.

The adsorption-desorption isotherm of goethite, which is shown in Fig. 8.1b, may be
categorized as a type 1V with H3 hysteresis loops. This suggests the presence of mesoporous
materials [262]. The detailed results of the nitrogen porosimeter is presented in Table S 8.1.
The BET surface area (Sget) was 11.4 m?/g. The pore volume was determined to be 0.044
cm®/g. The material's ability for catalysis increases as surface area increases because more
active surfaces are exposed. In the literature, goethite's Sget varies; for instance, Ding et al.
(2020) employed goethite with a specific surface area of 68.2 m?/g to activate PS in the
breakdown of bisphenol A [262]. Goethite was produced by Hadi et al. (2020) by modifying
iron (11) sulfate heprahydrate. The goethite that was created had a 3.49 m?/g specific surface
area and was employed in a heterogeneous Fenton-like system for the breakdown of 4-
chlorophenol [263].
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In Fig. 8.1c—d, the SEM—EDS evaluation is displayed. Goethite was made up of needle-
shaped particles with sizes ranging from 50 nm to 500 nm in width and 200 nm to 1.5 m in

length. EDS was used to calculate the elemental analysis of goethite.
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Fig. 8.1. Goethite characterization: a) X-ray diffraction; b) Nitrogen porosimetry; c) SEM;
d) EDS.

The distribution of goethite's particle size followed a unimodal curve (Fig. S8.1). 10% of the
goethite particles are 0.39 um in size or smaller, 90% of the particles had a diameter less
than 3.47 pm. The median size of goethite particles is 1.06 um. While the volume average

diameter was discovered to be 1.68 pm, the Sauter mean diameter was determined to be
0.83 um.

8.4. Plackett-Burman design (PBD)

In the preliminary experiment, the elimination of TOC and sulfamethoxazole (SMX) in the
synthetic landfill leachate samples upon exposure to UV radiation served as a measure of
the efficiency of the treatment. To determine the experimental range for the factorial
experiments, four synthetic landfill leachate experiments were conducted with PS
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concentrations from 50 to 750 mM prior to the design experiments. The outcomes were

included in the supporting information as Fig. S8.2. This graph shows that the TOC removal

increased as the PS concentration was raised from 50 mM to 450 mM, but did not rise further

when the PS concentration was raised to 750 mM.

PBD is utilized to filter the processes' influencing components. Also, this design offers

details on potential ideal experimental circumstances. The PBD experimental matrix and the

experiment's findings are displayed in Table 8.1. 95% two sided confidence intervals were

presented in Table S8.2.

Table 8.1. Screening experiments with PBD.

Experimental variables

Removals, %

RUn ps  Time Goethite . Real Expected i
UV light
(mM)  (h) (9/L) TOC SMX TOC SMX Starting Final
X1 X2 X3 X4

1 450 3 05 Off 036 100 582 9176 580 565
2 450 3 0.5 On 63.1 100 4312 100  6.00  1.64
3 150 3 2.5 On 4373 100 4187 9815 590  3.87
4 150 1 0.5 On 3239 100 3296 100 614  2.09
5 150 1 25 Off 195 8967 0 8856 600 562
6 450 1 0.5 On 205 100 3395 100 590 570
7 150 3 0.5 Off 0 100 483 9464 572 569
8 450 1 25 On 3321 100 3369 9552 614  2.09
9 150 1 0.5 Off 0 8945 0 9489 58 573
10 150 3 25 On 3452 100 4187 9815 572 472
11 450 1 25 Off 0 921 0 868 590 573
12 450 3 25 Off 136 6973 556 8543 58 472

Eq. 8.4 present the PBD model (in coded units) for TOC removal that was acquired from

Design-Expert software:
TOC removal (%) =

19.26 + 0.495*X1 + 4.585* X2 — 0.132* X3 + 18.648* X4

(8.4)

where X1, X2, X3, and X4 stand for, respectively, reaction time, PS content, goethite dosage,

and UV switch (On/Off). Confidence intervals for the screening model coefficients were

provided in Table S8.3.

ANOVA was used to evaluate how suitable the models were. Significant metrics, including

regression coefficients (R?), F- and p-values, were identified throughout this analysis. The

outcomes of the ANOVA are reported in Table 8.2.
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Table 8.2. ANOVA test for the different PBD models.

Response Source Sum of Degrees of Mean F- P-value
squares freedom square value
TOC Model 4428.54 4 1107.13 9.89 0.0052
removal .
Residual 783.69 7 111.96
Lack of fit 741.28 6 123.55 291 0.4207
Pure error 42.41 1 42.41
Adequate precision =
6.9869
SMX Model 435.69 4 108.92 1.62 0.2705
degradation .
Residual 470.43 7 67.20
Lack of fit 470.43 6 78.40
Pure error 0.0000 1 0.0000

Adequate precision =
3.6466

Regression coefficient values around one demonstrate the strong model validity. The
elimination of TOC and sulfamethoxazole had R? values of 0.8496 and 0.4808, respectively.
An F-value of 9.89 and a p-value of 0.0052 were determined to the TOC removal model.
Models and model terms are regarded as “trusted” when the p-value <0.05, whereas models
with p-values >0.05 are regarded as non-significant [22]. As a result, the synthetic landfill
leachate treatment might be optimized further using the PBD model of TOC removal.
Sulfamethoxazole degradation model's p-value, on the other hand, was 0.2705. Moreover,
pred-negative R?'s value suggested that the aggregate mean of the answers could be able to
provide predictions that were more accurate than that model. The sulfamethoxazole
degradation could not, therefore, be further optimized using the model.

Fig. S8.3 indicates a strong connection between the actual and anticipated values. Fig. S8.4
shows the normal probability vs residuals for TOC removal where a straight-line trend can
be seen that the normal probability distribution is followed by the PBD model for TOC
removal.

The contour plots were generated to illustrate the findings of the Plackett-Burman design
(Fig. S8.5). It is clear that under "dark" conditions (without UV), sulfamethoxazole virtually
completely degraded. Dark trials did not, however, result in a considerable elimination of
TOC. At best, just 2% of TOC was eliminated in the absence of light after 1 hour with PS of
150 mM and goethite of 2.5 g/L. According to these findings, goethite was unable to activate
PS and cause the production of sulfate radicals. The conversion of Fe3* into Fe?* required an

111



extra chemical or energy source, which sped up the production of sulfate radicals [231].
UVA is hence a crucial factor that is required for the oxidation of TOC.
With regard to other variables, it is evident that the TOC removal increased as the PS
concentration and reaction duration rose. In contrast, the rise in goethite content resulted in
decreased TOC removals, which, in accordance with Eq. 8.5, might be explained by the extra
Fe?* consuming sulfate radicals [264]:

SO;™ + Fe?* — S0%™ + Fe3* (8.5)
The color of the goethite solution may also be the cause of this. The solution became more
turbid as the goethite concentration rose. The procedure became less successful as a result
of the reduction of UVA radiation delivery.
Overall, it was determined to conduct the trials under UVA with an extended irradiation
time, raise the PS concentration, and lower the goethite dosage.

8.5.  Box-Behnken design (BBD) with RSM

Table 8.3 displays 15 studies' BBD settings, including various factors, actual response
values, and expected response values. 95% two sided confidence intervals were presented
in Table S8.4.

112



Table 8.3. The synthetic landfill leachate treatment experiments using BBD

Experimental variables

Removals, %

H

Run ps (mM)  Time () Goethite Real Expected P
@/L) TOC  SMX TOC  SMX Starting Final

X1 Xz X3

1 200 3 1 50.39 100 5170 9833 608  3.23
2 400 9 05 68.60 100 6795 9917 637 147
3 200 6 15 56.41 100 5446 100 616 179
4 200 6 0.5 62.78 100 6193 100 651 178
5 600 6 15 70.64 100 7149 9917 685 151
6 200 9 1 47.69 100 4918 100 587 170
7 400 3 15 53.99 100 5464 100 612 275
8 600 9 1 7587 9333 7456 9500 599 131
9 600 6 0.5 67.85 100 69.80 9917 593 151
10 400 3 0.5 72.97 100 7251 100 595 162
11 400 9 15 79.57 100 8003 9917 587 151
12 400 6 1 78.39 100 7579 100 607 275
13 600 3 1 52.70 100 5121 100 607 275
14 400 6 1 71.97 100 7579 100 597 156
15 400 6 1 77.01 100 7579 100 578 152

Figs. 8.2 and 8.3 illustrate how accurately the BBD models predicted TOC removal. As

shown in Fig. 8.2, the BBD model for TOC elimination matched the normal probability

distribution. The BBD model's calculated values also clearly match the experimentally

measured values, as shown by Fig. 8.3. The BBD model for sulfamethoxazole degradation

was inadequately created because almost all runs led to the complete destruction of the

pollutant.
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ANOVA, results of which is shown in Table 8.4, was used to evaluate the BBD model's

quality of fit.
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Table 8.4. ANOVA test for the different BBD models.

Response Source Sum of Degrees of Mean F- P-value
squares freedom square value
TOC Model 1632.34 9 181.37 22.19  0.0016
removal .
Residual 40.86 5 8.17
Lack of fit 18.17 3 6.06 0.5341  0.7034
Pure error 22.69 2 11.34
Adequate precision =
13.2173
SMX Model 30.40 9 3.38 1.52 0.336
degradation .
Residual 11.12 5 2.22
Lack of fit 11.12 3 3.71
Pure error 0.00 2 0.00

Adequate precision =
4.7926

Xa, X1, X2X1, Xo2Xa, X22, and X12 are significant model variables in the ANOVA for the
response surface model. The regression coefficient for TOC removal model was 0.9755,
indicating a good approximation. Furthermore, the F-value of 22.13 and the p-value of
0.0016 suggested that the model was significant. The lack of fit of the model with a p-value
of 0.7049 was not significant. Nevertheless, because the p-value for the sulfamethoxazole
degradation BBD model was more than 0.05, it was not significant.
Eqg. 8.6 show the BBD models (in coded units) for TOC removal produced using the Design-
Expert program.

TOC removal (%) =  75.789 + 6.224* X1 + 5.21*X+6.467* X1 X2 + (8.6)

7.488*X2X3 - 11.744%X4? - 7.382*X2?

where X1, X2, and X3 stand for, respectively, PS content, time and goethite dosage.
To illustrate the important variables and their interactions in the BBD model for TOC
removal, a Pareto graph was created (Fig. S8.6). According to this graph, important model
parameters are Xi, Xz, X1Xz2, X2Xs, X12, and Xz2. Confidence intervals for the BBD model
coefficients were provided in Table S8.5. Overall, the landfill leachate treatment was
properly represented by the model for TOC removal, which was then utilized to further

optimize the method.

8.6. 3D plots for the BBD-RSM model
Due to the non-significant results of the BBD model for sulfamethoxazole degradation,

only the TOC removal surface plots are shown in Fig. 8.4.
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Fig. 8.4a demonstrates that the removal of TOC did not change much with an increase in the
amount of time at PS content of 200 mM (around 50%). On the other hand, at
PS concentration of 600 mM, the TOC removal rose dramatically with time increasing from
53% to 76%. After 6 hours, the 400 mM PS concentration achieved a better TOC removal
(78%) than with the 600 mM PS concentration. This may be explained by the fact that an
increase in PS concentration causes the pH to fall even more, favoring the creation of
Fe(H20)?*, which in turn reduces the production of ferrous iron [158].
Moreover, an overabundance of PS may cause the production of PS radicals rather than the
weaker sulfate radicals, which would cause the scavenging of sulfate radicals to occur (Eq.
8.7 and 8.8) [263]:
S0,” + S0;™ — S,03” (8.7)

SO, + 5,02~ - S03™ + S,05” (8.8)
The correlation between goethite dosage and PS contents is seen in Fig. 8.4b. The
improvement in TOC removal caused by the increase in PS concentration was from 56% to
70% and from 63% to 68% for goethite dosages of 0.5 g/L and 1.5 g/L, respectively.
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The effects of time and goethite content are depicted in Fig. 8.4c. The TOC removal was
enhanced from 54% to 80% as the period extended from 3 to 9 hours at a goethite dosage of
1.5 g/L. On the other hand, the removal of TOC was reduced with an increment in time at
goethite dosage of 0.5 g/L, going from 73% to 68.6%. With PS and goethite dosages of 400
mM and 1.5 g/L, respectively, the maximum removal of TOC (79.6%) was obtained after 9
hours.

High amounts of sodium, potassium, magnesium, calcium, chlorine, and sulfate ions were
found in the actual landfill leachate, according to an IC study. Several of these ions'
scavenging properties have been documented in the past. For instance, calcium interacts with
hydroxyl radicals and might lower the process's effectiveness [265]. According to Van et al.,
adding chlorine ions to the H.O,/Fe?* treatment caused the elimination of paracetamol to
drop from 49% to 38% [266]. Halide ions like chlorine and bromine may also generate
hazardous oxyanions like chlorates and bromate in addition to scavenging hydroxyl and
sulfate radicals [7].

Heavy metals' Fe level was found to be 7.57 mg/L, which remains inadequate for high-
strength wastewater to undergo Fenton oxidation [265]. The other examined heavy

metals were all found at values lower than 1 mg/L with the exception of Zn (4.75 mg/L).

8.7. Experiments on optimization and air stripping
The photo-Fenton-like oxidation of the synthetic landfill leachate and actual landfill leachate
was statistically optimized using RSM. Table 8.5 displays the outcomes of the optimization

tests.

Table 8.5. Optimum experimental conditions derived from the RSM model.

Run  Landfill Experiments TOC removal (%) SMX COD
leachate degradation  removal
Real  Expected A (%) (%)
1 Synthetic 477.4 mM PS, 755 81.79 84.38 -2.59 100 89.12
mg/L Goethite under
UV for 5.33 h
2 Actual 419.3 mM PS, 663 86.96 84.38 2.58 100 91.16
mg/L Goethite under
UV for 4.68 h

Based on the model, it was expected that under the circumstances 84.38% elimination of
TOC would be accomplished, as seen in Fig. 8.5. The actual TOC elimination was 81.79%,

or almost exactly what the model predicted it would be.
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Fig. 8.5. The optimum area for the synthetic landfill leachate treatment.

The correctness of the model was then checked using the actual landfill leachate. This is a
vital stage because it determines if actual leachate can be successfully treated using the
outcomes and circumstances found while treating the synthetic landfill leachate. By
connecting the parameter values to TOC, the PS and goethite contents were recomputed for
this purpose as 419.3 mM and 663 mg/L, respectively. In the instance of the actual landfill
leachate, 86.96% elimination of TOC and complete degradation of sulfamethoxazole were
attained, as shown in Table 10. The choice of sulfamethoxazole as a model of emerging
contaminants in this work showed that, given the ideal conditions predicted by RSM,
additional antibiotics with a similar structure may also be totally eliminated.

Another crucial element in the treatment of wastewater is the COD/TOC ratio, which can
reveal further details on the decomposition of contaminants. The presence of molecules with
complicated structures is indicated by a significant COD to TOC ratio [97]. In contrast to
aromatic alcohols like benzyl alcohol, which possess a COD/TOC ratio of 3.54 [97,267],
formic acid and acetic acid have COD/TOC ratios of 1.30 and 2.67, respectively. According
to Ziyang et al.'s study of actual landfill leachates from China, the COD/TOC ratios for
fresh landfill leachate (2 to 4 years) ranged from 1.83 to 2.50, for landfill leachate at a
transitionary period (5 to 7 years), from 2.42 to 5.92, and for old landfill leachate (8 years or
above) ranged from 2.57 to 10 [268]. For landfill leachate samples with young (under 5
years), medium (between 5 and 10 years), and mature (over 10 years) ages, COD to TOC

ratios of 2.3, 3.3, and 1.6, respectively, were reported [269]. Volatile fatty acids were found
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in large concentrations in the medium landfill leachate but not in the mature landfill
leachate [269]. Humic compounds including humic acids and fulvic acids are also present in
the organic portion of landfill leachates [270].

The COD to TOC ratio of the actual landfill leachate in this investigation started off at 3.56
and then dropped to 1.96; the latter figure is typical for short-chain carboxylic acids. This
change demonstrated the breakdown of complex chemicals found in the actual landfill
leachate into simpler molecules. As seen in Fig. S8.7, during the photodegradation of the
actual landfill leachate, pH dropped from 6 to 1.84 at the conclusion of the experiment. In
general, the photochemical elimination of humic compounds is favored by the low pH [271].
For instance, Jiang et al. [271] used an Electro/UV/ZVI/PS process at pH 3 to virtually
completely remove fulvic and humic acids from the landfill leachate.

The current study employed goethite and UV A irradiation to create reactive sulfate radicals.
Several SR-AOPs have so far been used in the literature for the landfill leachate treatment.
For instance, Yang et al. treated old landfill leachate with a TOC of 1433 mg/L using a
US/PS system and obtained 77.3% TOC elimination following 147.6 min [272]. When
Antony et al. treated the stabilized landfill leachate with a Al° mixed with PS and H202, they
were able to remove 83.5% of the TOC at pH 1.5 after 20 minutes [273]. Nevertheless, a
large quantity of the Al was needed, which is far more costly than Fe catalysts.

In a different study, iron containing (72%) converter sludge from the steel plant was
employed to activate PS, and after 60 minutes, 48% of COD was removed at pH 2 [274].
Interestingly, after 24 hours, Kattel and Dulova only removed 30% of COD at pH 3 using
ferrous iron as the only activator for PS [275]. In the current study, after an hour without
irradiation, just 2% of TOC was eliminated utilizing the PS/Goethite method. Therefore, UV
light must be present because it reduces ferric iron to ferrous iron and the latter is responsible
for generation of sulfate radicals.

In this study, the application of UV/PS/Goethite for the actual landfill leachate treatment led
to the elimination of 91.2% of COD and 87% of TOC. Fig. 8.6 illustrates the proposed
process of TOC elimination by the UV/PS/Goethite.
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Fe3* may be converted to Fe?* by UVA radiation, which then interacts with the persulfate
ion to create sulfate radicals by direct transfer of electrons [9,231]. Furthermore, persulfate
can potentially be activated by UVA. Sulfate radicals formed in aquatic environments create
hydroxyl radicals at a circumneutral pH [9]. As a result, sulfate and hydroxyl radicals are
used to degrade organic material as part of the landfill leachate treatment process [9,231].
Furthermore, a separate experiment was carried out under ideal circumstances excluding
goethite from the process which led to a 52.7% TOC elimination from the actual landfill
leachate. This shows how crucial goethite is to the landfill leachate treatment process.

It has been proven in the past that inorganic nitrogen elements like ammonium and nitrate
ions are the main cytotoxic chemicals in wastewaters. Moreover, most bacteria will
experience irreversible cell damage after being subjected to ammonia nitrogen levels that
exceed 500 mg/L over 30 minutes [276]. The actual landfill leachate had a TN of 2300 mg/L
and a concentration of ammonium nitrogen of 1644 mg/L. The substantial levels of
ammonium nitrogen in this leachate from an actual landfill might also be cytotoxic. The
electrochemical process, adsorption, filtering, and air stripping are generally effective
methods to successfully remove any remaining ammonium nitrogen from the wastewater
[257,277]. The optimum experiment with the actual landfill leachate was thus followed by
air stripping at pH 11 to lower the levels of dangerous NHs-N and volatile organic chemicals
(Fig. 8.7). The selection of pH was made in light of the effective removal of ammonia
nitrogen from actual landfill leachate in a prior study [277], which investigated the effects

of different pH on the elimination of ammonia.
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Most nitrogen species occur in ammonium form at pH levels below 8, whereas they usually
exist in ammonia form at pH levels above 10, where they may be removed from solutions

by air stripping.
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Fig. 8.7. The elimination of ammonium nitrogen from of the actual landfill leachate after

the UV/PS/Goethite treatment using air stripping at pH 11 for 3 h.

Over the initial 30 minutes, 77% of NH4-N was eliminated from the actual landfill leachate
effluent after the photochemical treatment, while total elimination was obtained after three
hours. In a related investigation, the actual landfill leachate had 94% NH4-N removal after
one day of air stripping at pH 12 [277]. AOPs are often ineffective at removing nitrogen
species, and the majority of studies did not mention the elimination of NHs-N. For instance,
a UV/PS/Fe** system was employed for the photochemical treatment of the landfill
leachate and the authors were able to remove 25.6% of NHs-N and 80.8% of COD [265]. In
contrast, Ghanbari et al. reported removing 72% of NH4* and 77.9% of COD after activating
PMS with CuFe204 and UV light [278]. It should be emphasized, too, that using Cu?* is less

cost-effective than using Fe?* [265].

8.8. Summary of the chapter

In this study, both synthetic and actual landfill leachates underwent photochemical treatment
using SR-AOPs. Dark experiments with goethite and PS only removed 2% of TOC after an
hour, indicating that the introduction of UV light was necessary for significant
decomposition of TOC. In order to achieve significant TOC removal, UV radiation was used
in Box-Behnken design studies. ANOVA statistical study revealed that the TOC removal
was significantly influenced by the time, PS content, time and PS interaction, and time and
goethite concentration interaction.
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Using the RSM, the optimal parameters for optimizing the TOC elimination in the instance
of synthetic landfill leachate were calculated as following: 477.4 mM PS and 755 mg/L
Goethite under UV for 5.33 h. Under these circumstances, the actual TOC, COD, and
sulfamethoxazole reductions were 81.8%, 89.1%, and 100%, respectively. Finally, using the
TOC of the actual landfill leachate, the optimal process parameters for the photochemical
treatment were recomputed. With 419.3 mM PS and 663 mg/L goethite under UV for 4.68
h, the TOC and COD removals, and sulfamethoxazole degradation efficiencies for the actual
landfill leachate were 87%, 91.2%, and 100%, respectively. After that, NH4-N, which
presents a significant harm to the environment, was completely eliminated using air stripping
for 3 hours at pH 11. The acquired results showed that the UV/PS/Goethite treatment is a
prospective method for removing the organic contaminants from the actual landfill leachate,
and further study may be focused on examining its effectiveness against highly
contaminated wastewater on a larger scale. The study's findings were reported in Chemical
Engineering Journal Advances in a paper titled “UVA and goethite activated persulfate

oxidation of landfill leachate”.
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CHAPTER 9: CONCLUSIONS AND FUTURE WORK
The contamination of water resources with harmful organic and inorganic substances is a
significant problem that requires efficient treatment methods. In recent years, there has been
a growing focus on emerging pollutants, as they have been found to have detrimental effects
on the environment. This chapter provides a summary of the findings from the PhD thesis
and suggests potential areas for future research.

9.1. Conclusions

The biodegradability and inhibitory properties of three common commercial medications in
wastewater effluents has been investigated. The study found that activated sludge treatment
was effective in removing caffeine and ibuprofen, but not metronidazole. The presence of
these contaminants also affected the removal of TC and TN. The study also showed that the
use of advanced oxidation processes (UV/K2S20g) was effective in removing metronidazole
from the effluents. However, more research is needed to fully understand the mechanisms
of removal. Overall, the study demonstrated that AOPs can be used to treat biological
treatment effluents, but the presence of emerging contaminants can hinder the removal of
organic matter and nutrients.

Different treatment methods were used to treat synthetic wastewater with and without
emerging contaminants. The SBR showed good removal efficiency for TOC and TN, with
no significant impact from the emerging contaminants (naproxen, bisphenol A and
sulfamethoxazole) at a concentration of 3 mg/L. The SBR was also able to partially remove
some emerging contaminants, with bisphenol A showing the highest removal rate.
Membrane filtration methods were also effective in removing emerging contaminants, with
the 10 nm track-etch membrane showing the highest removal rate for bisphenol A. All
membranes showed some degree of pore blockage and reduced water flux. AOPs were used
after SBR and membrane filtration. The use of UV/K2S,0g/ZV1 for the membrane filtration
effluents resulted in complete degradation of BPA, NPX, and SMX within 30 minutes.
Overall, the combination of SBR, membrane filtration, and AOPs proved to be effective in
removing both organic matter and emerging contaminants from wastewater.

The treatment of poultry slaughterhouse wastewater using different photochemical methods
has been studied. The goal was to find the most effective AOPs system for removing organic
carbon from the complex wastewater. UV photolysis showed minimal TOC removal, while
UV/TIiO2 removed 44% of TOC after 60 minutes. Applying the H.O> concentration of 98
mM in the UV/H20, system resulted in 74% TOC removal. However, increasing iron

concentrations did not improve the effectiveness of the process. The UV/K2S,0g system
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showed the highest TOC removal rate of 85% after 150 minutes, with an Eeo value of 226
kwh/m3/order. The effluent quality met legal disposal limits in the US, Australia, and
Europe, making it a potential solution for wastewater treatment and recycling.

Response surface methodology to optimize municipal wastewater treatment using the
UV/K2S,0s/Fe?* process. The optimal parameters for complete mineralization of TOC were
determined to be a time of 106 minutes, a pH of 7.7, a K2S20g dosage of 30 mM, and a
K2S,0s to Fe?* ratio of 7.5. However, the RSM model did not accurately calculate the
optimum parameters for TC and TN elimination. The highest TC removal (71.3%) was
observed at a K»2S,0g dosage of 30 mM and K>S,0g to Fe?* ratio of 10 at pH 5.35 after 140
minutes. The highest TN elimination was obtained at a K2S>Og dosage of 10 mM and K>S,0s
to Fe?* ratio of 12.5 at pH 5.35 after 100 minutes. Using ANOVA, the crucial elements of
the photochemical process were determined to be time, pH, and K2S,0g concentration. The
study also utilized RSM to examine the effects of process factors on TOC reduction in a
continuous flow UV/K2S,0g/ZV1 system. Synthetic and real municipal wastewater were
used in the experiments, and a model was created based on the collected experimental data.
Carbamazepine was added to both types of wastewaters to observe its fate during treatment
with the UV/K2S20s/ZV1 system. The results showed a 71% reduction in TOC and complete
elimination of carbamazepine in synthetic wastewater, and a 60% reduction in TOC and
complete elimination of carbamazepine in actual municipal wastewater using specific
parameters.

Another study was conducted focusing on the use of photochemical treatment of both
synthetic and actual landfill leachates. The addition of UV light was found to be necessary
for significant decomposition of TOC, as shown in dark experiments with goethite and
persulfate. Using Box-Behnken design studies and ANOVA statistical analysis, the optimal
parameters for TOC removal were determined to be a persulfate content of 477.4 mM and
goethite concentration of 755 mg/L under UV for 5.33 hours. This resulted in significant
reductions in TOC, COD, and sulfamethoxazole levels. Similar results were obtained for
actual landfill leachate, with optimal parameters of 419.3 mM persulfate and 663 mg/L
goethite under UV for 4.68 hours, resulting in high removal rates for TOC, COD, and
sulfamethoxazole. Additionally, air stripping at pH 11 was able to completely eliminate
NH4-N, a harmful contaminant. Overall, the study showed that the UV/PS/goethite treatment
is a promising method for removing organic contaminants from landfill leachate, with
potential for further examination on a larger scale.

In conclusion, the comprehensive studies carried out in this thesis provide important insights

into the treatment of wastewater containing emerging pollutants, the effective approach of
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using integrated membrane bioreactor and advanced oxidation processes have been

proposed.

9.2. Future work

The study's outcomes present several potential avenues for future research:

The efficiency of the membrane bioreactor could be enhanced by modifying the
surface of the membrane and could be used for selective removal of the emerging
pollutants. More research needs to be done with the initial material of the membrane
which directly impacts the membrane performance and fouling;

From the literature survey, it is clear that most of the research were done using model
or synthetic solutions omitting the impact from the wastewater matrix. Further
exploration and understanding of mechanisms in AOPs with the authentic
wastewater need to be conducted. Expansion of research into diverse types of
contaminants and their behavior in different treatment processes is needed;

In the current studies, the activation of persulfate or hydrogen peroxide were
conducted with iron-containing materials and UV light. Another interesting option
could be using semiconductors doped with transition metals under visible or solar
light which may increase the economic attractiveness of the process;

As the emerging pollutants and their by-products pose environmental and public
health risks, they should be completely mineralized to avoid this risk. The use of
AOPs for the pre-treatment of the high strength wastewaters to increase their
biodegradability and lower their toxicity should be considered;

In the research, modelling the wastewater treatment process with RSM showed high
accuracy in case of AOPs. The same approach could be used for biological treatment
and membrane filtration processes.

Continuous flow UV/KS>0g process and compliance with legal discharge
requirements should be further tested as this process showed high efficiency with the
wastewater of complicated matrix in the lab scale. Dynamic RSM could be applied

for continuous optimization of the process.
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APPENDICES

Table S6.1. The description of FTIR spectra of the poultry wastewater.

Wavelength (cm™) Vibration Functional group or component
3343 O-H stretching  Bonded and non-bonded hydroxyl groups and water
=C-H stretching  Alkyne group
2337 C-N Cyanides (nitriles), cyanates, isocyanates, thiocyanates, and diazo
compounds
1636 C=C stretching  Alkene and aromatic ring
C=0 stretching  Carboxylate and amide |
O-H bending Absorbed water
N-H bending Amines
497 C-Br Bromide
C-l Chloride
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Table S6.2. Comparison of different AOPs applied for slaughterhouse wastewater

treatment
Type of wastewater Technology Experimental Removal rate, % Ref.
conditions
Slaughterhouse wastewater UVa2s4 nm/H20: Flow rate =75 ml/min, TOC (99.89%) [243]
[TOC =50 mg/L] continuous H,0, =500 mg/L, pH 7
photoreactor with
recycle
Slaughterhouse wastewater UV2s4 nm/H20: Flow rate =15.2 ml/min, TOC (81%) [226]
[TOC =23.9 mg/L] continuous H.0O, = 861.5 mg/L, pH
photoreactor with 6.9
recycle
Slaughterhouse wastewater ~ Solar photo-Fenton  H,O, = 200 mg/L, Fe?* = COD (92%) [244]
after anaerobic digestion 55.8 mg/L, pH 3
[COD = 1159 mg/L]
Slaughterhouse wastewater uv- H>0, = 450 mg/L, TOC (45.7%) [245]
[TOC =213 mg/L] C/H,0,/Vacuum irradiation time = 9 min,
UV process treatment time 2.4 h, pH
6.0-7.1
Poultry slaughterhouse Electro-Fenton Iron electrodes, pH COD (92.37%) [22]
wastewater [COD = 2932 process 4.38,current density 74.1
mg/L] mA/cm?, molar ratio
(HzOz/Fez+) 3.7, H,0, to
wastewater ratio 1.6
mL/L, treatment time
55.6 min
Slaughterhouse wastewater Electrochemical Ti/Pt anode, TOC (88%), COD [246]
[TOC =4429 - 10250 oxidation interelectrode gap 3 mm, (92.2%)
mg/L, Total COD = 17626 — 0.025M NacCl, current
23268 mg/L] density 4.73 mA/cm?,
treatment time 4 h, pH 7
Poultry slaughterhouse UV 254 nm /K2S208 K2S;,05 = 15 mM TOC (85%) Current
wastewater [TC = 115.6 work
mg/L, TOC = 68.66 mg/L]
Poultry slaughterhouse UV2s4 nm / H202 H,0, = 98 mM, Fe?* = TOC (82.5%) Current
wastewater [TC = 115.6 20 mg/L, pH 3.3 work

mg/L, TOC =68.66 mg/L]
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Table S6.3. Comparison of energy per order (Eeo) values of persulfate based AOPs.

Type of wastewater Method Energy per order, Ref.
kWh/m3/order

0.03 mM chloramphenicol solution UV254 nm/Na2S20g [1 mM] 16.76 [247]

1.5 },lM ICH,CO,H (iodinated UV 254 nm/N&zSzOg [60 MM] 0.39 [248]

disinfection by-product) solution

0.515 mM dimethylphthalate solution UV2s537 nm/K2S208 [30 mM] 1.79 [249]

10 mg/L ciprofloxacin solution UV254 nm/Na2S20g [3.84 g/L] 0.653 [250]

1.5 uM florfenicol solution UV 254 nm/NazS20g [2 mM] 415.58 [253]

10 uM of phenacetin and LED-UV365 nm/ Na2S>0s 0.589 [254]

acetaminophen, 10 mM sodium [2 mM]

dihydrogen phosphate dihydrate

solution

40 mg/L metronidazole solution UV/Na,S20s[1 g/L] 3.49 [223]

Decolorization of 20 mg/L C.I. Basic UV 254 im/K2S205 [5 mM] 4.23 [251]

Yellow 2 solution

3.5 uM tris(2- chloroethyl) phosphate UV2s4 nm/Na2S20g [175 pM] 0.0290 [252]

solution

Poultry SWW [TC = 115.6 mg/L, UV 254 nm /K25208 [15 mM] 226 Current

TOC = 68.66 mg/L] work

Poultry SWW [TC = 115.6 mg/L, UVa2s4 nm /K2S,05 [15 mM] /Fe?* [20 325 Current

TOC =68.66 mg/L] mg/L] work
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Table S7.1. The municipal wastewater treatment experiments with confidence intervals.

Experimental variables

Actual responses

95% Confidence intervals

RUN . “Time pH  KeS:0s MM K:S:0s/Fe?* TC  TOC TC ToC
1 60 5.5 30 10 56.35 4579  (45.09;64.45)  (39.28; 60.55)
2 100 3 30 10 50.8  27.98  (38.50;57.86)  (22.14;43.42)
3 140 535 20 75 60.60 5806  (47.87,67.22)  (50.90;72.17)
4 100 3 10 10 68.35 5303  (55.83;75.18)  (46.19; 67.47)
5 140 3 20 10 585  46.80  (54.85;74.20)  (41.61; 62.89)
6 140 535 30 10 7131 739  (53.89;73.25)  (59.03; 80.30)
7 100 535 20 10 50.96 5574  (40.21;54.84)  (47.83; 63.91)
8 100 7.7 10 10 30.86 7627  (27.62:46.98)  (61.95;83.22)
9 100 535 20 10 4717 5964  (40.21;54.84)  (47.83;63.91)
10 60 5.5 20 75 68.24  46.06  (54.62;73.98)  (38.94; 60.21)
11 60 3 20 10 65.61 2468  (56.60;75.95)  (11.00; 32.27)
12 60 5.5 10 10 5739 5696  (53.61;72.97)  (49.77; 71.04)
13 140 535 20 12.5 61.69 6361  (50.78:70.13)  (50.57;71.84)
14 100 7.7 20 125 4636 7234  (37.31;56.67)  (64.37; 85.64)
15 100 3 20 75 60.63  37.45  (48.48;67.84)  (23.36; 44.64)
16 140 7.7 20 10 4932 6799  (45.99;65.35)  (60.07; 81.34)
17 100 3 20 12.5 5751 558  (49.07:68.43)  (37.70;58.97)
18 100 535 20 10 4444 5223  (40.21;54.84)  (47.83;63.91)
19 100 7.7 20 75 5507  79.09  (42.31;6167)  (75.13;96.41)
20 60 5.5 20 12.5 5001 5583  (47.30:66.66)  (42.83;64.11)
21 100 535 10 75 4611 6096  (39.12;5848)  (46.05; 67.32)
22 100 535 30 12.5 4419 5394  (38.84;58.19)  (47.25; 68.52)
23 60 7.7 20 10 56.21  87.31  (47.52;66.88)  (70.98; 92.26)
24 100 7.7 30 10 60.79 9815  (48.78:68.14)  (84.83; 106.1)
25 100 535 10 12.5 5474 669  (42.13:61.49)  (61.88;83.16)
26 100 535 30 75 4598 761  (46.25;65.61)  (59.51;80.79)
27 140 535 10 10 5147 6526  (41.53;60.89)  (49.71; 70.99)
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Table 7.2. Confidence interval (Cl) of TC model coefficients (coded).

Term Coef  SE Coef 9506 Cl Low  95% CI High P-Value
Constant 45.6 12.6 18.2 73.1 0.003
X3 -2.31 6.29 -16.02 11.39 0.72
X5 -0.57 6.29 -14.27 13.14 0.929
X3 1.21 6.29 -12.5 14.91 0.851
X4 10.46 6.29 -3.25 24.16 0.122
X1*X1 -12.27 9.44 -32.83 8.28 0.218
Xo*Xs -13.58 9.44 -34.14 6.97 0.176
X3*X3 -9.4 9.44 -29.96 11.15 0.339
Xa*X4 4.6 9.44 -15.95 25.16 0.634
X1*X5 3.6 10.9 -20.1 27.3 0.747
X1*Xs3 -14 10.9 -31.1 16.4 0.511
X1*X4 -1.2 10.9 -24.9 22.5 0.915
X5*Xs3 8.6 10.9 -15.1 324 0.443
Xo*X4 -6.7 10.9 -30.5 17 0.549
X3*X4 -7.2 10.9 -30.9 16.5 0.521

Table 7.3. Confidence interval (Cl) of TOC model coefficients (coded).

Term Coef SE Coef 9506 ClLow  95% CI High P-Value
Constant 55.87 3.69 47.83 63.91 0
X1 4,92 1.85 0.9 8.94 0.02
X 19.61 1.85 15.59 23.63 0
X3 -0.29 1.85 -4.31 3.73 0.876
X4 0.89 1.85 -3.13 491 0.638
X1*X1 -1.82 2.77 -7.85 421 0.522
Xo*Xo 2.51 2.77 -3.52 8.54 0.383
X3*X3 6.04 2.77 0.01 12.07 0.05
Xa* X4 2.4 2.77 -3.63 8.43 0.403
X1*Xo -10.38 3.2 -17.35 -3.42 0.007
X1*X3 4.95 3.2 -2.01 11.92 0.147
X1*X4 -1.05 3.2 -8.02 5.91 0.747
Xo*Xs 11.73 3.2 4.77 18.7 0.003
Xo*X,4 -6.28 3.2 -13.24 0.69 0.073
X3*X,4 -7.02 3.2 -13.99 -0.06 0.048
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Table S7.4. Intermediates of the photo-Fenton like oxidation of the municipal wastewater.

OC, mg L?
Run Remaining
Initial Formic acid Acetic acid Mineralized (CO2)
intermediates
1 20.30 0.00 0.42 9.30 10.58
2 20.62 0.02 0.61 5.77 14.22
3 21.84 0.09 0.00 12.68 9.07
4 21.78 0.21 0.00 11.55 10.02
5 20.11 0.23 0.92 9.43 9.53
6 21.15 0.21 0.80 15.63 451
7 20.40 0.28 0.65 11.37 8.10
8 21.53 0.06 0.00 16.42 5.05
9 21.38 0.25 0.55 12.75 7.82
10 18.78 0.25 0.48 8.65 9.40
11 21.09 0.25 0.71 5.21 14.92
12 19.10 0.22 0.46 10.88 7.54
13 20.28 0.23 0.01 12.90 7.14
14 20.28 0.12 0.00 14.67 5.49
15 19.04 0.28 0.73 7.13 10.90
16 19.04 0.12 0.00 12.95 5.97
17 21.04 0.26 0.77 11.74 8.28
18 21.04 0.23 0.00 10.99 9.82
19 19.13 0.00 0.00 15.13 4.00
20 19.13 0.00 0.00 10.68 8.45
21 18.62 0.25 0.00 11.35 7.02
22 20.04 0.00 1.74 10.81 7.49
23 20.02 0.00 2.66 17.48 0.00
24 18.88 0.15 0.00 18.53 0.19
25 18.88 0.00 0.00 12.63 6.25
26 20.77 0.00 0.00 15.81 4.96
27 18.45 0.12 0.00 12.04 6.29
TC opt. 18.90 0.06 0.26 8.58 10.00
TOC opt. 18.58 0.00 0.00 18.58 0.00
TN opt. 21.00 0.00 0.00 10.44 10.56
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Table S8.1. The results of nitrogen porosimetry analysis of goethite.

Parameters Value unit
BET Surface Area 11.4 m?/g
BJH Surface Area 7.6 m?/g
BJH Pore Volume 0.044 cm®/g
BJH Pore Radius Dv (r) 153 A
DR Micropore Volume 0.005 cm®/g

Table S8.2. The results of the screening experiments with PBD with 95% confidence

intervals.
Experimental variables Removals, % 25% confidence
Run BS Goothite intervals
mvy  Time() T,y UViight - TOC SMX  TOC  SMX
e e a e w0 G5 03
I
3 150 3 25 On 4373 100 (585522) ﬁgg‘;)
Comoa e e ws w5
s w s o m o owe G5 3
w1 e a om w5503
o s o 0w GF R
oW om o sa w3 0%
9 150 1 05 Off 0 89.45 (12108%3 %ig)
o mo s w0 we ow G5 &%
11 450 1 25 Off 0 92.1 ('112?516)3: gé%llg)
12 450 3 25 Off 1.36 6973 (-10.59;  (72.92;

21.71)  97.94)
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Table S8.3. Confidence intervals (Cl) of TOC screening model coefficients (coded).

Term Coef SE Coef 95% Cl Low  95% CI High  P-Value

Constant 19.26 3.05 12.04 26.48 0
X1 0.5 3.05 -6.73 7.72 0.876
X2 4.58 3.05 -2.64 11.81 0.177
X3 -0.13 3.05 -7.35 7.09 0.967
X4 18.65 3.05 11.43 25.87 0
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Table S8.4. The results of the synthetic landfill leachate treatment experiments with 95%

confidence intervals.

Experimental variables

Removals, %

95% confidence intervals

Run (:]f/l) T(irr:)‘e G?g}[‘)ite TOC  SMX TOC SMX
1 200 3 1 50.39 100 (45.32;5807)  (95.01; 101.65)
2 400 9 05 68.6 100 (61.58;74.33)  (95.85; 102.49)
3 200 6 15 56.41 100 (48.08;60.83)  (97.51; 104.15)
4 200 6 05 62.78 100 (55.56;68.31)  (97.51; 104.15)
5 600 6 15 70.64 100 (65.11;77.86)  (95.85; 102.49)
6 200 9 1 47.69 100 (42.81;5556)  (96.68; 103.32)
7 400 3 15 53.99 100 (48.26:6101)  (97.51; 104.15)
8 600 9 1 7587 9333  (68.19;80.94)  (91.68; 98.32)
9 600 6 05 67.85 100 (6343;76.18)  (95.85; 102.49)
10 400 3 05 72.97 100 (66.13;78.88)  (97.51; 104.15)
11 400 9 15 7957 100 (73.66;86.41)  (95.85; 102.49)
12 400 6 1 78.39 100 (71.54;80.04)  (97.79; 102.21)
13 600 3 1 52.7 100 (44.83;5758)  (96.68; 103.32)
14 400 6 1 71.97 100 (71.54;80.04)  (97.79; 102.21)
15 400 6 1 77.01 100 (71.54;80.04)  (97.79; 102.21)
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Table S8.5. Confidence intervals of TOC model coefficients (coded).

Term Coef  SE Coef 9506 Cl Low  95% CI High P-Value
Constant 75.79 1.65 71.54 80.04 0
X3 6.22 1.01 3.62 8.83 0.002
X5 5.21 1.01 2.61 7.81 0.004
X3 -1.45 1.01 -4.05 1.15 0.212
X1*X1 -11.74 1.49 -15.58 -7.91 0.001
Xo*X> -7.38 1.49 -11.21 -3.55 0.004
X3*X3 0.37 1.49 -3.46 4.21 0.811
X1*X5 6.47 1.43 2.79 10.15 0.006
X1*X3 2.29 1.43 -1.39 5.97 0.171
Xo*X3 7.49 1.43 3.81 11.17 0.003

158



8.5 -

8.3
8.1
7.9
7.7

L75
7.3
7.1
6.9
6.7
6.5

DO, mg/L
=y ¥y}

w

§ Stage A Stage B | Stage C Stage A2 Stage D Stage E

§ Inlet

§ Anoxic

§ Aerohic

11| 1 I 1 11| I 1 11 I 1 1111 I 11 11 11| 1 I 11 11 I 11| 1 I 1 11| I 11|

0 10 20 30 40 50 60 70 80 90

Time, days
Fig. S4.1. pH of activated sludge process over time.

_g Stage A Stage B | StageC Stage A2 Stage D Stage E

F  —O—Anoxic

F —A— Aerobic

z o |

: ﬂm&fg i

O O O O OO O O T ]

0 10 20 30 40 50 60 70 80 90
Time, days

Fig. S4.2. DO of activated sludge process over time.

159



-0.000

1636.857

10.268

2337.210

2325

3343.091

"I:'."', A\

497422 4847

=0
2200

B0

104

102)

100}

96

AWeNIwsURI LY,

'¢'.}j' e

1200 1000

"N

1600 140

“re00

2000

200 3000 2800

300

o0

‘Wavenumber

Fig. S6.1. FTIR analysis of the poultry wastewater.

—————d———— =

- - ——— ek e - - =

————ebL Ll

-6-49 mM H202

—o-UV only

—A-98 mM H202

—=-147 mM H202
——196 mM H202

6.4

6.2
6.0

150

30 45 60

15

Time (min)

Fig. S6.2. The evolution of pH with time in the UV/H20: process.

160



98
89
9% 85 85
82
80
74 0 7 74
70 67 68
60 56 57
=} 51 52 52
S e 7 s
O 42 a1 44 43
O 40 3 38
“5 29
L 27
= 0 2 24 2 2
= 29
1: 20 14 13
=) 1 11
F | s |
0 1 1 11 11 12
Z J ] oo I 00 00 0 0 2
L7
= UVonly 49mM 98mM 147mM 196mM 49mM 49mM 98mM 98mM 98mM 05gL 05gL 1gL 1mM 3mM 10mM 15mM 15mM
= H202 H202 H202 H202 H202+ H202+ H202+ H202+ H202+ Fe/TiO2 TiO2 TiO2 K2S5208 K25208 K25208 K25208 K25208
pH35 pH55 5SmgL 20mg/L 20 mg/L  (4%) +20
Fe(ll) Fe(ll) Fe(ll) + mg/L
pH 3.3 Fe(ll)
B Formic acid B Acetic acid intermediates mCO2

Fig. S6.3. The proportions OC originating from formic acid, acetic acid, intermediates and

CO: for each process.
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Fig. S8.1. Particle size distribution of goethite.
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Fig. S8.2. Preliminary experiments with the SLL using UV/PS/Goethite process
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Fig. S8.3. PBD predicted vs. actual values for TOC removal.

Xe
o

WO
o

woloo e o |

v~
o O
| I

N
o
1
| |

Normal % Probability

Ul

—_—

\ [ | | | |
-2.00 0.00 200 4.00 6.00 8.00

Externally Studentized Residuals

Fig. S8.4. Normal probability vs. externally studentized residuals values for TOC removal.
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Fig. S8.5. Contour plots at the center-points for TOC removal: (a) UVA on, reaction time
(min) and PS (mM), (b) UVA off, reaction time (min) and PS (mM), (c) UVA on, reaction
time and goethite (g/L), (d) UVA off, reaction time and goethite (g/L), (€) UVA on, PS

(mM) and goethite (g/L), (f) UVA off, PS (mM) and goethite (g/L).
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Fig. S8.6. Pareto plot for Box-Behnken design
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Fig. S8.7. pH profile of the photochemical treatment of RLL with UVA/PS/Goethite

process under optimum conditions.
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