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Abstract

Pharmaceutical contaminants are emerging water contaminants that have become a growing
global concern. These contaminants have been frequently detected in surface water, wastewater
and drinking water at trace concentrations. Among the pharmaceuticals, acetaminophen (ACM)
and ciprofloxacin (CIP) are extensively consumed as analgesics and antibiotics, respectively, and
thus ubiquitously detected in the environment. These contaminants are associated with negative
effects on human health and aquatic life. In response to this problem, treatment processes such as
electrochemical oxidation (EO) and adsorption have previously been attempted as single
treatment systems to remove these pharmaceuticals from water. However, these single treatment
systems are highly sensitive to water matrix, and their efficiency is limited when employed in
multiple pharmaceuticals removal from complex water matrices. Therefore, this study aimed to
elucidate the performance of individual (EO and adsorption) and coupled processes
(EO+adsorption) in the removal of these pharmaceuticals from water to investigate the benefit of
coupling both processes. The individual EO and adsorption processes were independently
optimized and then compared with the EO+adsorption process. The adsorption process was
conducted using a chemically activated carbon (CAC) synthesized from bamboo sawdust. The
comprehensive CAC characterization results, such as BET surface area, SEM, FTIR, Raman
spectroscopy and pHp,, showcased its remarkable adsorptive properties (high surface area,
plentiful functional groups and high porosity). More specifically, the employed chemical
activation technique significantly increased the surface area from 565.09 m?/g for raw bamboo
sawdust carbon (BSC) to 1158.05 m?/g for CAC.

In the batch CIP adsorption system, CAC showed excellent CIP removal efficiency (96%)
compared to BSC efficiency (45%). The parameters of CIP adsorption process, such as initial
CIP concentration, pH, adsorbent dose, and contact time, were studied and found to have a
significant effect on CIP removal from water. The optimal CIP removal (96%) was obtained at
CAC dose (0.5 g/L), CIP initial concentration (20 mg/L), pH (7.5), and contact time (46 min).
The kinetic data of single component CIP adsorption was well described by the pseudo-second-
order model (R* = 0.999), and both Langmuir (R? = 0.994) and Freundlich (R? = 0.972) models
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provided the best fit for the isotherm data. On the other hand, the single component batch
adsorption of ACM resulted in 99.6% ACM removal from water using CAC under optimal
conditions of ACM (20 mg/L), CAC (0.5 g/L), contact time (90 min), and pH (8). In this case,
the Kkinetic study revealed that the ACM adsorption process followed the pseudo-second-order
kinetic model (R?> = 0.999). On the other hand, the isotherm experimental data were best
described by the Langmuir (R*> = 0.987) and Freundlich (R? = 0.968) models. These results
suggest that the adsorption of single component ACM and CIP was mainly controlled by
chemisorption process. Moreover, the single component removal of ACM and CIP isotherm
analysis revealed that ACM and CIP adsorption onto the CAC was monolayer adsorption onto
the heterogeneous surface. The reusability study depicted that CAC can be successfully reused
for five consecutive adsorption-desorption cycles in the batch adsorption of single component
ACM and CIP.

The single component ACM and CIP adsorption study exhibited a greater removal capacity for
ACM (192.43 mg/g) than CIP (70.95 mg/g), as predicted by the non-linear Langmuir isotherm
model. The competitive Langmuir isotherm model, employed for the simultaneous adsorption of
ACM and CIP, predicted a maximum adsorption capacity of 125.31 mg/g for ACM and 65.44
mg/g for CIP. In this regard, the adsorption capacity ratio (Qm, pinary/0m, single < 1) suggests an
antagonistic behavior of these pollutants when they co-exist in the same water matrix. On the
other hand, the binary component adsorption of ACM and CIP was best described by the pseudo-
second-order kinetic model, indicating that the chemisorption process mainly controlled the
adsorption process. Under optimal conditions (inlet ACM/CIP concentration = 10 mg/L, flow
rate = 1.5 mL/min and adsorbent loading = 100 mg), the fixed-bed column study showcased the
maximum bed capacity of ACM (172.48 mg/g) and CIP (147.67 mg/g), with the highest
respective removal efficiency of 44.23% and 37.86% in the binary component adsorption system
in . However, the single component column adsorption system achieved a higher removal
efficiency of 65.83% (ACM) and 42.59% (CIP).

The EO process was also employed for the simultaneous degradation of ACM and CIP in the
water. The central composite design (CCD) was employed for optimizing the EO process, and

optimal conditions for current density (44 mA/cm?), pH (5.5), contact time (80 min) and initial
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pollutant concentration (20 mg/L) were obtained. Under these conditions, a removal of 94.5% for
ACM and 92.7% for CIP was achieved. The EO process resulted in 65% total organic carbon
(TOC) and 90.4% chemical oxygen demand (COD) removal at 240 min under optimal
conditions. The EO kinetic study revealed that the degradation of ACM and CIP followed

pseudo-first-order kinetics.

The coupled process (EO+adsorption) optimization using the Box-Behnken Design (BBD) of the
response surface methodology (RSM) technique provided optimal operating conditions for
current density (22 mA/cm?), pH (5.5), EO time (40 min), adsorbent dose (0.1g/L) and
adsorption time (60 min). Under these conditions, remarkable removal of pharmaceuticals (>
99.9%) and > 99% of TOC and COD were achieved when the EO time was extended to 120 min.
Furthermore, the coupled process was employed for the simultaneous removal of multiple
pharmaceuticals (20 mg/L of ACM+CIP+ATN (atenolol)+AMX (amoxicillin)) from water under
optimal conditions. On top of that, the effect of water matrix on the target pharmaceuticals
removal performances of EO, adsorption and EO+adsorption was investigated. These results
show that the single processes (EO and adsorption) are highly sensitive to the water matrix
compared to the coupled (EO+adsorption) process. Consequently, coupling the EO process with
adsorption proved to be effective in addressing the influence of the water matrix, which
substantially affected the removal efficiencies of the single processes. Overall, the coupled
process demonstrated remarkable performances in single (ACM or CIP), binary (ACM+CIP),
multiple pharmaceuticals (ACM+CIP+ATN+AMX), and oxidation by-products removal from
diverse water matrices. Therefore, the EO+adsorption can serve as a promising treatment
technique for the remediation of recalcitrant and ubiquitously detected pharmaceutical
contaminants, such as ACM, CIP, ATN, and AMX from water.
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CHAPTER ONE

1. INTRODUCTION

The extensive consumption of pharmaceuticals, such as ACM and CIP has led to their
continuous discharge into the environment (Huang et al., 2023). As a result, these compounds are
frequently detected in both surface water and groundwater at trace concentrations (ng/L-pg/L)
(Gong et al., 2023). Due to the uncontrolled discharges, the concentration of these recalcitrant
compounds is rising with time. Consequently, these contaminants have become a point of
environmental concern among the public due to their potential toxicity and environmental
persistence (Huang et al., 2023). In this context, the environmental accumulation of
pharmaceuticals such as antibiotics has resulted in emergence of antibiotic resistant bacteria and
antibiotic resistance genes. In light of this, the treatment of life-threatening bacterial infections is
becoming complicated (Duarte et al., 2022; Haenni et al., 2022). On top of that, the recent
COVID-19 pandemic has triggered vast pharmaceutical consumption, likely increasing their
concentration in the environment (Vieira et al., 2023). Hence, it is hypothesized that without
significant intervention, this anthropogenic issue may pose imminent challenges to ensuring safe
living conditions in the foreseeable future. The United Nations has launched the fundamental
sustainable development goals (SDGs) to achieve better living conditions. Therefore, addressing

the water contamination issue aligns with SDG goal 6 (clean water and sanitation).

Among pharmaceuticals, antibiotics like CIP are widely consumed to treat bacterial infections,
while analgesics such as ACM are commonly consumed to relieve pain (Anjali & Shanthakumar,
2022). ACM, alternatively known as paracetamol, is a widely used over-the-counter medication
which is affordable, accessible and can be used without a prescription. After consumption,
approximately 58-68% of ACM is excreted from the human body (Santhosh et al., 2021). Once
released, it accumulates in the environment owing to its high solubility and hydrophilicity
(Jakobczyk et al., 2022). Water contamination with ACM can result in several harmful effects on
human health, including hepatotoxicity, mutagenesis, endocrine disruption, and cancer in
humans (Chen et al., 2021; Q. Zhang et al., 2020). On the other hand, CIP is a quinolone
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antibiotic that has been widely consumed, and about 70% of the consumed CIP can be excreted
through urine and faeces due to its poor metabolism (Alexsandro et al., 2022; Montenegro-ayo et
al., 2023). The reported health risks due to water contamination with CIP include excessive
production of liver enzymes, thrombocytopenia, renal impairment, leukopenia, and antibiotic
resistance (Alexsandro et al., 2022; Antonelli et al., 2022; Aseman-bashiz et al., 2021; Ma et al.,
2022; Palomares-reyna et al., 2022; C. Wang et al., 2022). Therefore, ACM and CIP are
considered top-priority pharmaceutical contaminants (Antonelli et al., 2022; Aseman-bashiz et
al., 2021), demanding efficient and cost-effective removal technology.

The conventional wastewater treatment plants (WWTPSs) are inefficient in removing water-
soluble, hydrophilic and non-biodegradable pharmaceutical compounds (ACM and CIP), and
hence, these pharmaceuticals are constantly released into the aquatic environment (Ostman et al.,
2019). In an attempt to effectively remove ACM and CIP from water, various treatment
techniques, including ozonation (He et al., 2020), electro-Fenton (Orimolade et al., 2020),
electrochemical oxidation (EO) (Montenegro-ayo et al., 2023b), photo-catalysis (X. Hu et al.,
2020), sonolysis (Stucchi et al., 2020), adsorption (Abdul et al., 2021), UV/chlorine (Pai &
Wang, 2022) were investigated. Among these, the EO process is one the advanced oxidation
processes (AOPs) that has been widely used in practical water applications due to its high
efficiency, simplicity, environmental compatibility, and flexibility (Montenegro-ayo et al.,
2023). The AOPs are defined in a broad sense as chemical treatment methods designed to
remove organic substances in water and wastewater by oxidation through reactions with
hydroxyl radical (OH’) (Glaze et al., 1998). The addition of electrolytes such as sodium chloride
(NaCl) and sodium sulphate (Na,SO,) is required to effectively degrade pollutants in the EO
process. Among these, NaCl provided faster degradation of organic compounds in the EO
process (Carneiro et al., 2020). This can be ascribed to the involvement of electro-generated

active chlorine species such as Cl,, HOCI, and OCI" in the EO process (Lan et al., 2017).

Despite the high degradation of these compounds in the EO process, attaining complete
mineralization has become very challenging (Ganthavee & Trzcinski, 2023). As a result, the
parent pharmaceuticals (ACM and CIP) are transformed into several transformation by-products
after oxidation, which are even more recalcitrant to oxidation (Kermani et al., 2019). This

phenomenon can be corroborated by noting TOC and COD after the EO process. It is reported
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that achieving TOC and COD removal below permissible levels using the EO process is very
challenging due to the formation of electrochemically non-degradable toxic by-products such as
organic halogens and toxic ions after EO treatment (Ganesan et al., 2019). In this regard,
degradation of pharmaceuticals (> 90%), TOC (< 65%), and COD removal (< 70%) were mostly
reported in the EO process, especially at lower oxidation times (< 90 min) (Alexsandro et al.,
2022; Antonelli et al., 2022; Duan et al., 2020; Hu et al., 2020; Ojo et al., 2023; Periyasamy &
Muthuchamy, 2018). These results indicate that the EO process only partially eliminated
pharmaceuticals while converting some into toxic by-products. Therefore, achieving the
complete removal of pharmaceuticals and their transformation by-products from water demands
high energy consumption due to the requirement of longer oxidation time, which makes the
treatment process economically unfeasible. This is a significant limitation of EO, particularly
when removing pharmaceuticals from complex water matrices that contain several interfering

constituents.

On the other hand, the adsorption process is easy to operate and highly effective, especially for
single contaminant removal from the water without incurring significant costs (Ganthavee &
Trzcinski, 2023). However, removing multiple pharmaceuticals from a complex water matrix
requires a high adsorbent dose. Therefore, the efficiency of single treatment processes like EO
and adsorption greatly depends on the water matrix and the multitude of pollutants to be treated.
Coupling EO and adsorption can provide the economic and environmental sustainability,
especially in full-scale wastewater treatment processes (Ganthavee & Trzcinski, 2023). To fully
grasp the benefit of coupling EO with the adsorption process, other classes of pharmaceuticals,
including ATN (a beta blocker commonly used as an anti-hypertensive), and AMX (a penicillin
antibiotic used to treat bacterial infections), were also considered. ATN and AMX are
characterized by low bio-degradability and their frequent occurrence in water bodies (Garcia-
rosero et al., 2022; Laksaci et al., 2023).

The target pharmaceuticals considered in this study include pharmaceutical compounds from
four pharmaceutical classes: analgesic (acetaminophen (ACM) alternatively known as
paracetamol (PCT)), flouroquinolones anti-biotic (ciprofloxacin: CIP), penicillin anti-biotic
(amoxicillin: AMX), beta-blocker (atenolol: ATN) drugs. This research is mainly based on the

removal of single and binary component pharmaceutical mixtures of ACM and CIP from water
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using the adsorption process, EO, and EO+adsorption. These processes were also applied to the
multi-component pharmaceutical contaminant mixtures (ACM+CIP+AMX+ATN) removal from
water under optimal operating conditions. The selection of these model compounds was based on
several factors: their high global consumption, relevance during the COVID-19 pandemic,
frequent detection in water resources, representative characteristics within their respective
classes, and the potential health risks they pose to both humans and ecosystems. Furthermore,

these pharmaceuticals have been identified as top-priority compounds in previous studies.

In this study, a chemically activated carbon (CAC) was synthesized from the bamboo sawdust
through carbonation at 700 °C under a limited oxygen environment. Besides, the process
parameters of EO such as EO time (min), initial pharmaceutical concentration (mg/L), current
density (mA/cm?), electrolyte concentration (M) and pH; and the adsorption process parameters
such as initial target pharmaceutical concentration (mg/L), adsorbent dose (g/L), contact time
(min) and pH have a significant impact on the removal efficiency of ACM and CIP from water in
the single and coupled processes. Furthermore, water matrices, including pure water, tap water
and secondary wastewater treatment plant (WWTPs) effluent were investigated to evaluate the
performances of the EO, adsorption and EO+adsorption in removing target pharmaceuticals from

diverse water matrices.

The individual processes were first thoroughly studied and optimized in batch (adsorption and
EO) and flow (adsorption) mode operations. Adsorption studies were conducted for single
pharmaceutical (ACM or CIP) and binary mixture of pharmaceuticals (ACM+CIP) removal from
water in batch and column studies. In EO studies, simultaneous degradation of ACM+CIP was
considered. To this end, the coupled process was examined in batch mode operation utilizing
some of the data obtained from the optimization of the single processes. The EO process was
sequentially coupled with the adsorption to overcome the limitations of the individual processes
through synergy for enhanced removal of ACM, CIP, ACM+CIP, ACM+CIP+AMX+ATN, and
organic compounds (after EO treatment) from water. Moreover, the coupled process parameters
of EO (pH, current density, and oxidation time) and adsorption (adsorption time and adsorbent
dose) were optimized using the BBD. The BBD has been successfully employed in optimizing
the individual EO and adsorption processes in previous studies (Chaabani et al., 2022; Gilpavas

et al., 2020; Jawad, 2020; Soziidogru et al., 2023). Herein, an integrated optimization technique
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was used for the coupled process optimization to fully understand the mutual inter-dependence
among the EO and adsorption process parameters. To the best of our knowledge, this study is the
first investigation for the simultaneous removal of the aforementioned pharmaceuticals
employing bamboo-based adsorbent, and IrO,/Ti electrodes in EO process. Besides, it is the first
study to apply the coupled process in simultaneous removal of the target pharmaceuticals
(ACM+CIP and ACM+CIP+AMX+ATN) along with the removal of organic compounds (EO-
treated water), complemented by the integrated process optimization employed for the removal
of ACM+CIP from water. Moreover, a comparative evaluation of the single and coupled process
was performed under their respective optimal operating conditions on pharmaceuticals (binary or

multiple pharmaceuticals), TOC, COD removal from diverse water matrices.

1.1. Statement of the problem

Advancements in pharmaceutical development for treating various human and animal diseases
are increasing alongside technological innovations. The consumption of pharmaceuticals such as
ACM and CIP has risen dramatically in the past years and is believed to increase even more with
the world population growth (Anjali & Shanthakumar, 2022). Moreover, the recent global
pandemic (COVID-19) has likely increased the environmental concentration of pharmaceuticals
associated with COVID-19 symptom treatment, including antibiotics (CIP and AMX), analgesics
(ACM) and anti-hypertensive (ATN) (Bagheri et al., 2024; Ortiz et al., 2024; Petromelidou et al.,
2024). As a result, these contaminants are ubiquitously detected in water environment such as
wastewater, surface water, groundwater and even in drinking water, with a concentration ranging
from ng/L to pg/L (Anjali & Shanthakumar, 2022, 2023; Rosas-ramirez et al., 2022; Serna-galvis
et al., 2019; Singh & Suthar, 2021). Water contamination with pharmaceuticals (ACM, CIP,
AMX and ATN) can cause serious environmental and health impacts on humans and other
organisms as they are designed to have a physiological effect on humans and animals in trace
concentrations (Klavarioti et al., 2009). At even minimal concentration (< 1 pg/L), these
contaminants can result in the alteration of organisms behaviour, physiology and physico-
chemical processes, such as disruption of metabolic processes, possessing hormone receptors,
mimicking natural hormones, reproductive problems, cancer, mutagenic effects and endocrine
disruption (Chen et al., 2021; Ma et al., 2022; Q. Zhang et al., 2020). On the other hand, these
contaminants are characterized by their refractory (recalcitrant) behavior for the conventional

ACEWM-AAU 2024 Page 5



wastewater treatment methods and are hence frequently released into the water bodies (Ortiz et
al., 2024). Consequently, these contaminants disseminate through the point sources (hospital
effluents, pharmaceutical industry effluents, domestic wastewater, and sewage effluents) and
non-point sources (contaminated sludge disposals, hazardous waste disposal sites, landfill
leachates, and urban runoffs) into the environment (Singh & Suthar, 2021). Source control of
these contaminants is challenging as they are continuously being consumed and released into the

environment from diverse sources (Kim & Zoh, 2016).

Numerous previous studies (Adeleye et al., 2022; Hawash et al., 2023; Jameel et al., 2020;
Waleng & Nomngongo, 2022; Mheidli et al., 2022; Rodriguez-rodriguez et al., 2023) have
reported the occurrence of the pharmaceuticals (ACM, CIP, AMX and ATN) in the water
environment. It was also reported that the conventional treatment plants (employing coagulation,
filtration, flocculation, sedimentation, and biological degradation) are unable to sufficiently
remove these compounds from water due to their non-biodegradability and hdrophilicity nature.
Subsequently, these pharmaceuticals are being introduced into the environment without detection
(Gogoi et al., 2018), and thus; this issue become a major environmental and human health
concern (Rocha et al., 2020). Moreover, the ongoing increase in pharmaceutical drug
consumption and improper disposal into the environment may develop antibiotic-resistant
organisms (bacteria genes/strains) and affect the drug effectiveness against bacteria. Therefore,
efficient, sustainable and economically viable technologies are required to remove these

contaminants from water.

In response to water contamination with these pharmaceuticals, various treatment techniques
such as adsorption (Firdaus et al., 2024), EO (Fu et al., 2023), UV/chlorine (Kwon et al., 2018),
ozonation (Sohn et al., 2024), photo-Fenton (Sohn et al., 2024), sonolysis (Gasmi et al., 2023),
and photo-catalysis (Gasmi et al., 2023), biodegradation (Mantovani et al., 2024), membrane
filtration (Algadhi et al., 2024) and their combinations have been employed. However, this
problem has not been fully addressed due to the lack of the safe, efficient, cost-effective and
sustainable water treatment techniques to effectively remove these pharmaceuticals from water.
Therefore, wide application of the proposed treatment techniques in common practices is still
limited (Szabova et al., 2020). In this regard, the scientific pursuit of economical, efficient and

sustainable processes has continued.
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Among the employed technologies, EO (Ortiz et al., 2024) and adsorption (Demircan et al.,
2024) have received increased attention. The current attention to the EO process for water
treatment is due to its operational simplicity and high efficiency (Hamadeen & Elkhatib, 2022).
On the other hand, adsorption offers the advantage of low-cost, easy implementation/operation,
flexibility, and no toxic by-product formation. Adsorbents such as activated carbon (Firdaus et
al., 2024), activated bentonite (Maged, 2020), and biochar (Ripanda et al., 2024), metal organic
framework (Luo et al., 2024), aerogel (Han et al., 2022), and montmorillonite (Shi et al., 2021),
and silica microsphere (Natarajan et al., 2021) have been employed to remove ACM, CIP, ATN
and AMX from water. Nevertheless, the efficiency of the single treatment techniques such as EO
and adsorption is limited in removing pharmaceuticals from complex water matrices. The
effective removal of pharmaceuticals from complex water matrices demands high electric current
and oxidation time for EO, and high adsorbent dose for the adsorption process, making the
treatment process economically unviable. In light of this, coupling EO with adsorption can
provide higher pharmaceuticals, TOC and COD removal from various water matrices with low
supplied electric current, shorter oxidation time for EO and a low adsorbent dose for adsorption.
In doing so, effective removal of oxidation by-products can be achieved from the EO pre-treated
water. Previous studies typically only investigated the efficiencies of the single treatment
techniques, mostly in removing single pharmaceutical contaminant from simple water matrix.
However, Ganesan et al. (2019) indicated the benefit of coupling EO with the adsorption
process, considering the removal of only a single pharmaceutical contaminant (CIP) from water
(Ganesan et al., 2019).

However, detailed optimization of the coupled process (EO+adsorption) and comparative
evaluation of the single and coupled processes have not been reported for simultaneous removal
of diverse pharmaceuticals from water. Moreover, the influence of the water matrix on the
removal of pharmaceuticals from various water matrices using the coupled (EO+adsorption)
process has not been fully investigated. Therefore, this work conducted detailed optimization for
the EO (ACM+CIP removal) and adsorption (ACM, CIP, and ACM+CIP removal) and
EO+adsorption (ACM+CIP removal) processes. The adsorption study was conducted using an
adsorbent derived from the bamboo sawdust, named CAC. Furthermore, an integrated
optimization technique was employed in the coupled process optimization for ACM+CIP

removal, considering the main parameters of EO (current density (mA/cm?), EO time (min), pH)
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and adsorption (adsorbent dose (g/L) and adsorption time (min)) using the BBD of the RSM
framework. The comparative evaluation of the single and coupled process is provided for
ACM+CIP, ACM+CIP+AMX+ATN, TOC and COD removal from diverse water matrices.

1.2. Objective of the Study

1.2.1. General objective

Enhanced removal of pharmaceutical contaminants from water using electrochemical oxidation

coupled with adsorption process.

1.2.2. Specific objectives

e To synthesize and characterize chemically activated carbon (CAC) from bamboo
sawdust.

e To optimize the adsorption of CIP onto the CAC employing the central composite design
(CCD).

e To evaluate the performance of CAC on adsorptive removal of ACM (or paracetamol)
from water.

e To investigate the removal of ACM, CIP and ACM+CIP in batch and column adsorption
studies using the CAC adsorbent.

e To optimize the simultaneous degradation of ACM and CIP in the EO process.

e To evaluate the performance of EO-+adsorpion for the removal of pharmaceuticals
(ACM+CIP and ACM+CIP+AMX+ATN), TOC and COD from diverse water matrices.

1.3. Research questions

The valuable research questions addressed in this study are:

» How efficient are the adsorption, EO and EO+adsorption in pharmaceuticals (ACM, CIP,
ACM+CIP and ACM+CIP+AMX+ATN) removal from water?
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» How does the water matrix affect the single and coupled process performances in removing
ACM+CIP from water?

» What are the main factors (parameters) that significantly affect the efficiency of the EO,
adsorption and EO+adsorption in removing ACM, CIP and ACM+CIP from the water?

» What are the optimum operational conditions for effective removal of ACM, CIP and
ACM+CIP from water using the EO, adsorption and coupled processes?

» What are the benefits of coupling EO with adsorption for the removal of ACM+CIP,
ACM+CIP+AMX+ATN, TOC and COD from water?

1.4. Significance of the study

The target pharmaceuticals (ACM, CIP, AMX and CIP) are ubiquitously detected in different
water bodies. The environmental accumulation of these contaminants intensifies with the
expanding global population, driven by increased consumption. On the other hand, the potential
health hazards associated with these contaminants on aquatic life and humans are repeatedly
reported. As a result, water contamination with these pharmaceuticals has become a significant
threat to human health, gaining a global concern. Effective control of the dissemination of these

compounds requires advanced removal technologies.

The EO and adsorption processes are efficient water treatment techniques mostly employed
independently for removing pharmaceuticals from water. However, EO and adsorption have
limitations, such as limited removal efficiency in multiple pharmaceuticals removal from
complex water matrices and the formation of oxidation by-products (EO process) when
employed individually. In this study, the single process (EO and adsorption) parameters were
optimized to enhance the removal efficiency of pharmaceuticals from water. In addition, this
work elucidated the benefit of integrating EO with adsorption considering the removal of binary
pharmaceuticals (ACM+CIP), multiple pharmaceuticals (ACM+CIP+AMX+CIP), TOC, COD
removal from diverse water matrices. Integrating EO with adsorption process demonstrated
remarkable removal of the target pharmaceuticals from water and high mineralization at
relatively low current density, shorter EO time and low adsorbent dose. The successful removal
of these pharmaceuticals from water is a crucial achievement for wastewater reuse; hence, it can

be considered a good solution for the upcoming safe water scarcity. Besides, the effective
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removal of these compounds from water minimizes the chance of antibiotic resistant bacteria and
antibiotic resistant genes development, which often results from the spread of these
pharmaceuticals in the environment. This study presented the performance of EO, adsorption and
EO+adsorption by assessing different operational conditions. Herein, the knowledge generated
on the coupled process is highly valuable for considering the integrated process as an additional
treatment step to the existing wastewater treatment plants for complete removal of
pharmaceutical contaminants from water. Moreover, this study presented the benefit of
integrating EO with adsorption, paving the way for future investigations into the potential scale-

up of the proposed coupled process.

1.5. Scope of the study

This work aimed to investigate the performances of EO, adsorption, and EO-+adsorption
processes in removing ACM, CIP, ACM+CIP, and ACM+CIP+AMX+ATN from water.
Adsorbents employed in this study were synthesized from bamboo sawdust via chemical
activation (FeCl3.6H,O and KOH). The synthesized adsorbents were then tested on the removal
of ACM, CIP and ACM+CIP from water. Afterward, the best-performing adsorbent was
exhaustively characterized using x-ray diffraction (XRD), Fourier transform infra-red
spectroscopy (FTIR), Brunauer-Emmett-Teller surface area (BET), Raman spectroscopy,
scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS) and pH of point
of zero charge (pHpc), and it was used throughout the adsorption studies. Primarily, the target
pharmaceuticals considered in this study can be categorized under two major classes, namely
non-steroidal anti-inflammatory drug (ACM) and quinolone antibiotic (CIP). However, other
classes of pharmaceuticals such as beta-blocker (ATN) and penicillin antibiotic (AMX) were
also used to fully investigate the performance of EO, adsorption and EO+adsorption processes
over diverse pharmaceuticals removal from water. The process parameters of the single and
coupled processes were optimized in removing the target pharmaceuticals from water. The
coupled process (EO+adsorption) was optimized by systematically considering the significant
factors of each process, aiming to explore their inter-dependence. In the coupled process, EO and
adsorption were sequentially integrated to address electro-generated by-products in the

adsorption step. Water matrices such as pure water, tap water, and real wastewater (secondary
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treatment plant effluent) were employed to evaluate the performances of the single and coupled

processes in removing the target pharmaceuticals from simple and complex water matrices.

1.6. Outline of the dissertation

This dissertation includes six chapters:

Chapter One

This chapter provides a comprehensive overview of the current research work. It encompasses
the research background, problem statement, main and specific objectives, research questions,

significance of the study, scope of the study, and the outline of the dissertation.
Chapter Two

This chapter offers an extensive literature review to provide a thorough understanding of the
current research work. It covers various aspects, including types of pharmaceutical contaminants,
categories of pharmaceuticals, sources of pharmaceutical contaminants, occurrences of
pharmaceutical contaminants in water environments, and effects of pharmaceutical
contaminants. Moreover, it provides detailed explanations on the pharmaceutical contaminants
removal technologies, such as adsorption, advanced oxidation processes (electrochemical
oxidation, ozonation, UV/chlorine, UV/H,0,, heterogeneous photo-catalysis), and

coupled/hybrid water treatment processes.
Chapter Three

Chapter three outlines the materials and methods employed in this research. It provides
comprehensive descriptions of all the materials, chemicals, equipment and details on the

experimental setup and methods employed in this study.
Chapter Four

This chapter presents detailed discussions of all the experimental results generated in this
research work. The results associated with each specific objective are briefly explained in this

chapter.
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Chapter five

Chapter five, the concluding section of this dissertation, summarizes the key findings and offers

recommendations for further research endeavors. This dissertation is built upon three published
papers, with an additional manuscript currently under review.
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CHAPTER TWO

2. LITERATURE REVIEW

2.1. Pharmaceutical contaminants

Thousands of pharmaceutical compounds have been developed, and their numbers continue to
increase because of their growing demand. The European Union (EU) market has registered
around 3000 commonly used pharmaceuticals, with their usage still increasing (Kumar et al.,
2023). Pharmaceutical contaminants are categorized as emerging contaminants in water. The
United States Environmental Protection Agency (U.S. EPA) defined "emerging " as compounds
or materials which were previously not listed for routine monitoring, characterized by a
perceived potential or real threat to the health of humans and environments and lack published
health standards, environmental protection laws and regulations (Oluwole et al., 2020). These are
mainly uncontrolled anthropogenic compounds present in the air, soil, water, food, and
human/animal tissues in trace concentrations ng/L to pug/L. Other emerging contaminants include
personal care products, disinfection by-products, endocrine disrupting chemicals, polycyclic
aromatic hydrocarbons, pesticides, detergents, illicit drugs, flame-retardants, plasticizers,
phthalates, micro-plastics, nanoparticles, and per-fluoroalkylated substances (Menya et al.,
2023).

Tiwari et al. (2016) reported a two-fold increase in the daily dosage of anti-hypertensive,
cholesterol-lowering, anti-diabetic and anti-depressant drugs in Organization for Economic Co-
operation and Development (OECD) member countries in the last 13 years (2000-2013) (Tiwari
et al., 2016). Among these compounds, pharmaceuticals that become environmental concerns
include antibiotics, legal and illicit drugs, analgesics, steroids and beta-blockers (Gogoi et al.,
2018). These contaminants have a therapeutic effect on the human body, even at low
concentrations. Due to the inefficient removal of these contaminants by conventional wastewater

plants (WWTPs), they have been detected in the aquatic environment.

Antibiotics are the leading pharmaceutical pollutants, followed by non-steroidal anti-

inflammatory drugs (NSAIDs), antidepressants, lipid regulators, B-blockers and hormones
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(Ouyang et al., 2020). Pharmaceutical residues remain active after being released into the
environment and degrade water quality, adversely impacting the ecosystem and human health,
such as joint diseases, nephropathy, endocrine disruption, and central nervous system failure (Li
et al., 2023). They are typically complex molecules with diverse properties. Due to their
resistance to the WWTPSs, these contaminants are continuously discharged into water bodies such
as rivers, streams and lakes (Miarov et al., 2020). In the last decade, the occurrence and fate of
antibiotics in environmental matrices have received increased attention since antibiotics are
persistent and refractory to biodegradation. As a result, these compounds accumulate in the

environment and become a potential risk to aquatic and terrestrial organisms (Tan et al., 2017).

Water demand increases, whereas the quality and quantity of freshwater are continuously
declining due to several anthropogenic activities (Afrouz Bagheri et al., 2019). The continuous
discharge of pharmaceuticals into the environment in the past few decades resulted in the
contamination of water bodies (Ouyang et al., 2020). These days, it is becoming more evident
that pharmaceutical drugs are ceaselessly released into the water because of high consumption
and ineffective removal in the WWTPs (Dubey et al., 2023). As a result, these contaminants and
their metabolites are ubiquitously detected in wastewater, sewage, surface water, groundwater,
and even drinking water. In this regard, significant research activities are in progress to map
pharmaceuticals worldwide, aided by the development of modern analytical methods like liquid
chromatography coupled with mass spectroscopy (LC-MS) for multi-target compound detection
(Chinnaiyan et al., 2018).

2.1.1. Categories of pharmaceuticals

There are various categories of pharmaceuticals based on therapeutic uses, chemical structure,
mechanism of action, and route of administration. Among these, pharmaceuticals being used for
different therapeutic uses exhibiting distinct chemical structure are employed in this study. These
include antibiotics, NSAIDs, analgesics, antifungal, anticonvulsants, antidepressants, beta-
blockers, lipid-regulating drugs, steroidal hormones, x-ray contrast media, UV filters, stimulants,
anti-itching drugs, insect repellents, plasticizers, etc. Antibiotics and NSAIDs are the foremost
commonly prescribed drugs. The environmental existence of pharmaceuticals under these
categories has been widely reported (Oluwole et al., 2020; Tang et al., 2020; Pham, 2018; Wilt et
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al.,, 2018). Based on the volume of prescriptions, toxicity, and their occurrence in the
environment, therapeutic drugs such as antibiotics, hormones, NSAIDs, beta-blockers, blood
lipid regulators, anti-epileptics, analgesics and antidepressants are the widely studied classes of
pharmaceutical (Miarov et al., 2020). Some classes of pharmaceuticals, like NSAIDs, are even
more abused because of their anti-inflammatory and analgesic effect (Wei et al., 2020). Among
all classes of pharmaceuticals, antibiotics, analgesic and anti-hypertensive drugs such as ACM,
CIP, AMX and ATN are ranked as highly consumed drugs worldwide. This is because they can
easily be purchased with or without a prescription and are mostly used for highly prevalent
diseases and symptoms among the population (Goh & Ismail, 2020). Detailed explanations about

these pharmaceuticals are presented below.
)} Acetaminophen (ACM)/Paracetamol (PCT)

Acetaminophen (CgHgNO,) also known as paracetamol (PCT), is a common anti-
inflammatory/analgesic pharmaceutical widely used without prescription to treat headaches,
migraine, neuralgia, backache and rheumatic pain (Ziylan-yavas & Ince, 2018). Moreover, ACM
has been widely used in anti-influenza drugs around the world (Skwarczynska-wojsa, 2024). It is
commonly used in Latin America, Africa and the Middle East (Islam et al., 2019). After
consumption, ACM is not fully metabolized in the human body, and thus released into the
environment via urine and faeces in both metabolized and unmetabolized forms (Skwarczynska-
wojsa, 2024). It is reported that around 58-68% of the consumed ACM is excreted in the
unmetabolized form (Natarajan et al., 2021). Due to its wide production and extensive
consumption, it has been ubiquitously detected in various water bodies, including influents and
effluents of conventional WWTPs, hospital effluents, groundwater, and surface water ranging
from 10 to 134,000 ng/L (Goh & Ismail, 2020; Yun et al., 2019). In the aquatic environment,
ACM readily accumulates due to its high solubility and hydrophilicity (Jakébczyk et al., 2022).
A notable significance lies in addressing the higher concentration of ACM detected in the aquatic
environment compared to other drugs within the same family. There is a pressing need to address
and manage the water contamination with ACM for environmental well-being. The secondary
WWTP effluents have been recognized as the primary source for ACM pollution of water
resources (Goh & Ismail, 2020). Even though removing ACM from water is paramount,

commonly used water and wastewater treatment systems seem impotent for effectively
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eliminating ACM from water due to its high solubility, high hydrophilicity and resistance to bio-
degradation (Yun et al., 2019). Therefore, new treatment systems are required to effectively
remove ACM from water. The chemical structure of the ACM is shown in Figure 2.1.

Figure 2.1. Chemical structure of ACM.

ii) Ciprofloxacin (CIP)

CIP (C17H18FN303) is an antibiotic in the quinolone group that was first introduced in 1987. It is
now the most commonly used drug among the second-generation quinolones, accounting for
over 20 million prescriptions in 2010, making it the 35™ widely prescribed generic drug and the
5™ most frequently used antibacterial drug in the U.S. for bone and joint infections, urinary tract
infections, eye irritations. Recently, COVID-19 patients have been treated with CIP (Amar et al.,
2024). Concentrations of CIP in the environment vary from ng/L to mg/L (Amar et al., 2024).
The high concentration of this antibiotic in the effluents leads to the development of antibiotic
resistant bacteria and antibiotic resistant genes through prolonged exposure to CIP. Thus,
effective removal mechanisms are needed to protect the environment against CIP. The molecular

structure of the CIP is presented in Figure 2.2.

Figure 2.2. Chemical structure of CIP.
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iii) Amoxicillin (AMX)

AMX (C16H19N305S) is an antibiotic in the beta-lactam group and is often used for human and
animal bacterial infection treatments (Anastopoulos et al., 2020; Yaghmaeian et al., 2014). AMX
has amphoteric properties due to three main functional groups: NH,, -COOH and —OH. Single-
dose therapy with 500 mg of AMX in the human body results in an excretion rate of up to 86 +
8% within 2 hrs of ingestion (Anastopoulos et al., 2020). Moreover, AMX is resistant to bio-
degradation (Karimi-maleh et al., 2021), and its existence in surface water, domestic and
industrial wastewater is related to the potential environmental risks (Anastopoulos et al., 2020).
It was detected in surface water, such as river, in the concentration range of 7.11-7.81 ng/L (Shi
et al., 2020). Based on the available reports, a maximum concentration of AMX reaching up to
79.6 ng/L was recorded in the water environment. Therefore, efficient treatment of water
containing AMX is imperative to safeguard human health and the environment (Yaghmaeian et
al., 2014). Figure 2.3 shows the chemical structure of AMX.

Figure 2.3. Chemical structure of AMX.

iv) Atenolol (ATN)

Atenolol (C14H22N203) is a B-blocker commonly used for treating high blood pressure and heart-
related conditions. Atenolol has been detected in river water and exhibited a significant
persistence with concentration ranging from 0.16 to 1.18 pg/L (Jennifer et al., 2017). Also, it has
been detected in the wastewater treatment plant effluents (Garcia-rosero et al., 2022). It has a low
biodegradability and high presence in rivers and wastewater (Garcia-rosero et al., 2022). After

consumption, ATN undergoes partial metabolism and is ultimately excreted via urine in non-
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metabolized forms (>85%) (lancu et al., 2020). These reports provide evidence of the need to
implement an effective technology for the removal of ATN from surface water and wastewater.
The chemical structure of ATN is presented in Figure 2.4.

Figure 2.4. Chemical structure of ATN.

2.1.2. Sources of pharmaceutical contaminants

The intensive consumption of pharmaceutical products since the 1960s significantly increased
their presence within various environments such as wastewater, river water, sediments and
seawaters (Thiebault, 2019). Pharmaceutical residues identified in wastewater can be categorized
under human and veterinary antibiotics, prescription and non-prescription drugs, and some sex
and steroid hormones (Gogoi et al., 2018). These contaminants are introduced into the
environment via different sources, including hospital wastewater, landfill leachates, sewer
leakage, manure or sludge application in agricultural activities, industrial waste (especially
pharmaceutical factory effluents), surface runoff from urban or agricultural areas, domestic
wastewater containing human/animal urine and faeces, research activities utilizing these
compounds, disposal of unused and expired drugs (Al-juboori et al., 2024; Dubey et al., 2023;
Qian et al., 2023; Yu et al., 2024). Conventional WWTPs only partially eliminate the initial load
of pharmaceutical contaminants. Despite their efforts, a significant portion of pharmaceutical
contaminants, typically 20% to 65%, remain in the treated effluents that are eventually
discharged into receiving streams, rivers, or coastal areas (Castafio-Ortiz et al., 2024). These
pharmaceutical contaminants in wastewater effluents and aquatic environments may find their
way into drinking water intended for human consumption (Thiebault, 2019). There is a growing

awareness of the impacts of these contaminants in various parts of the ecosystem, such as water,
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sediments, and biota, reaching concentration levels that can pose a threat to aquatic organisms
(Rocha et al., 2020).

2.1.3. Occurrences of pharmaceuticals in water environment

Pharmaceutical residues from various sources enter the water environment and have become a
global concern (Nguyen et al., 2023). The increased consumption of several pharmaceuticals
such as ACM, and AMX during the COVID-19 pandemic caused the release of these
contaminants into the environment from hospitals, medical and quarantine centers (Castafio-
Ortiz et al., 2024; Nguyen et al., 2023). In this regard, advancements in analytical equipment
like High Performance Liquid Chromatography coupled with Mass Spectroscopy (HPLC-MS),
have enabled the detection of pharmaceuticals in water bodies at trace concentrations (ng/L)
(Kock et al., 2023). Based on the review of current reports, occurrences of certain

pharmaceuticals in water resources are presented in Table 2.1.

Table 2.1. The concentrations, sources, and countries where the target pharmaceuticals were
detected in water resources.

Concentration

Pharmaceuticals | (ug/L) Sources Country References

(Guillossou et al.,

260.49 WWTP influent France 2019)
(Guillossou et al.,
Acetaminophen 2.62 WWTP effluent France 2019)
(ACM) or South Wales, | (Kasprzyk-hordern et
paracetamol 108.38-246 .64 | WWTP influent UK al., 2009)
(PCT) South Wales, | (Kasprzyk-hordern et
<0.08-1.57 | WWTP effluent UK al., 2009)
Kwazulu- (Oluwole et al.,
5.760 WWTP influent Natal, South 2020)
Africa
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Table 2.1. Continued.

Concentration
Pharmaceuticals | (ug/L) Sources Country References
Republic of
28.58 WWTP influent Korea (Son et al., 2023)
0.38 Groundwater USA (Nguyen et al., 2023)
ACM 62.25 Hospital Taiwan (Nguyen et al., 2023)
effluent
(Kovalakova et al.,
6,500 Surface water India 2020)
1.21-3.85 | WWTP influent Spain (Gracia-lor et al., 2012)
052-1.38 WWTP effluent Spain (Gracia-lor et al., 2012)
160- 13, 625 | WWTP influent Spain (Rosal et al., 2010)
<LOQ-5, 692 | WWTP effluent Spain (Rosal et al., 2010)
CIpP South
0.12-0.2 WWTP influent Africa (Mzukisi et al., 2020)
South
08-14 WWTP effluent Africa (Mzukisi et al., 2020)
830 WWTP effluent | Ethiopia (Gezahegn et al., 2019)
0.76-1.53 Hospital Ethiopia (Gadisa et al., 2024)
wastewater
Amoxicillin <LOQ -0.021 | Surface water Egypt (Mzukisi et al., 2020)
(AMX) <LOQ -4.66 | WWTP effluent Egypt (Mzukisi et al., 2020)
0.0027 Surface water Nigeria (Mzukisi et al., 2020)
Atenolol (ATN) 0.5-13.2 Surface water Argentina (Puri et al., 2023)

Note: WWTP: wastewater treatment plant, LOQ: limit of quantification of the method employed in the

cited reference.

ACEWM-AAU 2024

Page 20



2.1.4. Effects of pharmaceutical contaminants

Pharmaceuticals are designed to target specific cell, metabolic or enzymatic signals to achieve
the desired therapeutic effects. Therefore, they are biologically active even at trace doses
(Kock et al., 2023). They exhibit the same bioactivity upon reappearing as contaminants,
potentially causing severe health effects. Pharmaceuticals in the aquatic environment are
associated with various negative effects on humans and the environment, including short and
long-term toxicity, endocrine disruption and the development of antibiotic-resistant
microorganisms (Kim & Zoh, 2016). Consuming water or food contaminated with antibiotic
residues may lead to various adverse health effects on humans, such as allergic hypersensitivity
reactions, toxic effects, hepatotoxicity, nephropathy, endocrine disruption, mutagenicity,
carcinogenicity (Miarov et al., 2020). Another adverse health effects of these include hindering
metabolic processes, possessing hormone receptors, mimicking natural hormones, and
inducing development and reproductive problems (Shin et al., 2020). Reports have also
indicated several disorders among fauna, such as fish or bacteria at field-relevant
concentrations (Thiebault, 2019). More specifically, trace amounts of CIP present in drinking
water can result in symptoms such as nausea, headaches, diarrhea, vomiting, and tremors.
Conversely, elevated levels of CIP often lead to thrombocytopenia, excessive liver enzyme
levels, and acute renal failure (Kamal et al., 2024). Other reported adverse effects of CIP on the
aquatic ecosystems include disruption of plant photosynthesis, abnormalities in plant and
alteration of algal structure (Kamal et al., 2024). On the other hand, water contamination with
ACM can result in several harmful effects on human health, including hepatotoxicity,
mutagenesis, endocrine disruption, and cancer in humans (Chen et al., 2021; Q. Zhang et al.,
2020).

The health impacts of the pharmaceutical contaminants have been investigated using
biomarkers such as daphnia magna, Dreissena polymorph, Danio rerio, and Gammarus pulex in
various studies. These species were used due to their important physiological characteristics. In
this regard, considering these simple species to assess physiological parameters allows the
estimation of the health effects of these contaminants on more complex organisms (Arias,
2019). Another primary concern regarding the release of pharmaceuticals such as CIP and

AMX into the environment is the development of antibiotic-resistant genes and bacteria that
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can reduce the therapeutic potential of antibiotics against human and animal pathogens (Han et
al., 2018). The occurrence and persistence of pharmaceutical contaminants, alone or in
mixtures, will have irreparable harmful effects, presumably leading to the extinction of some
ecosystems. There is a knowledge gap in health impact assessment of pharmaceutical
contaminants such as death rate of humans due to exposure to these contaminants. Therefore, it
is crucial to set stricter discharge limits for pharmaceuticals, investigate detailed health impact
analysis and develop advanced technologies to address this environmental problem (Rout et al.,
2021).

2.2. Physical/chemical pharmaceuticals removal technologies

2.2.1. Adsorption process

Adsorption is a widely used separation method for contaminant removal in water and wastewater
treatment. It is the adherence/binding of atoms, molecules, or ions of gas, liquid, or solid onto the
material surface (Sulyman et al., 2017). An adsorbent is a porous material that can adsorb
substances onto its surface by intermolecular forces. Adsorbents can be synthesized from several
materials, such as silica, clay, zeolites, biomass (industrial by-products, agricultural wastes), and
polymeric materials with or without modification. Numerous adsorbents, including biochar
(Alshakhs et al., 2024), activated carbon (Thanh et al., 2020), clay (Chauhan et al., 2020),
magnetic nanomaterial (Loc et al., 2023), metal-organic framework (Yilmaz et al., 2021), iron
nanoparticles with a freshwater microalga (Kumar et al., 2021), chitosan magnetic nano-
biosorbent (Natarajan et al., 2022) microalgae ( Pereira et al., 2023), groundnut shell (Malesic-
eleftheriadou et al., 2021) have been used to remove pharmaceuticals contaminants from water.
The adsorption process is techno-economically more attractive due to its inexpensiveness,
universality and environmental friendliness (Ali et al., 2020). It has been widely applied in both

lab-scale and large-scale industrial applications.

Carbon-based adsorbents are one of the most effective adsorbents widely utilized for the
remediation of organic and inorganic contaminants from water. The broad-spectrum, uncharged
and non-polar contaminants can be effectively removed from wastewater by adsorption onto
carbon materials. This phenomenon may be linked to the porous structure of carbon, which
offers an ample surface area for effective adsorption. Furthermore, the surface chemistry and
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pore size distribution of adsorbents play pivotal roles in determining the degree of
pharmaceutical contaminants removal (Peres et al., 2017). The utilization of materials like
activated carbon (AC), biochar (BC), and hydrochar (HC) for the removal of pharmaceutical
contaminants from water has received increased attention among researchers. This is attributed
to the simplicity, cost-effectiveness, and high performance associated with these materials
(Rocha et al., 2020).

Choosing an appropriate adsorbent for a particular adsorption process constitutes a primary
objective in adsorption studies. The crucial factors to investigate during an adsorbent selection
include high adsorption capacity, adsorption rate, efficiency in removing various target
pollutants, selectivity for different substances, surface area, physical strength, kinetics, non-
toxicity, regenerability, tolerance for a diverse water matrix, and cost-effectiveness. Carbon-
based adsorbents have drawn significant attention because of their chemical inertness,
biocompatibility and thermal stabilities (Ali et al., 2020). Activated carbon is one of the carbon-
based adsorbents commonly employed to remove organic contaminants from water and

wastewater.

In lab and full-scale operations, the adsorption process can be operated in batch and continuous
(flow) modes. In the batch adsorption process, the binding of the adsorbate molecule onto the
adsorbent occurs physically or chemically for a certain period after charging the adsorbent and
the aqueous solution containing the adsorbate. The efficiency of adsorptive removal is influenced
by several factors, including the type of adsorbent, its physicochemical properties (such as pore
volume, size, diameter, and surface area), pH levels, initial pollutant concentration, temperature,
contact time, and the dosage of the adsorbent. In contrast, the continuous adsorptive process
consists of a column containing a fixed adsorbent material through which water or an aqueous
solution containing the target adsorbate flows through the column. Fixed-bed columns are widely
used for adsorption in flow mode. In the flow mode operation, mass transfer is favourable by a
gradient concentration, which is the driving force of the adsorption process. The flow mode
adsorption process is often characterized by the breakthrough curves, which show the change in
pollutant concentration (effluent) with time. As a result, the breakthrough curve serves as an

indicator, signalling the optimal time for regenerating the adsorbent. In a flow mode adsorption
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process, factors such as bed height (adsorbent weight), flow rate, initial pollutant concentration

in the feed and pH of the solution affect the performance of column adsorption.

In addition, the physico-chemical properties of the adsorbent, such as the adsorbent porosity,

surface area of the adsorbent, point of zero charge and the dissociation constant (pKa) value,

affect the adsorption process (Juela, 2020). Similarly, the nature of the adsorbate molecule (size,

charge and hydrophobicity) and the water background matrix influence the performance of the

adsorption process (Guillossou et al., 2020). There are two types of adsorption processes: single

component sorption and simultaneous sorption of contaminants. These sorption processes are

explained in the following sections. Adsorbents applied in the removal of pharmaceutical

contaminants from water are presented in Table 2.2.

Table 2.2. Adsorptive capacities of various adsorbents in the removal of pharmaceutical
contaminants from water.

Properties of
Adsorbent | adsorbent Pharmaceutical | Type of Operating Adsorbent | References
type contaminant water conditions capacity

matrix (mg/q)
Batch adsorption
SBET: Deionized | C, =60 mg/L,

Biochar 134.1671 CIP water time = 180 min, 27.97 (Lu & Zhao,

m?/g, pore size pH =4, rpm = 150 2024)

= 4.5 nm, pore and temperature =

diameter =5.4 21°C.

nm, pore
volume = 0.15
m*/g

Modified Sget = 25 Deionized | adsorbent dose = (Yuxuan Yang
thermal m?/g, pore size CIP water 0.75 g/L, pH=5, 31.85 etal., 2022)
kaolin =25.1 nm, and time = 100

pore volume = min.

0.16 m%/g

Graphene- Sper=91.3
boron m?/g CIP Deionized | C, = 10.5 mg/L, 185 (Han et al.,
nitride water pH =7, adsorbent 2022)
composite =0.25¢g/L
aerogel
Cross-
linked - ATN Deionized | C, =10 mg/L, 7.31 (Cecone et al.,
electrospun water adsorbent =1 g/L, 2024)
mats pH =7
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Table 2.2. Continued.

Properties of
Adsorbent | adsorbent Pharmaceutical | Type of Operating Adsorbent | References
type contaminant water matrix | conditions capacity
(mg/g)
Alginate/a | Sggr =533.42 Co, = 100 mg/L, (Peixoto et
ctivated m?/g, pore ACM Deionized adsorbent=1¢g/L, | 165.94 |al., 2022)
hydrochar | diameter = 2.12 water pH =6.5.
composite nm and pore
beads volume = 0.28
m3/g
CoFe,0;- Seer =25.69 Co =50 mg/L, pH (Chakhtouna
modified m?/g, pore AMX Deionized =7, contact time 136.83 | etal., 2021)
biochar volume =0.025 water = 60 min, and
m*/g, pore adsorbent = 0.5
volume = 3.92 g/L.
nm
Continuous adsorption
Seer = 308.6 Co =100 mg/L, (Luiz et al.,
m?/g, pore pH = 5.7 and flow 2023)
Biochar diameter = 2.8 ACM Deionized rates = 2.5 27.65
nm water mL/min and 5.0
mL/min,
adsorbent loading
(0.38and 0.75 g)
Diatomace (Garcia-
ous earth - CIP Deionized pH=2.0 105.1 alonso et al.,
water 2019)
Sger = 29.59 (Maged et
Acid m?/g, pore Deionized pH =5-6.1 97.12 al., 2020)
activated volume = 0.09 CIP water
bentonite m>/g, pore
diameter =
11.37 nm
Date pits Sger =1055 synthetic pH < 6.0 424 (Belhachemi
activated m?/g, micro AMX wastewater & Djelaila,
carbons pore-volume: 2017)
0.36 m*/g
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)] Single sorption of contaminants

The adsorption process has been widely applied to remove a single contaminant at a time. The
commonly employed isotherm models (Langmuir and Freundlich) were developed for single
sorption systems. In recent studies, pharmaceuticals including ACM (Hyun et al., 2023), CIP
(Pal et al., 2024), ATN (Garcia-rosero et al., 2022), AMX (Laksaci et al., 2023), tetracycline (Li
et al., 2024; Yang et al., 2024), and carbamazepine (Mehmood et al., 2024), diclofenac (Franca
et al., 2019) were removed from single component contaminant systems. In single component
sorption systems, there is no competition for adsorbent active sites if the adsorption is conducted
in a pure water matrix. In real-world scenarios, however, single contaminants do not exist alone;
instead, there is typically a combination of contaminants. Therefore, considering more than one

component in the adsorption process offers practical advantages.
i) Simultaneous sorption of contaminants

Simultaneous sorption of contaminants involves adsorption of more than one component at a
time. In this sorption system, adsorbate molecules compete for the active sites of the adsorbent.
Therefore, simultaneous sorption provides an adsorbent capacity closer to real-world
applications, as the adsorption process of environmental samples involves the adsorption of
multiple components. Simultaneous sorption such as sorption of ACM and nimesulide (NMS)
(ACM+NMS) (Pauletto et al., 2024), atenolol (ATN) with propranolol (PPL), sulfasalazine
(SFS) and sulfamethazine (SMZ) (ATN+PPL+SFS+SMZ) (Kim et al., 2024), ofloxacin (OFX)
oxytetracycline (OXT), ciprofloxacin (CIP), and sulfamethoxazole (SMT)
(OFX+OXT+CIP+SMT) (Zafar et al., 2023), tetracycline (TC) and ciprofloxacin (CIP)
(TC+CIP) (Tong et al., 2023) and amoxicillin (AMX) and metronidazole (MTZ) (AMX+MT2Z)
(El et al., 2023) were studied. The simultaneous sorption process data should be described using
the multi-component isotherm models such as competitive/extended Langmuir model, non-
modified Langmuir model, extended Freundlich model, Modified Redlich-Peterson model, Jian
and Snoeyink modified Langmuir model and p-factor models. The study of the simultaneous
adsorption process helps to understand the potential of the adsorbent over multiple contaminants,
adsorbate-adsorbate interactions (synergistic or antagonist effects) and the adsorbent-adsorbate

interactions. In simultaneous adsorption systems, the adsorption process can be non-interactive,
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antagonistic, and synergistic when it fulfills conditions as shown in Eqg. (2.1), Eq. (2.2), and Eq.
(2.3) (Tovar-gémez et al., 2014), respectively.

dm binary =1 (21)

Am single

dm binary <1 (22)

Am single

Am binary >1 (23)

Amsingle

Om binary @Nd Om single refer to the maximum adsorption capacity in binary and single component

adsorption systems, respectively.
iii. Mechanism of the adsorption process

The adsorption process is generally classified as physical adsorption (physi-sorption) or chemical
adsorption (chemisorption). Physi-sorption is carried out by Van der Waals forces, dipole
interactions, and hydrogen bonding (Sulyman et al., 2017). In this process, there is no electron
exchange between the adsorbent and adsorbate molecules. In physi-sorption, equilibrium is
rapidly achieved, and the process requires low activation energy for physical adsorption. It is
characterized by its non-specific and reversible nature. However, chemisorption results from the
chemical bonding between adsorbent and adsorbate molecules, making it a specific and
irreversible process. This type of adsorption alters both the chemical and electronic properties of

the adsorbent during the chemisorption process.

The binding of adsorbent and adsorbate by the covalent bond is called weak chemical adsorption,
whereas the binding between adsorbent and adsorbate by an ionic bond is termed strong
chemical adsorption (Sulyman et al., 2017). The adsorbent-adsorbate interaction mechanisms
include electrostatic attraction, n-n interaction, hydrogen bonding, pore filling, functional groups
complexation, n-m interaction and Lewis-acid base interaction. These adsorption mechanisms are

explained as follows:
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a) Electrostatic interaction

The electrostatic interaction is one of the most investigated mechanisms of adsorption. The
electrostatic interaction can be electrostatic attraction or electrostatic repulsion. This mechanism
can be explained by noting the pH of the point of zero charge of the adsorbent (pH,;c) and the
dissociation constants (pKa) of the pharmaceuticals. Typically, the surface charge of the
pharmaceuticals becomes positive at solution pH values less than their pKa value and vice versa.
On the other hand, the surface charge of the adsorbent becomes positive for the solution pH
values less than pHp,c and negative for solution pH values higher than pHp,. Electrostatic
attraction occurs when the adsorbent and pharmaceuticals exhibit different charges (positive and
negative). In contrast, electrostatic repulsion occurs when they have similar charges (either
positive or negative). Electrostatic interaction mechanism has been reported for ACM and CIP
adsorption (Al et al., 2021; Grimm et al., 2024).

b) =-m interactions

The n-m interactions occur between the aromatic groups of adsorbent and adsorbate molecules. In
most cases, n-m interactions most likely happen during the adsorption of pharmaceuticals, as
pharmaceutical contaminants typically contain at least one aromatic ring. The n—electron-
deficient regions (zr —electron acceptor) on pharmaceuticals interact with n—electron-rich regions
(m —electron donor) of the adsorbent surfaces (Bose et al., 2023). Studies pointed out that
aromatic rings of ACM and CIP interact with the aromatic ring of the biochar, exhibiting n-n
interaction (Grisales-cifuentes et al., 2021; Yang et al., 2022).

c) Hydrogen bonding

The hydrogen bonding mechanism is prevalent in the adsorption process with carbon-based
adsorbents. It is an inter-molecular or intra-molecular interaction between hydrogen atoms and
oxygen, fluorine, nitrogen and other atoms (Qiu et al., 2022). In CIP adsorption, hydrogen
bonding takes place between the —OH group of the adsorbent (hydrogen bonding acceptor) and
the F group of CIP (hydrogen bonding donor) (Yang et al., 2022). Similarly, hydrogen bonding
occurs between ACM (N-H and O-H groups) and carbonyl groups of the adsorbent (Grimm et
al., 2024). The availability of oxygen-containing functional groups in the biochar promotes the
adsorption of organic compounds through hydrogen bonding (Qiu et al., 2022).
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d) Pore filling

The pore-filling effect is one of the adsorption mechanisms between biochar and pollutants
(Cheng et al., 2021). The pore-filling mechanism of ACM adsorption onto commercial activated
carbon occurs primarily at high adsorbate concentrations (> 300 mg/L) (H. Nguyen et al., 2020).
ACM molecules diffuse through the solution and enter the pores of the CAC. Once get inside the
pores, the molecules are adsorbed onto the internal surface of the pores due to hydrogen bonding
and m-n interaction. Therefore, pore-filling mechanism contributes to the efficient adsorption of
ACM (Grimm et al., 2024). Moreover, the pore-filling mechanism depends on the molecular size
of the adsorbed molecules and the pore size of the biochar (Cheng et al., 2021).

e) Complexation reaction

Complexation reaction is classified as outer and inner layer complexation. It involves the
formation of complexes with specific metal-ligand interactions (Nie et al., 2021). Metal and
metal oxide modification of adsorbents such as biochar promotes the adsorption of antibiotics
through complexation (Rajapaksha et al., 2019). This process occurs between oxygen-containing
functional groups on adsorbents (biochar or activated carbon) and metal ions (Nie et al., 2021) or
vice versa. The complexation between Fe-O species on biochar and CIP zwitterions (ketone or
carboxylate functional groups) is an important adsorption mechanism in the adsorption of CIP
from water (Li et al., 2021).

f) Lewis-acid base reaction

Lewis acid-base reactions occur between amino groups of the sorbates (donor of pair of
electrons: Lewis base) and oxygen-containing functional groups of the carbonaceous adsorbents
(acceptor of pair of electrons: Lewis acid) (Kah et al., 2017). Lewis acid-base reactions are also
possible between iron species on the adsorbent as Lewis acid and nitrogen/oxygen sites in ACM
as Lewis base (Yilmaz et al., 2021). Moreover, Lewis acid-base interactions are possible
between phenols (sorbate) and the amino moieties of the biochar (Kah et al., 2017). It was also
reported that the Lewis-acid base interactions between the sulfonyl group of the sorbent and —
NH-/-NH, of sulfamethoxazole (Ma et al., 2024). Therefore, Lewis-acid base reactions are

essential adsorption mechanisms during the adsorption of pharmaceuticals from water.
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2.3. Advanced oxidation processes (AOPs) for pharmaceuticals removal

In a broad sense, advanced oxidation processes (AOPSs) are chemical treatment methods designed
to remove organic substances in water and wastewater by oxidation through reactions with
hydroxyl radical (*OH). AOPs generally overcome the limitations of other treatment processes,
although they may not result in the complete mineralization of the organic pollutants at short
oxidation time. Moreover, AOPs are regarded as a highly competitive technology for removing
bio-recalcitrant, persistent and chemically stable organic contaminants from water and the
inactivation of pathogenic microorganisms not treatable by conventional techniques (Garrido-
cardenas & Aguera, 2020; Nyankson & Kumar, 2019). AOPs involve the in-situ generation of
non-selective and highly reactive oxygen species (ROS) such as hydroxyl radicals (*OH), H2O,,
O3 and superoxide anion radicals (O, ) for mineralization of organic compounds to CO,, H,0O
and inorganic ions or acids (Kanakaraju et al., 2018; Kwon et al., 2018; Yin & Shang, 2020).
The AOPs can be operated at ambient conditions of temperature and pressure and are considered
promising for the remediation of groundwater, surface water, and wastewater containing non-
biodegradable organic pollutants such as pharmaceuticals, pesticides, and aromatics (Kaur et al.,
2019).

AOPs can be photochemical and non-photochemical oxidation processes. Photochemical
processes include UV oxidation (Kwon et al., 2019), UV/ H,0,, UV/O; UV/H,0,/03,
UV/Ultrasound, photo-Fenton, photo-catalysis, sono-photo-catalysis, vacuum UV, and
microwave. Whereas, the non-photochemical processes include ozonation, ultrasound (US),
US/H,0,, US/O3;, US/Fenton, electro-chemical oxidation, supercritical water oxidation,
ionization radiation, photo-catalysis, sonolysis, electron-beam irradiation, wet-air oxidation
(Kanakaraju et al., 2018; Oluwole et al., 2020). The efficiency of AOPs in removing
pharmaceuticals from water depends on the type of AOPs employed, operating conditions, and
the nature of pharmaceuticals in the water. However, these processes require higher operational
costs mainly due to increased energy demands or consumption of chemicals. They can oxidize
pharmaceuticals, which could lead to their removal or the formation of intermediates that are

more amendable to biodegradation, depending on the type of advanced oxidation process
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employed (Sipma et al., 2010). Some of the AOPs commonly used in removing pharmaceuticals

such as ACM, CIP, AMX and ATN from water and wastewater are explained below.

2.3.1. Electrochemical oxidation

Electrochemical oxidation (EO) is one of the AOPs widely employed in remediating
pharmaceutical contamination from water due to the generation of *OH radicals, powerful and
non-selective oxidizing agents (Ortiz et al., 2024). Nonetheless, the literature presents studies in
which oxidation of the pharmaceutical compounds using EO can lead to unintentional formation
of intermediate by-products, resulting from the incomplete mineralization of the parent
compounds (Ortiz et al., 2024). In the EO process, anode materials, including iridium dioxide
(IrOy), iron, conducting polymers, and boron-doped diamond (BDD) electrodes, degrade
pharmaceuticals during water treatment. The main benefits of adopting EO include avoiding
redox chemicals, close control of the desired reactions and onsite treatment (Nuguse et al., 2023).
Two main mechanisms are involved during the EO process: (i) direct oxidation at the anodic
electrode surface through an anodic electron transfer reaction and (ii) indirect oxidation through
a mediator (electro-generated oxidants) (Yoon et al., 2015). Both of these oxidation mechanisms
may co-exist during the EO treatment of the aqueous solutions (Gilpavas et al., 2020). Direct
oxidation involves electron transfer to the anode and degradation of contaminants adsorbed on
the anode surface. It is theoretically possible at more negative potentials than those needed for
water splitting and oxygen evolution. However, this process result in electrode fouling, thereby
declining the electrode efficiency (Feng et al., 2016). The indirect EO occurs via *OH radical and
other electro-generated oxidants. In the EO process, chlorine is formed by the oxidation of
chloride at the anode. Moreover, the presence of chloride in the wastewater is crucial for the EO
process, as it generates active chlorine, enhancing the degradation efficiency. Other electro-
generated oxidants involved during the EO process include H,O,, Oz, °Cl, *SO4, which vary
according to the electrolyte composition and electrode material (Onur, 2023). During the EO
process, the pharmaceutical contaminant (R) present in the water can be oxidized via various
ways when the applied current corresponds to the anode (M) potential within the range of
oxygen evolution (Giraldo et al., 2015; Panizza & Martinez-huitle, 2013; Weng & Yu, 2019).

These include:
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(1) Pharmaceuticals reaction with physi-sorbed *OH radicals (electro-generated at the metal oxide
anode from the water discharge) (Eqgs. 2.4-2.5). This process is heterogeneous and the anode

surface absorbs the electro-generated "OH radicals.
M+H,0 >M(*OH) 4.+ Ht+e’ (2.4)
M(*OH),4s+R -M+C0O,+H,0 (2.5)

The physi-sorbed *OH radicals induce non-selective oxidation of pharmaceuticals, leading to

their complete combustion.

(if) Pharmaceuticals reaction with chemi-sorbed active oxygen, which is electro-generated by the

transition of oxygen from the adsorbed *OH radicals to the lattice of the oxide anode, resulting in

the formation of higher oxide (Egs. (2.6) and (2.7)).
M(*OH),4s »MO + H* + ¢ (2.6)
MO +R - M+ RO (2.7)

The higher oxide usually gives only selective and partial oxidation with the formation of organic
intermediates (RO).

(iii) For EO process employing NaCl as an electrolyte or for wastewater containing chloride
ions, indirect oxidation of pharmaceuticals with active chlorine species (gaseous chlorine,
hypochlorous acid or hypochlorite) electro-generated from the oxidation of chloride ions is
presented in (Egs. (2.8), (2.9) and (2.10)):

2Cl7 - Cly + 2e” (2.8)
Cl,+ H,0 - HOCl” + H* + Cl~ (2.9
HOCl+ R - CO,+ H,0+ H*+ Cl™ (2.10)

Higher electro-active chlorine oxidizing species can be generated at higher NaCl concentrations
during the EO process (Onur, 2023). The reactions that take place during EO at the anode,
cathode and within the bulk solution is provided in Egs. (2.11-2.21).
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Anodic reactions:

2Cl~ - Cly + 2e™ (2.11)
6HOCl + 3H,0 — 2ClO3 + 4Cl™ + 12H* + 1.50, + 6e~ (2.12)
2H,0 - 0,+ 4H" + 6e~ (2.13)

Cathodic reactions:

2H,0 + 2e”~ - 20H™ + H, (2.14)
OCl” + 2H,0 + 2e~ - ClI” + 20H™ + H,0 (2.15)
6ClO~ + 3H,0 — 2ClO; + 4Cl” + 6H™ + %02 + 6e” (2.16)
ClO; + H,0 - ClO; + 2H + 2e” (2.17)

Solution reactions:
Cl, + H,0 - HOCl+ H* + Cl~ (2.18)
HOCl < H* + oCl™ (2.19)

Indirect oxidation through *OH in bulk solution
2H,0 > 0, + 4H* + 4 e~ (2.20)

R ++O0H - RO + CO, + H,0 2.21)

R = pharmaceuticals (ACM/CIP)
a) Types of electrodes

The electrode material type is recognised to significantly affect the effectiveness, selectivity, and
robustness of the EO system (Ogundele et al., 2023). Therefore, it is crucial to identify electrode
types employed in the EO process. There are two widely utilized types of electrodes in the EO

process. These are active and inactive anode electrodes. The active electrode involves changes
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on the electrode surface that affect the EO process. These include Ti/IrO;, Ti/RuO,, Ti/RuO,—
IrO,, Ti/lrO,—Ta,05 and Pt. In active anodes, oxygen atoms are covalently bound to the anode
surface (Fu et al., 2023), and these types of electrodes exhibit notable electro-catalytic activity.
Active electrodes have demonstrated remarkable efficiency in removing organic contaminants

and disinfecting wastewater (Jung et al., 2015; Ogundele et al., 2023).

The surface does not change in non-active electrodes and only acts as an electron sink. The non-
active electrodes serve as active electron concentration sites but cannot be involved in the anodic
oxidation process. These electrodes include boron-doped diamond (BDD), PbO, and Ti;O7 and
are the most efficient anodes due to their high potential for generating large quantities of «OH
and different secondary oxidants. On non-active anodes, the oxygen atoms of *OH are not
covalently bound to the surface of the anode but mineralize the contaminants directly (Fu et al.,
2023).

2.3.2. Ozonation

Ozone is a powerful electrophile oxidant that reacts rapidly and selectively with electron-rich
moieties such as alkenes, amines and aromatic rings (Guillossou et al., 2020; Guo et al., 2020). It
is a very powerful oxidizing agent (E° = 2.07V) able to degrade a wide range of organic and
inorganic compounds. During ozonation, the degradation of organic substances occurs via two
main mechanisms: direct oxidation with dissolved ozone or indirect oxidation through hydroxyl
radical. In direct ozone oxidation, molecular ozone reacts selectively with electron-rich moieties
such as phenols, activated aromatics, non-protonated amines and olefins, with kinetics constants
ranging from 1 to 10° M™* s™*. In contrast, the generated *OH reacts unselectively with almost all
organic molecules (whose reaction constants (k.o) are in the order of 10° — 10" Ms™) in the
indirect oxidation reaction (Prada-vasquez et al., 2020). The contribution of each mechanism is
strongly dependent on the pH of the solution. In acidic solutions (pH < 3), significant ozone
decomposition does not occur, and essentially, only the direct pathway takes place, while at basic
pH, the rates of radicals generation increase significantly, and the indirect reaction becomes
predominant (Prada-vasquez et al., 2020). Ozonation can generally remove micro-pollutants
while inactivating bacteria and viruses at even lower ozone doses, such as 0.5 g Os/g of

dissolved organic carbon (DOC)), corresponds to 2.6 mg Os/L. In ozone degradation of
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pharmaceuticals, knowledge of the specific ozone dose (g Os/g DOC) and the kinetic constants
for ozone and *OH reactions enable the prediction of the efficiency of ozonation reaction during
municipal wastewater treatment (Gomes et al., 2017). Ozonation has been widely used in
drinking water production and has recently been transferred to advanced wastewater treatment

systems (Guillossou et a., 2020).

2.3.3. UV/Chlorine process

The UV/chlorine is an effective AOP for the elimination of pharmaceuticals from water using the
in-situ generated *OH radicals and reactive chlorine species (RCS) (CI', Cl,", and CIO"). This
approach benefits from the non- selectivity of «OH radical as well as the selectivity of RCS in
reacting with organic pollutants such as pharmaceuticals (Ghanbari et al., 2021). In a particular
study (Y. Zhang et al., 2020), electrically driven UV/CI, was employed as a beneficial approach
for the elimination of pharmaceuticals, including CIP, by combining UV irradiation with in-situ
electro-generated Cl,. The electrically driven UV/CI, effectively eliminated CIP from the water
(Y. Zhang et al., 2020). On the other hand, the UV/chlorine process, when compared with the
UV/H,0, process, demonstrated significant savings in energy consumption ranging from 3.5% to
98% for the degradation of pharmaceuticals in natural water. However, it is essential to note that
there are considerations related to toxicity. The acute toxicity was found to be substantially
influenced by the UV/chlorine process, primarily due to the formation of chloro-products.
Initially, acute toxicity was significantly increased during the initial reaction time, followed by a
subsequent decrease due to reduced chloro-product formation over time. This suggests a

dynamic impact on toxicity levels throughout the UV/chlorine degradation (Guo et al., 2020).

2.3.4. UV/H,0,

The UV-based processes that produce radicals include UV/H,0,, UV/Chlorine, UV photolysis
and UV/TiO;. The UV/H,0; is a traditional AOP that generates *OH through the UV photolysis
of the -O-O- peroxidic bond in H,O;, (Ahn et al., 2017; Guo et al., 2019). The formation rate of
*OH in the UV/H,0; process depends on the quantum yield and the absorbance coefficient of
H,0, at the specific wavelength. In the UV/H,0; process, the quantum yield is reported to be 0.5
for the production of «OH at relatively high UV light intensity at 254 nm and low peroxide
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concentrations. H,O, has a maximum absorbance at 210-230 nm, and its UV absorbance
coefficient at 254 nm is 19.6 M cm™ (Guo et al., 2020). The amount of *OH in UV/H,0,
depends on its production and consumption. Increasing the concentration of H,O, promotes the
generation of «OH during the UV/H,0, process. However, this enhancement becomes limited at
high concentrations of H,O,, resulting from the important scavenging effect of H,O, on *OH at
2.7x10" M s (Guo et al., 2020).

2.3.5. Heterogeneous photo-catalysis

The UVITIO; is considered one of the widely studied heterogeneous photo-catalytic AOP
processes. It is one of the AOPs that integrate low-energy UV light with semi-conductors acting
as photo-catalysts. In this treatment technique, pharmaceuticals degradation occur using
atmospheric oxygen as an oxidant, resulting in the mineralization of the pharmaceuticals to
harmless organic products and low molecular weight acids that are more biodegradable.
Pharmaceuticals containing carbon will be oxidized to carbon dioxide while the other elements
bonded to the organic compounds get converted to anions such as nitrates, sulphates, or chloride.
The TiO, photo-catalysts absorbs UV radiation holes and electrons, producing *OH (Kaur et al.,

2019). The produced *OH is responsible for the degradation of the pharmaceuticals.

2.4. Coupled treatment processes for pharmaceuticals removal

The aforementioned water treatment technologies have some sort of limitations in removing
pharmaceutical contaminants from water when employed individually. AOPs may lead to the
formation of toxic intermediate products, necessitating additional treatment steps or higher
oxidation times. Additionally, application of AOPs alone in a large-scale water treatment
systems require high energy consumption (Ganiyu et al., 2015). On the other hand, adsorption
process is a low-cost water treatment process which provides high removal of single contaminant
from simple water matrix. However, its efficiency is limited when removing multiple
contaminants from complex water matrices. In contrast, coupled treatment systems offer a
considerable advantage by addressing the limitations of the individual processes, and thus
remarkable removal efficiencies have been reported using the coupled technologies.

Nevertheless, each category of the coupled technology offers unique advantages and challenges,
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and the selection of a specific technology depends on the particular water treatment needs and

characteristics of the water matrix.

2.4.1. Adsorption-based coupled processes

The adsorption process can be coupled with various water treatment techniques, including AOPs
and biological processes. Coupling adsorption with AOPs is considered a promising research
direction that can solve the problems associated with the stand-alone processes. This process can
be operated sequentially (oxidation followed by adsorption or vice versa) or simultaneously
(oxidation-adsorption). Adsorption can be integrated with EO, UV/CI, and ozonation. In most
cases, adsorption comes after oxidation to handle the toxic by-products generated during
oxidation since complete mineralization is very challenging, especially when considering
complex water matrices. Moreover, during AOPs-based oxidation, several reactions occur other
than the *OH-mediated reactions, which contribute to incomplete mineralization when applying
AOPs in water treatment. Therefore, coupling adsorption with EO is a beneficial approach in
water treatment. In a particular study (Ganesan et al., 2019), adsorption was coupled with EO to
effectively eliminate CIP from water. Meanwhile, the EO+adsorption successfully removed
sulfate, fluoride ions and toxic by-products generated during the EO process. In the same study,
an absolute removal of CIP from water was reported using the EO+adsorption. Also, the
conducted toxicity assessment revealed that EO treated water had a significant toxicity which
was remarkably reduced after the adsorption process (Ganesan et al., 2019). Therefore, the
EO+adsorption has been proven to be effective in eliminating pharmaceuticals and associated
toxicity from water. Coupling EO with adsorption can enhance techno-economic feasibility and
environmental viability, particularly in industrial-scale pharmaceutical wastewater treatment
(Ganthavee & Trzcinski, 2023). The effectiveness of the EO coupled with the adsorption process
depends on the individual process parameters such as current density, initial solution pH,
oxidation time, initial pollutant concentration, adsorbent dose and adsorption time. Therefore,
coupled process optimization is one of the crucial strategies to maximize the contaminant
removal efficiency of the coupled process. Adsorption can also be coupled with ozonation
process. More specifically, Guillossou et al. (2020) coupled adsorption with ozonation (activated

carbon) to remove pharmaceuticals from wastewater. The two processes (ozonation and
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adsorption) appeared complementary as organic pharmaceuticals with a low reactivity toward
ozone were well absorbed onto the powdered activated carbon and pharmaceuticals refractory to
adsorption were well eliminated by ozone oxidation (Guillossou, et al., 2020).

2.4.2. Membrane-based coupled technologies

The utilization of membrane filtration technologies, often combined with other treatment
mechanisms, such as adsorption or AOPs, was evaluated for their effectiveness in removing
pharmaceutical contaminants from water. The membrane-based hybrid process includes EO-
membrane separation (Wei et al., 2020), membrane bioreactor (MBR) (Alfonso-Muniozguren et
al., 2021), MBR-activated carbon adsorption (Garcia et al., 2021), membrane separation-photo-
catalytic process (Papac Zjaci¢ et al., 2022) and membrane filtration-ozonation/chlorination
(Acero et al., 2015).

Integrating EO with membrane separation is considered an efficient approach for treating
industrial wastewater, as it offers advantages such as achieving standard limits for wastewater
discharge for potential reuse and economic benefits. This integrated process is considered the
best technology due to its ability to simultaneously separate and degrade organic pollutants with
high efficiency and low energy consumption, thanks to enhanced mass transfer and electro-active
area, longer service life, and easy regeneration procedure (Wei et al., 2020). Several studies have
employed MBR treatment to remove micro-pollutants effectively. It is particularly effective for
moderately removable compounds through conventional activated sludge (CAS) treatments,
achieving additional 20-50% reductions in micro-pollutant concentrations. However, for
compounds already highly degraded by CAS processes or recalcitrant compounds, MBRs may
not yield significant improvements in removal efficiency (Grandclément et al., 2017). Including
powdered activated carbon in a MBR system has been shown to enhance the removal of
pharmaceutical contaminants, with improvements ranging from 10% to 80%. For biodegradable
pharmaceuticals, the removal efficiency can reach as high as 80-100% when powdered activated
carbon is used in the MBR reactor (Garcia et al., 2021). It is reported that using a combination of
NF and granular activated carbon resulted in 98% cyclophosphamide removal, even with a short

empty bed contact time of 3 minutes (Gouveia et al., 2022).
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2.4.3. Biological-based coupled processes

The biological process is known to be effective in dealing with conventional contaminants.
However, sufficient removal cannot be achieved using only biological processes to remove
pharmaceutical contaminants. The rationale is due to the less biodegradability and persistence of
pharmaceutical contaminants. However, better results can be achieved by integrating biological
processes with other processes, such as membrane filtration, adsorption and AOPs. In a
particular study, a biological process (anaerobic bacteria) was coupled with EO for removing the
17a-ethynylestradiol (EE2) from wastewater. The biodegradation of EE2 with individual
microorganisms was found to have poor efficiency, ranging from 10.3% to 45.8% in 120 hours.
However, after combining with EO, it can reach up to 81.9% after 90 minutes (He et al., 2017).
This shows the benefit of coupling biological processes with the EO process. Moreover, the
biological process can be coupled with ultrasound to remove pharmaceutical contaminants from
water. The ultrasound can be used as pre-treatment to a biological system to the biological

process (Alfonso-Muniozguren et al., 2021).

2.4.4. Advanced oxidation-based coupled processes

The AOPs-based coupled treatment systems include AOPs-AOPs, AOPs-adsorption, AOPs-
biodegradation, AOPs-membrane bioreactor and AOPs-membrane separation. Due to the diverse
nature of the pharmaceutical contaminants, it is difficult to achieve complete removal of multiple
pharmaceuticals from complex water matrices using a single treatment technology (Hong et al.,
2020). Moreover, the complex nature of the environmental water matrix makes the single
treatment technologies unreliable for effective removal of multiple pharmaceutical contaminants
from wastewater. Generally, AOPs treatment of organic compounds results in the formation of
biodegradable and simpler compounds. Several studies have highlighted the formation of more
toxic by-products following the AOPs process, necessitating either process optimization or an
additional treatment step to act as a barrier (Ganesan et al., 2019; Ghazal et al., 2022; Hong et al.,
2020; Poelmans et al., 2020; Roy et al., 2023;Tang et al., 2019). Therefore, AOPs are mostly
employed as pre-treatment steps to adsorption and biodegradation. In particular, AOPs followed

by the adsorption process have advantages such as high pharmaceuticals and toxicity removal
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when compared to the individual treatment processes. In general, reported AOPs-based coupled
processes showed enhanced mineralization (Aboudalle et al., 2021), degradation (Aboudalle et
al., 2021) and lower toxicity (Jaén-gil et al., 2021) compared to the single treatment processes.
However, the coupled treatment processes and their optimization have not been fully studied for
removing pharmaceutical contaminants from water. It should be noted that there is an apparent
research demand on the mechanism, process design and application of hybrid technologies for
removing pharmaceutical contaminants from water. In this regard, research works need to focus
on developing efficient coupled technologies as the single technologies cannot sufficiently
remove pharmaceutical contaminants from environmental water matrices. In addition, the

operating conditions of the coupled processes need to be optimized to achieve better results.

2.5. Research design and statistical modeling

Various statistical methods such as Taguchi, heuristic search technique, iterative mathematical
search technique, genetic algorithm, tabu search, simulated annealing artificial neural network
modeling, factorial design and response surface methodology (RSM) have been used for the
analysis of data. Factorial design, RSM and Taguchi methods are now widely employed in place
of the one-variable-at-a-time experimental approach, which is time-consuming and costly
(Nesfeli et al., 2011). RSM was introduced in 1951 by Box and Wilson, who suggested using a
second-degree polynomial model. It comprises a set of mathematical and statistical techniques
employed for modelling and analyzing problems where a response of interest is influenced by
numerous variables to optimize this response. It is an efficient statistical method for modeling
and optimizing various variables to predict the best performance conditions with a minimum

number of experiments.

RSM offers several advantages compared to classical experimental or optimization methods that
employ the one-variable-at-a-time technique. Firstly, it provides a considerable amount of
information from a small number of experiments. Indeed, classical methods are time-consuming,
and a large number of experiments are needed to explain the behavior of a system. Secondly, it is
possible to observe the interaction effect of the independent parameters on the response. The
interaction effect of the process parameters, such as synergism, antagonism and addition, would

be more critical. The model equation easily clarifies these effects for binary combinations of the
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independent parameters. In addition, the empirical model that related the response to the
independent variables is used to obtain information about the process. Therefore, we can say that
RSM is a useful tool for optimizing chemical and biochemical processes (Bas, 2007). RSM has
been successfully used for material and process optimization in wastewater treatment processes

(Kamyab et al., 2022; Sharma et al., 2023; Yang et al., 2022).
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CHAPTER THREE

3. MATERIALS AND METHODS

This chapter describes all the methods used in this study to prepare solutions, samples,
experimental setups, experimental analysis, parameter optimization and data analysis. In this
study, treatment technologies such as adsorption and EO processes were employed individually
and in combination (EO+adsorption). The main aim was to effectively remove target
pharmaceutical contaminants (ACM, CIP, AMX and ATN) from water in single, binary, and
multiple contaminant systems. The EO followed by the adsorption process was employed as a

coupled process for the removal of pharmaceutical contaminants from water.

3.1. The experimental workflow design of the dissertation

The framework of the experimental work conducted to accomplish the objectives of the
dissertation is presented in Figure 3.1. This research work consists of four major tasks: adsorbent
synthesis, EO process, adsorption process, and the EO-+adsorption for the removal of
pharmaceutical contaminants from single, binary, and multi-contaminant systems employing
diverse water matrices. The adsorption process was conducted in batch and fixed-bed column
operation modes considering the single and binary pharmaceutical mixtures. The influence of the
water matrix on the adsorption process was examined for single and binary component mixtures

of pharmaceutical contaminants in batch adsorption studies.

Bamboo sawdust was chemically treated using ferric chloride (FeCl3.6H,O) and potassium
hydroxide (KOH) to produce a chemically activated carbon. The chemical activation process was
optimized to obtain a high-capacity activated carbon. Accordingly, various activated carbon
adsorbents were synthesized via different chemical modification approaches. Among the
activated carbons synthesized via different chemical modifications techniques (single and dual
chemical modifications), the best-performing adsorbent was selected and used throughout the
adsorption studies. The as-synthesized adsorbent was characterized using Fourier Transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy with Energy-Dispersive
Spectroscopy (SEM/EDS), Brunauer-Emmett-Teller (BET) surface area, X-ray Diffraction
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(XRD), Raman Spectroscopy and pH of the point of zero charge (pHy.) characterization
techniques. The process parameters of EO, adsorption, and the EO+adsorption were optimized.
Moreover, important aspects of the adsorption process, such as isotherm, and kinetics were
investigated. The key aspects of the EO process, including reaction kinetics, cyclic voltammetry,
the effect of the electrolyte concentration and radical scavenging tests, were studied in addition
to the EO process parameter optimization. Central composite design (CCD) of the response
surface methodology (RSM) was employed to optimize the adsorption, EO and the
EO+adsorption parameters. The residual concentrations of the pharmaceutical contaminants were
quantified using a UV-Vis spectrophotometer, and High Performance Liquid Chromatography
(HPLC). Moreover, the total organic carbon (TOC) and chemical oxidation demand (COD) of
the aqueous solutions were analysed using TOC analyzer and spectrophotometer, respectively.
The conceptual framework of the dissertation is provided in Figure 3.1.

Bamboo sawdust

Characterization
* XRD
Adsorbent ti o FTIR
sorbent preparation Chemical modification Carbonation * SEM-EDS
and characterization
*+ BET
* Raman spectroscopy
* PHp
Electrochemical oxidation Batch adsorption Fixed-bed/column adsorption
Individual processes P ‘ l l
Analysis Analysis Analysis
« HPLC » UV-Vis + UV-Vis
+ UV-Vis
+ TOC
= COD
Analysis
< HPLC
Electrochemical oxidation Adsorption « UV-Vis
Coupled process P « TOC
+ COD

Figure 3.1. Conceptual framework of the dissertation.
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3.2. Materials/equipment and chemicals used

3.2.1. Materials used

The materials used during this research work include bamboo sawdust, filter paper
(Whatman:0.45um), glass and plastic bottles, sample bags (plastic), volumetric flasks, beakers,
burettes, test tubes, micro-pipettes, syringe filters, magnetic rods, IrO,/Ti mesh electrode, plastic
cups, measuring cylinder, aluminum foil, electronic pipettes, quartz cuvettes, crucibles, wash

bottles, towels, glass thermometer, lab-scale glass column, etc.

3.2.2. Equipment/instruments used

The laboratory equipment or instruments used in this study include mesh screen (for particle size
screening), distiller (to produce distilled water), TOC analyser (to measure TOC), vacuum filter
(to separate adsorbent from solution), centrifuge (to separate liquid and solid), carbolite
carbonizer (to carbonize bamboo sawdust), analytical balance (to weigh samples), UV-Vis
spectrophotometer (to measure absorbance), water bath shaker (to conduct adsorption), lab scale
sample grinder (to reduce size of samples), HPLC (to quantify pharmaceuticals), FTIR analyser
(to identify functional group), SEM analysis instrument (to evaluate morphology of samples),
XRD analyser (to identify crystalline phases), BET analyser (to measure surface area), Raman
Spectroscopy (to identify degree of graphitization), vortex mixer (for mixing), spectrophotometer
(Hatch) (to measure BOD), pH meter (to measure pH of the samples), auto-lab (to conduct cyclic
voltammetry analysis), magnetic stirrer (for mixing), DC power supply (to conduct EO
experiment), oven (to dry samples), peristaltic pumps (to feed sample to the adsorption column)

and glassware dryer (to dry glassware) etc.

3.2.3. Chemicals and reagents

Model pharmaceutical contaminants such as acetaminophen (CgH9NOy), ciprofloxacin
(C17H18FN303), atenolol (Ci14H22N203) and amoxicillin (C16H19N30sS) were obtained from
Cadila Pharmaceuticals (Ethiopia), EPHARM (Ethiopia), and Sigma-Aldrich Suomi Oy
(Finland). The stock solutions of these pharmaceuticals were prepared using acetaminophen
purity grade (> 99%) and ciprofloxacin hydrochloride (C17H19CIFN303) (purity grade > 99.50%),
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amoxicillin (purity grade > 99%)), atenolol (purity grade > 99%). Analytical grade chemicals
such as FeCl;.6H,0, KOH, HCI, NaOH, and NaCl were purchased from Rankem chemical
supplier (Ethiopia) and used in the chemical modification of the bamboo sawdust and other
experimental works. Other chemicals used in this study include methanol (HPLC grade),
phosphate buffer and formic acid (HPLC grade), HCI, HNOj3, H3PO,4, NaOH, H,SQOq, ultra-pure
water, potassium dihydrogen phosphate. These analytical-grade chemicals were used without

further purification.

3.3. Synthesis of the adsorbent

Bamboo sawdust was collected from local areas, processing bamboo for various applications.
The collected bamboo sawdust was washed and dried at 120 °C to synthesize adsorbents using
the single and dual chemical activation techniques. The dried bamboo sawdust was then ground
to a powder with a particle size of less than 850 um. The bamboo sawdust powder was
chemically activated using a single chemical (FeCl;.6H,O or KOH) and dual chemical activation
(FeCl3.6H,0+KOH), and the ratio of the activating agents to the bamboo sawdust was optimized
as presented in Table 3.1. The chemical modification was carried out at 80 °C with continuous
stirring at 600 rpm for 120 min. The impregnated bamboo sawdust mixture was then dried at 60
°C in a vacuum oven for 24 hrs. Next, the dried and chemically treated bamboo sawdust was
ground to a particle size of less than 450 um before being carbonized at 700 °C for 60 min at a
heating ramp rate of 10 °C/min in an oxygen-limited carbolite furnace. The chemically activated
and carbonized bamboo sawdust was washed with ultrapure water until the filtrate pH became 7
and dried at 120 °C overnight to get a chemically activated carbon (CAC). The CAC was then
ground to a particle size of less than 150 um and stored in air-tight polyethylene bags for
adsorption studies. Furthermore, pristine bamboo sawdust (BS), bamboo sawdust carbon (BSC),
bamboo sawdust activated solely with ferric chloride (AC-Fe), and bamboo sawdust activated
solely with potassium hydroxide (AC-KOH) were also prepared using a similar synthesis

procedure to evaluate the effect of different chemical modifications.

The dual chemical activation was carried out by varying iron ratios (AC-0.5Fe and AC-1.5Fe)
and KOH concentrations (AC-0.5KOH and AC-1.5KOH). The pristine bamboo sawdust and

adsorbents synthesized through carbonation with varying chemical activating agents (ratios and
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concentrations) were employed in pharmaceutical removal from water to assess the performance
of the carbonation and activation processes. All chemically activated adsorbents derived from
bamboo sawdust were synthesized using a procedure outlined in Figure 3.2, with variations made

in the Fe ratio and KOH concentration.

Table 3.1. The optimization of adsorbent synthesis and chemical activation processes.
Adsorbents without chemical activation

As-synthesized

Bamboo sawdust to KOH ratio

Bamboo sawdust to FeCl;.6H,0 ratio

adsorbents (W/IV) (W/w)
BS 0 0
BSC 0 0

Adsorbents with single chemical activation

As-synthesized

Bamboo sawdust to FeCl;.6H,0

Bamboo sawdust to KOH (1M) ratio

adsorbents ratio (W/W) (WIV)
AC-KOH 0 1:5
AC-Fe 5:1 0

Adsorbents with dual chemical activation (changing Fe ratio)

As-synthesized

Bamboo sawdust to FeCl;.6H,0

Bamboo sawdust to KOH (1M) ratio

adsorbents ratio (W/W) (WIV)

CAC 5:1 1:5

CAC-0.5Fe 5:0.5 1:5

CAC-1.5Fe 5:1.5 1:5
Adsorbents with dual chemical activation (changing KOH concentration)

As-synthesized

Bamboo sawdust to FeCl;.6H,0

Bamboo sawdust to KOH ratio (W/V)

adsorbents ratio (W/W)
CAC-0.5KOH 5:1 1:5 wl/v (at 0.5 M KOH)
CAC-1.5KOH 5:1 1:5w/v (at 2.5 M KOH)
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KOH (1 M) +

(5:1 v/iw)

i + FeCl,.6H,0

(5:1 w/w)

Chemically treated
bamboo sawdust

Chemical treatment
* Rpm: 600

* Temp: 80 °C

* Time: 120 min

Stored in glass
bottle

Carbonation
. 700 °C

. 10 °C/min
. 60 min

Figure 3.2. Synthesis procedure for the bamboo sawdust derived adsorbents.

3.4. Water matrices

In this study, various water matrices were used to investigate the performance of the EO,
adsorption and EO+adsorption. The main model pharmaceutical compounds (ACM and CIP)
were spiked into ultrapure water, tap water and secondary treatment plant effluent (real
wastewater) to examine the effect of the water matrix on the removal of pharmaceuticals from
diverse water matrices using single and coupled processes. The tested real wastewater samples
were taken from the Akaki Kality secondary wastewater treatment plant effluent (Addis Ababa,
Ethiopia) and employed in single and simultaneous ACM and CIP adsorption process. Also, real
wastewater sample was taken from Mikkeli wastewater treatment plant effluent (Mikkeli,
Finland) and used in single EO, coupled process and comparative evaluation of single and

coupled processes. The collected real wastewater samples were kept at 4°C before analysis.
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3.5. Adsorbent characterization

The as-synthesized adsorbents were characterized using an FTIR (Spectrum 65 PerkinElmer),
XRD (Rigaku MiniFlex 600 Benchtop), BET surface area analyzer (micrometrics TriStar Il Plus,
USA), pHyze, SEM with energy-dispersive spectroscopy (SEM/EDS: JEOL JSM-7900F) and
Raman imaging microscope (thermo scientific: DXR3xi). The FTIR spectra analyses of the
adsorbents were conducted for a wavenumber range of 500-4000 cm ™. The X-ray diffraction
(XRD) studies were conducted for 20° from 0° to 40° to understand the crystal structure of the
adsorbents. Moreover, the BET surface areas of the as-synthesized adsorbents were analyzed
using a multi-point BET surface area analyzer equipped with a sample degassing system
(micrometrics, VacPrep 061, USA) employing nitrogen adsorption and desorption. The
SEM/EDS analysis was conducted using a voltage of 20 kV, capturing images at magnifications
ranging from 500 to 100,000. Also, the Raman spectroscopy analysis was conducted to

determine the degree of graphitization of the synthesized adsorbents.

3.5.1. The pH of point of zero charge determination (pHp;c)

The pH of the point zero charge of the adsorbent (CAC) was determined by a pH titration
procedure using the method used by Gallouze and his co-workers (Gallouze et al., 2020). In
brief, 50 mL of 0.01M NaCl solution was taken into several Erlenmeyer flasks. The initial pH
(pHinitiar) Values of the NaCl solutions in each flask were adjusted to the desired values between 2
and 12 by adding 0.1 M HCI or 0.1 M NaOH. Aliquots of 50 mL of these solutions were placed
in an Erlenmeyer flask and mixed with 0.1 g of the CAC sample. Next, these samples were
shaken at 200 rpm for 24 hrs. Afterwards, the final pH values of these solutions were recorded.
The initial pH values were plotted against the change in pH values between the initial and final

values. The initial pH value at which y-axis = 0 denotes the pH,, value of the adsorbent.

3.5.2. Fourier Transform Infra-red Spectroscopy (FTIR)

The functional groups of the adsorbent samples were determined using the FTIR characterization
technique (Mary et al., 2016). The FTIR spectra analysis was conducted using the conventional
KBr technique. In this method, adsorbent samples were mixed with a dry KBr pellet at a ratio of
1:100. This method is used to qualitatively assess the formation of functional groups on the
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surface of the material. The spectra were collected at a resolution of 4 cm™ and a scan speed of

1.2 kHz over a wavenumber range of 4000-500 cm™ on a PerkinElmer Spectrum.

3.5.3. Scanning Electron Microscopy/Energy-Dispersive Spectroscopy (SEM/EDS)

Morphological structures and elemental compositions of adsorbent samples were traced using
SEM (SEM: JEOL JSM-7900F) with energy dispersive spectroscopy (EDS) detector (Thermo
Scientific Ultra-Dry). In principle, an electron microscope produces images of a sample by
scanning the surface with a focused beam of electrons. The electrons interact with atoms in the
sample, producing various signals that contain information about the surface topography and
composition of the sample. The electron beam is scanned in araster scan pattern, and the
position of the beam is combined with the intensity of the detected signal to produce an image.
Specimens were observed in a high vacuum SEM analyser, in low vacuum or wet conditions in a
variable pressure or environmental SEM and at a wide range of cryogenic or elevated

temperatures.

3.5.4. Surface area analysis

The BET specific surface area of the as-synthesized adsorbent samples were measured using a
multi-point BET analysis employing nitrogen adsorption and desorption with a micrometrics
(TriStar Il Plus, USA) surface area analyzer. The surface area analyzer is equipped with a gas
degassing system (micrometrics, VacPrep 061, USA). Initially, the samples were degassed
overnight at 120 °C. The measured data was processed by the BET isotherm in the range of
relative pressure (p/p° = 0.05-0.35) to obtain the value of specific surface area (Sg) (Lengauer et
al., 2018). The specific surface areas of the adsorbent samples were determined by the physical
adsorption of a gas on the surface of the solid and by calculating the amount of adsorbate gas

corresponding to a monomolecular layer on the surface.
3.5.5. Raman spectroscopy
Raman spectroscopy was used to elucidate the vibrational modes of adsorbent molecules,

thereby enabling a detailed analysis of the degree of graphitization of the synthesized adsorbent.

A Raman imaging microscope was employed to collect Raman images for the adsorbent samples
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(chemically modified and unmodified). Based on the collected Raman images, the effect of

chemical activation on the degree of graphitization of the adsorbent samples was evaluated.

3.6. Batch adsorption studies (single component)

Preliminary batch adsorption experiments were undertaken to investigate the adsorptive potential
of all the bamboo sawdust-derived adsorbents listed in Table 3.1. Based on the preliminary
adsorbents screening test, CAC exhibited superior ACM and CIP removal performance and was
used throughout the adsorption studies. The successfully synthesized CAC adsorbent was first
tested on single component removal of CIP from water in batch adsorption experiment, and the
process was optimized with the CCD framework of RSM. Demonstrating a remarkable
adsorption capacity for CIP removal, CAC was also applied in ACM removal from water in a
batch study. Batch adsorption experiments were conducted in a water bath shaker under a
controlled temperature (at 25 °C) and shaking speed (200 rpm). The CIP stock solution was
prepared by dissolving 1000 mg of CIP in one litre of ultra-pure water, and solutions of desired
CIP concentrations were prepared by spiking the required amount of the CIP stock solution. The
single component CIP removal equilibrium time was determined at pH of 7.0, CIP initial
concentration of 20 mg/L, and adsorbent dosage of 0.5 g/L considering contact time of 10, 30,
50, 70, 90, 110, and 130 min. The single component CIP removal process parameters such as
initial concentration (5-50 mg/L), pH (2-12), contact time (5-60 min), and adsorbents dose
(0.25-1.25 g/L) were optimized. These parameter ranges were selected based on preliminary
adsorption experiments (including equilibrium studies, determination of the pH of the point of
zero charge, and preliminary tests), while also taking into account the commonly reported

operational conditions for CIP removal in the literature.

The single component ACM removal process parameters were optimized using a one-factor-at-a-
time approach. This approach was followed as the ACM removal mechanism with the CAC
adsorbent is not well understood, and thus, this approach provides a full understating of the
trends of each factor on the ACM removal from water. The pH of the ACM solution was
adjusted using 0.1M HCI and 0.1M NaOH. All adsorption studies were conducted in 100 ml
conical flasks using a shaker water bath at 200 rpm and 25 °C. Before residual pharmaceuticals

(ACM and CIP) analysis, the adsorption solution was centrifuged at 4000 rpm for 10 minutes
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and filtered through a 0.45um syringe filter. Adsorption experiments of kinetics, and isotherms
were carried out in triplicate, and the mean values were considered. Moreover, the UV-Vis
spectrophotometer (Cary Series UV-Vis-NIR  Spectrophotometer G9825A, Agilent
Technologies) was used to measure the concentrations of ACM and CIP in aqueous solutions,
with measurements taken at 250 nm and 273 nm, respectively. These wavelength ranges were
obtained by conducting a wavelength scan (200-800 nm) for ACM and CIP. The pharmaceutical
residues (ACM and CIP) were evaluated at their respective wavelengths. All single pollutant
sorption experiments were conducted in triplicate, and mean values were used to plot the graphs.
The adsorption capacity and percentage removal were calculated employing Eq. (3.1) and Eq.

(3.2), respectively (Falyouna et al., 2022).

go = LCex v (3.1)

m

R (%) = £=% x 100 (3.2)

C;

Where g. (Mmg/g), C, (Mmg/L), Ce (Mmg/L), m (g), V (L) and R (%) denote equilibrium adsorption
capacity, initial pharmaceutical concentration, equilibrium pharmaceutical concentration, the
mass of adsorbent, volume of the solution and removal (%) of pharmaceuticals from water,

respectively.

3.6.1. Modeling of adsorption kinetics

The adsorption kinetic study is very useful in evaluating the time profile of the contaminant
removal from the aqueous solution, which is valuable in designing and operating the adsorption
process for practical applications. Some well-known kinetic models were applied to the
experimental data to evaluate the single and binary sorption rate and mechanism of ACM and
CIP adsorption. Data were fitted to both linear (case I: single pollutant removal using Origin
2022 software) and non-linear forms (case Il: simultaneous removal (binary component
removal) using MATLAB R2023a software) of these models, namely, pseudo-first-order (PFO;
Eqg. (3.3); (Lagergren, 1898)), pseudo-second-order (PSO; Eq. (3.4); (Ho & McKay, 1999)),
Avrami kinetic model (AV) (Avrami, 1939); Eqg. (3.5), Elovich model (Elovich et al., 1962) (Eq.
3.6) and intra—particle kinetic models (Weber and Morris, 1963) (Eq. 3.7) as provided in Table
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3.2. The adsorption kinetic studies were conducted under the optimal conditions of adsorption

process. The kinetic model equations employed in this study are presented in Table 3.2.

Table 3.2. Adsorption kinetic models used in this study (linear and non-linear forms).

o Model equations Eg. no.
Kinetic models i _
Non-linear form Linear form
Pseudo-first-order model a faty (3.3)
= —e " .
(PFO) (Lagergren, 1898) = In(qe — q¢) = Ing, — kqt
Pseudo-second-order ,
k,qst
model (PSO) (Ho & g, = —23et it .t (3.4)
1 + kzqet k2 2
qe 29¢  de
McKay, 1999)
Avrami (Avrami, 1939) | g, = g, (1 — e(-CavD)4V)) (3.5)
Elovich (Elovich et al., 1 1
q: ==In(aB) + =int (3.6)
1962) - B B
Intra-particle (Weber and 3.7)
Morris, 1963) q = Kiat'? + K, '

where, q.(mg/g) and q; (mg/g) are the adsorption capacity at equilibrium and at time t (min),
respectively, k; (1/min) is the rate constant of PFO, k, (g/ mg.min) is the rate constant of PSO,
and Kig (mg/g min®®) is the rate constant of the intra-particle diffusion model. In the Avrami
model, k,,, is the constant of AV (mg/g.min), and nay is a fractional adsorption order related to
the adsorption mechanism. In the Elovich model, o (mg/g. min) indicates the initial adsorption
rate, B (g/mg) represents the activation energy rate change with surface coverage, and K,

represents the thickness of the boundary layer.
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3.6.2. Modeling of single component adsorption isotherm

The adsorption isotherm model analysis is essential for investigating the interactions between
contaminants and adsorbent, aiding in understanding the adsorption mechanism (Gilpavas et al.,
2020; Balarak et al., 2021). This study utilized well-known isotherm models, such as Langmuir,
Freundlich, Sips, Temkin, and Dubinin—Radushkevich (D-R), depicted in Egs. 3.8-3.13, for the
single component adsorption study. The isotherm study was conducted under optimal operating
conditions. The employed single component isotherm model equations for ACM and CIP
removal from water are provided in Table 3.3.

Table 3.3. The single component adsorption isotherm models employed in ACM and CIP
removal from water.

Model equations
Isotherm models
Non-linear Linear Eq. no
Langmuir model qmK,.Ce C. 1 C.
. =11 K, % b m
(Langmuir, 1918) Lbe e dmb  qm 3.8
i 1
Freundlich model q. = KC, /n Ing, = InKy + InC,
(Freundlich, 1924) n 3.9
. = K

Sips (Sips, 1948) ¢ (A +a(C)P) - 3.10
Temkin (Temkin and
Payzhev, 1940) - Ing. = BInKt + BInC, 3.11
Dubinin—
Radushkevich (D-R) - Inq. = Inqy, — Kp&? 3.12
(Dubinin and
Radusshkevich, 1947)
Redlich-P

edlich-Peterson In(C,/q,) = AInC, —InA | 3.13
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where, g, (mg/g) is the adsorption capacity of CAC at the equilibrium time, C, is the equilibrium
concentration (mg/L), q,, (mg/g) is the Langmuir constant associated with adsorption capacity at
its maximum adsorption capacity (mg/g), K, is the constant of Langmuir (L/mg), Kz is the

constant of Freundlich (mg/g) (L/mg)*"

, n is the exponent of Freundlich related to adsorption
intensity. In the Sips model, Ks ((mg/g)(L. mg™)) refers to Sips adsorption intensity, a (L". mg®)
and B, are the Sips constant and exponent, respectively. The correlation coefficient (R?) was used
to designate the best fit of the experimental data with the models. R? and root mean square error
(RMSE) were used to compare the performance of isotherm models. The lower RMSE value for
the applied model indicates that the model provides a more accurate representation of the
experimental data. The Temkin model constants, B and Ky (L/mg) are related to the heat of
adsorption and maximum binding energy, respectively. In the D-R model, Kp (mol?/KJ?) stands
for adsorption energy constant, qm represents the theoretical saturation capacity (mg/g), and ¢
(kJ/mol) is the Polanyi potential, calculated from Eq. (3.14). Also, B (L/mg) and A (L/g) are the
Redlich-Peterson model constants. Based on the Langmuir equation, an essential parameter of

adsorption (R) is expressed in Eq. (3.14).

_ 1
L™ (+bcy)

(3.14)

The Co (mg/L) and b (L/mg) are the initial CIP concentration and Langmuir constant,
respectively. The calculated value of R, can characterize the type of the isotherm and its nature:
(1) irreversible isotherm (R_=0); (ii) favorable isotherm (0<R_<1); (iii) linear isotherm (R_=1);
unfavorable isotherm (R >1) (J. Li et al., 2018; Stylianou et al., 2021). The above D-R model
(Eqg. 3.12) can be evaluated after evaluating € using Eq. (3.15).

£ = RTIn(1+ ) (3.15)

The constant Kp is expressed by the slope of the plot of Inge vs. €2, and the adsorption capacity,
gm (Mg/g), can be obtained from the intercept.

3.6.3. Regeneration study

The regeneration studies are crucial for the economic evaluation of the synthesized adsorbent

materials. The regeneration studies were performed for single component adsorption of ACM
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and CIP under optimal process conditions. Desorption solvents such as dilute HCI, 3%
NaOH-+methanol, and NaOH were used in the previous studies (Al et al., 2021; Balasubramani et
al., 2020; Ghadiri et al., 2020). These desorbing solvents were tested for the desorption of the
ACM and CIP from the CAC. Among these solvents, 0.3 M HCI provided the highest desorption
efficiency for ACM and CIP removal from CAC. Hence, 0.3 M HCI was used as an eluent for
ACM and CIP desorption in this study.

3.7. Batch adsorption studies (binary component)

In the environmental water matrix, a single contaminant cannot exist alone; instead, mixtures of
pollutants co-exist in environmental samples. Therefore, considering the removal of more than
one pollutant at a time has a greater environmental relevance. The effect of a pharmaceuticals
mixture (single or binary component) on the adsorption process was thoroughly studied to
provide insight into the potential of the synthesized adsorbent over multiple pharmaceuticals
removal from water. Detailed adsorption studies were conducted to reveal the behaviour of ACM
and CIP adsorption (simultaneous) onto the CAC in a batch and fixed-bed adsorption process.
The in-depth adsorption studies conducted on the single and binary component pharmaceutical
mixture helped to understand the whole adsorption nature of pharmaceutical contaminants
removal. The competitive adsorption of the binary component system was carried out using five
different binary concentration ratios (10:160 mg/L, 40:120 mg/L, 80:80 mg/L, 120:40 mg/L, and
160:10 mg/L) interchangeably used for ACM to CIP and CIP to ACM in aqueous solution. The
residual concentrations of ACM and CIP were quantified using a UV-Vis spectrophotometer
(Cary Series UV-Vis-NIR Spectrophotometer G9825A, Agilent Technologies) with

measurements taken at 250 nm and 273 nm, respectively.

3.7.1. Modeling of binary component adsorption isotherm

The conventional isotherm models (as mentioned in section 3.6.2) were developed for the single
component adsorption processes and cannot accurately describe the adsorption systems involving
binary or multiple contaminants. The competitive Langmuir multi-component isotherm model

(Eg. 3.16) was employed to analyze the binary component mixture data (components i and j)
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(Yadav et al., 2022). All binary sorption experiments were conducted in triplicate, and mean

values were used to plot the graphs with the error bars.

Qo = ——mrbiCel (3.16)

’ 1+KL,i Ce,i+KL,jCe,j

where m, KL, Kij, Ceji, Cej, and ge;i denote maximum sorption capacity, competitive Langmuir
constants of i and j, equilibrium concentrations of i and j, and equilibrium adsorption capacity of
component i in the binary mixture, respectively. For a solution containing ACM and CIP, the
non-linear form of the model is expressed in Egs. (3.17-3.18) for ACM and CIP, respectively,
while the linearized forms of the model for each pharmaceutical are provided in Egs. (3.19-3.20)
(Yadav et al., 2022).

_ AmacMKLacmCe acMm
Qe.acm = 1% C Ko r1oC (3.17)
t+Kp,acm Ceacmt KicipCecip
_ Am,c1pKLcipCeciP
Qecip = ¢ C X c (3.18)
+Kpcip Cecipt KracmCeacm
1 1 1 1+Kp cipCecip
= + [ ] (3.19)
e, ACM qm,ACM qm.AcMKL acm e,ACM
1 1 1 1+KL,ACMC ACM
= + : (3.20)
de,CIP dm,CIP Am,cipKLcip CecIP

[1+KL,CIP CeclP ]

A linear plot of S [ ! ] was drawn by employing binary component

e, ACM de ACM

adsorption data. Here, C. and g. values of ACM and C. value of CIP obtained in the binary
component adsorption were substituted in the competitive Langmuir isotherm model to estimate
the binary component adsorption capacity. The K 4cp and K c;p Obtained from the single

component Langmuir isotherm analysis were used to evaluate the binary component adsorption
1

capacity. Next, the slope [ ] and intercept [

—_— ] were used to evaluate the
Am,acmMKLacm Am,ACM

maximum adsorption capacity of ACM (Qgm, acm) in the binary component water matrix.
Similarly, the maximum adsorption capacity of CIP (gm, cip) Was evaluated using Eqg. (3.20). The
binary component competitive adsorption Langmuir isotherm constants (K;, acy and Kz, cip) Were

determined from the slope of Eq. (3.19) and Eq. (3.20), respectively.
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3.8. Flow mode (fixed-bed) adsorption studies

Flow mode sorption experiments were conducted using a fixed-bed column to evaluate the
adsorbent potential for up-scaling the sorption process. The glass column (7 mm internal
diameter and 100 mm length) was packed by loading CAC between two glass wool layers to
prevent adsorbent entrainment and ensure uniform flow, as depicted in Figure 3.3. The column
was then continuously fed with an aqueous solution containing ACM and CIP using a peristaltic
pump at desired flow rates. The performance of the column was evaluated for single and binary
component systems by varying operational parameters such as adsorbent mass (M), initial
pollutant concentration (C,), and adsorbate solution flow rate (Q) as shown in Table 3.4. The
column experiment was conducted at four experimental conditions (R;-R,) with the designations
R1 (M =50 mg, C, =5 mg/L, and Q = 1.5 mL/min), R, (M =50 mg, C, =10 mg/L,and Q = 1.5
mL/min), Rz (M = 100 mg, C, = 10 mg/L, and Q = 3 mL/min), and R4 (M = 100 mg, C, = 10
mg/L, and Q = 1.5 mL/min). The experiments for all runs were duplicated under uniform
conditions, and the performance of the column was evaluated by plotting breakthrough curves
(time vs. C/C,). Accordingly, the ACM and CIP removal column data was generated using
CAC. As a result, the column performance indicators parameters such as breakthrough time (ty),
column exhaustion time (t¢), total effluent treated (Ves, mL) and the total amount of pollutant
adsorbed (qwt, Mg), maximum experimental uptake capacity (qpeq, Mg/g) were evaluated. The
column breakthrough point is when the effluent concentration ratio (Ci/C,) exceeds 0.05 of the
initial pollutant concentration (C,). On the other hand, the column exhaustion (tg) point is a
condition when the effluent concentration reaches 95% of the initial concentration, and no
significant variation in Cy/C, occurs. The Ves Qiorar @nd Queg Can be calculated using Egs. (3.21-

3.23), respectively.

Verr = Q@ X tiotar (3.21)
Q t=total
Qtotal = 7500 t=00 ¢ Caadt (3.22)
_ Ytotal
Qbea = — (3.23)

where Q is the flow rate (mL/min), t;,¢q; IS total flow time (min), and C,, is the adsorbed ACM

or CIP concentration (mg/L), and m is CAC dry mass (g). The total amount of ACM and CIP
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molecules passed through the column system m, (Mg) is calculated using Eq. (3.24). The
removal percentage (RE, %) of ACM and CIP molecules can be calculated from Eq. (3.25). At
equilibrium, the residual ACM and CIP concentration Ceq (Mg/L) during the column adsorption

process can be obtained using Eq. (3.26).

COQt ota
Mtiotal = 108(; l (3.24)
RE(%) = %L x 100 (3.25)
total
Ceq:mtotc;/l —drotal v 1000 (3.26)
eff

Table 3.4. Column adsorption factors and their levels.

Levels
Parameters Low High
Flow rate (mL/min) 1.5 3
Adsorbent loading (mg) 50 100
Initial concentration 5 10
(ACM+CIP: mg/L)

In this study, three independent column studies were conducted: adsorption of single ACM,
adsorption of single CIP, and simultaneous adsorption of ACM+CIP onto the CAC fixed-bed.
Performing a column study for even a single contaminant is known to be a very time-consuming
task. Herein, three column studies (ACM removal, CIP removal, and ACM+CIP removal) were
performed in duplicate. Therefore, generating quality data by performing duplicate analyses was
prioritized over increasing the number of levels for each factor. Moreover, considering two
levels of factors for a column study is a common trend, especially when performing independent

full fixed-bed studies for the removal of more than one contaminant from water.
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Figure 3.3. Experimental setup of the column/fixed-bed adsorption.

3.9. Electrochemical oxidation (EO) experiment

The EO experiment was conducted using an IrO,/Ti electrode (2 cmx7 cm and 1 mm thickness)
as anode and cathode in a 500 mL glass beaker containing 20 mg/L of each pharmaceutical
(ACM+CIP) in an aqueous solution. The EO experiment was conducted using a programmable
power supply (GWINSTEK, PSP-405, Taiwan). The inter-distance between the anode and
cathode electrode was 2 cm, and the EO reaction was conducted under continuous stirring (250
rpm) at room temperature (25 °C). The effect of EO operational parameters on ACM/CIP
degradation, such as initial pharmaceutical concentration, EO time, solution pH, and current
density, were studied using the RSM optimization technique at a constant NaCl (electrolyte)
concentration of 0.05M. The employed 0.05 M NaCl concentration was based the preliminary
study conducted to ascertain a suitable concentration of NaCl that would provide sufficient
current to the reactor (Wulan et al., 2020). An aliquot of 50 mL target pharmaceutical solution
was periodically taken to evaluate the EO degradation efficiency. All the EO experiments were
triplicated, and the error bars were provided except for the RSM optimization process. The EO
setup used in this study is presented in Figure 3.4.
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Figure 3.4. The electrochemical oxidation setup used in this study.

3.10. Coupled process (EO+adsorption)

The EO-+adsorption process experiment was carried out sequentially (EO followed by
adsorption). The individual processes (EO and adsorption) are studied in detail, considering all
the operational aspects (process parameters effect, single and binary contaminant removal,
kinetics, and water matrix effect, etc.). Despite their higher removal efficiency in ACM and CIP
removal from simple water matrix (pure water), the TOC and COD removal efficiencies from
complex water matrices is limited. Therefore, coupling both processes would offer a significant
advantage in removing the pharmaceutical contaminants from single and multi-component
pollutant mixtures. The same experimental EO setup utilized in the EO process was adopted for
the coupled process, as the coupled process is a sequential combination of the EO and adsorption
processes. The EO and adsorption processes were individually optimized to obtain the best
operating conditions for the removal of target pharmaceuticals from water. Moreover, the
coupled process was optimized by employing a coupled process optimization technique. This
approach helps to understand the mutual inter-dependence between EO and adsorption process
parameters. In the coupled process optimization, some of the parameters of EO and adsorption
were kept at optimized conditions obtained from the individual processes. Coupled process

parameters such as current density, EO time, initial pH, adsorption time, and adsorbent dose
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were optimized using a Box-Behnken Design of the RSM optimization technique. The

experimental setup of the coupled process used in this study is provided in Figure 3.5.

l Coupled process (EO+adsorption) I

Wastewater ‘ ‘“;._‘
(pharmaceuticals spiked)

-~

e =
: 2 ‘ Purified water
(LT E s R eem—

[k

EO process Adsorption process

Figure 3.5. The experimental setup of the EO process coupled with the adsorption.

3.11. Analysis of pharmaceutical contaminants

3.11.1. Chromatographic Analysis

The residual concentrations of ACM and CIP were quantified using High Performance Liquid
Chromatography (Shimadzu HPLC, Germany) equipped with a UV-visible detector. All the
samples were filtered using a 0.45 pm Sartorius syringe filter before analysis. The
chromatographic separation was conducted using a kinetex® 5 um EVO C18 (dimension: 150 x
6 mm) column at 30 °C. Different mobile phases such as 1% acetic acid in ultrapure water
(eluent A) and methanol (eluent B), as well as 1% formic acid in ultrapure water (eluent A) and
methanol (eluent B), were employed to select the optimal mobile phase for quantifying the target
pharmaceuticals using the specified column. The methanol and ultrapure water with 1% formic
acid exhibited the best results and were used throughout the pharmaceutical quantification
analysis. Again, the ratio of mobile phase (1% formic acid in ultra-pure water (eluent A) to 1%
formic acid in methanol (eluent B)) was optimized to be 55:45 V/V at a 1 mL/min flow rate. The
HPLC was operated in isocratic mode at a constant oven temperature (30 °C) using 3 UL sample
injection volume. The isocratic separation was carried out at two wavelength channels (254 and
280 nm) for a total separation time of 10 min to ensure proper detection of each pharmaceutical.
The removal efficiency of EO degradation of the ACM and CIP was calculated using Eq. 3.27
(Delgado-vargas et al., 2023).
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Removal % = % (3.27)

where C, and C; refer to the initial and final concentration of pharmaceuticals.

3.11.2. Total organic carbon (TOC) Analysis

The TOC was analyzed to evaluate the mineralization efficiency of the treatment processes. TOC
was analyzed using a multi N/C (analytikajena, 2100 s) TOC analyzer. The TOC removal
calculation was performed employing Eqg. 3.28.

. L TOCy— TOC
Mineralization % = TOTOt (3.28)

where TOC, and TOC; refer to the initial and final TOC values.

3.11.3. Chemical oxygen demand (COD) determination

The COD of aqueous solutions were determined with a spectrophotometer (DR 3900, Hach
Lange GmbH, Germany) employing a spectroquant 400 COD reagents using a
spectrophotometer. COD removal calculations were performed using Eq. 3.29.

__ COD,— CODy
COD removal % = —cob, (3.29)

where COD,, and COD; refer to the initial and final TOC values.

3.12. Experimental design and statistical analysis

The CCD is one of the frameworks of RSM often employed to analyze experimental data
statistically. Design expert software (Trial version: 11.0) was used to analyze experimental data
of adsorption, EO, and the coupled process. In this approach, responses are affected by various
process variables. In the adsorption process, the main process variables, such as pH, adsorbent
dose, contact time, and initial concentration were combined to give 30 experiments for ACM and
CIP removal from water. In the case of the EO process, main process parameters such as current
density, EO time, initial pH and initial pharmaceutical concentration were considered to optimize

the electrochemical degradation of the target pharmaceutical contaminants. Similar to the
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adsorption process, the EO process was optimized using the CCD framework of the RSM.
However, the coupled process was optimized using a coupled process parameters optimization
technique, which integrates crucial parameters of EO and the adsorption process. In EO
optimization, all the other factors, such as electrolyte concentration (0.05 M NaCl), string speed
(250 rpm), temperature (25 °C) and distance between the anode and cathode electrodes (2cm),
were kept constant during the EO process. Each variable’s low, middle, and high levels were
designated by the rotatable CCD as —1, —0.5, 0, 0.5, and +1, respectively. In the coupled process
optimization, the most influential parameters of EO (current density, pH and EO time) and
adsorption process (adsorbent dose and adsorption time) were considered and optimized with
Box-Behnken design (BBD). For the optimization and statistical analysis, the levels of each
factor were set based on the preliminary experimental data. The CCD experimental design of
adsorption (CIP removal), EO (ACM+CIP removal), and BBD of the coupled processes
(ACM+CIP removal) are presented in Tables 3.5, 3.6, and 3.7, respectively. The relationship
between the coded and actual values is presented in Eq. (3.30) (Najafpoor et al., 2019).

Xi—Xo

X; =
AX

(3.30)

Where x; refers to dimensionless coded values of the i"™ independent variable, X; is the actual
value of the independent variable, X, is the central point of actual value, and AX is the step
change value of the variable. In this regard, RSM was employed to derive a quadratic polynomial
model for evaluating the effects of the independent variables on the response. The quadratic

equation of the optimal model can be represented using Eq. (3.31) (Gholami et al., 2022).

n=4 4 4 4
Y=B4Y BXi+ DD B XX+ Y BiX [ +e (3.31)
i=1 i=0 j=1 i=1

where Y is the model predicted response, Bo is the coefficient of the model (constant), X; (i =1 to
4) represents the independent variables, and fi, Bii, and Bj (i and j =1-4) indicate the linear,
quadratic and second-order interaction coefficients, and ¢ is the corresponding error. Analysis of
variance (ANOVA) was employed to statistically evaluate the suitability of the developed

polynomial model for predicting the experimental results.
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Table 3.5. The independent variables and their levels in the CCD experimental design for the

CIP adsorption process.

Factors Levels Star points
Actual Coded | Low (-1) | Central (0) | High(+) |-a +a
CIP initial
concentration 20 30 40 10 50
(mg/L)
Adsorbent dosage
(g/L) 0.5 0.75 1.00 0.125 | 1.25
pH 5.25 7.5 9.75 3 12
Contact time (min) 18.75 30.00 46.25 5 60

Table 3.6. The independent variables and their levels of the CCD experimental design for the
ACM+CIP degradation using the EO process.

Factors Levels Star points

Actual Coded Low (-) Central (0) | High (+) -0l +a
EO oxidation
time (min) 40 60 80 20 100
pH B 4 6.5 9 15 11.5
Current density
(mA/cm?) C 23.21 42.85 62.5 3.56 82.14
ACM+CIP
initial D 15 20 25 10 30
concentration
(mg/L)
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Table 3.7. The independent variables and their levels in the BBD experimental design for the
ACM+CIP removal using the EO+adsorption process.

Factors Levels
Actual Coded | Low (-) | Central (0) | High (+)
EO time (min) A 10 35 60
pH B 9 6 9
Current density (mA/cm?) | C 15 20 25
Adsorbent dose (g/L) D 0.08 0.1 0.12
Adsorption time (min) E 20 50 80

3.13. Energy consumption

The assessment of the economic aspects of the electrochemical oxidation-based processes

depends on the energy consumption of the intended process. The specific energy consumption

(ECsp: kWh/m®) of the EO in EO alone and EO in coupled process was calculated using Eq. 3.32

(Abidi et al., 2022).

_ Ucepp It

ECsy = Vx103

(3.32)

Where, U, is the cell potential (V), | is the applied current (A), t is the electrochemical

oxidation time (h), and V is the volume of the solution (m®).
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CHAPTER FOUR

4. Results and discussion

4.1. Adsorbent characterization results

Bamboo sawdust-derived adsorbents were characterized using FTIR, XRD, SEM/EDS, BET,
Raman spectroscopy and pHp,. characterization techniques. These characterizations help to
understand the nature of the adsorbents, which then elucidate the overall adsorption process.
Moreover, characterization results (SEM and BET) were used to select the best adsorbent among
the synthesized adsorbents such as pristine bamboo sawdust, bamboo sawdust carbon (BSC),
adsorbents with single chemical activation (AC-KOH and AC-Fe) and dual chemical activation
(CAC, AC-0.5KOH, AC-1.5KOH, AC-0.5Fe and AC-1.5Fe). Table 4.1 presents the removal
efficiencies of bamboo sawdust-derived adsorbents in single and binary component adsorption of
ACM and CIP from water. The effect of iron content on the adsorption of ACM and CIP from
the single and binary component systems was investigated, keeping the bamboo sawdust to KOH
ratio of (1:5 w/v for 1M KOH solution) constant. Therefore, the amount of iron in the chemical
activation of the adsorbent was optimized by considering different ratios (1:5, 0.5:5, and 1.5:5
w/w) of iron to bamboo sawdust. Increasing the iron content in the ratio of iron to bamboo
sawdust from 0.5:5 w/w to 1:5 w/w increased the removal of ACM and CIP from 92.56% and
89.94% to 99.8% and 96%, respectively, in single sorption studies. Similarly, the removal of
ACM and CIP increased from 84.27% and 80.83% to 94.52% and 92.35%, respectively, in the
binary component adsorption systems. This can be ascribed to the active involvement of more
iron species (on the surface of activated carbon) during the adsorption of ACM and CIP via
mechanisms explained in section 4.5. However, a further increase in the iron content in the ratio
of iron to bamboo sawdust from 1:5w/w to 1.5:5w/w decreased the removal of ACM and CIP, as
the surface area was decreased as shown in Table 4.2. The mechanism of iron involvement in the
adsorption of ACM/CIP onto the CAC is explained in section 4.5. Herein, the adverse effect of
the decrease in surface area outweighs the benefits obtained from incorporating iron in the
adsorption process. On the other hand, increasing the iron ratio increases the cost of the
adsorbent synthesis. Consequently, the optimal ratio of iron to bamboo sawdust (1:5 w/w) was

utilized to synthesize activated carbon from bamboo sawdust.
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The effect of KOH concentration on the removal of ACM and CIP by the adsorbents was
explored, considering various concentrations of KOH (0.5M, 1M, and 1.5M). The iron-to-
bamboo sawdust ratio was maintained at the optimal condition (1:5 w/w), and the bamboo
sawdust-to-KOH ratio was kept constant at 1:5 w/v. In this regard, increasing the KOH
concentration from 0.5M to 1 M (maintaining the same ratio of iron to bamboo sawdust)
increased the removal of ACM and CIP from 93.46% and 91.82 to 99.8% and 96%, respectively,
in single component adsorption. Likewise, the removal of ACM and CIP increased from 86.27%
and 81.18% to 94.52% and 92.35%, respectively, in binary component adsorption. This trend
shows that the pharmaceutical contaminants removal efficiency increases with the concentration
of KOH applied during the adsorbent synthesis. It can also be ascribed to the increment of
surface area (Table 4.2) with the concentration of the KOH. Further increase in KOH
concentration from 1M to 1.5 M increased ACM and CIP removal from 99.8% and 96% to
99.95% and 97.05%, respectively, in the single component sorption process. However, the
removal of ACM and CIP increased from 94.52% and 92.35% to 95.12% and 93.05%,
respectively, in the binary component adsorption. In this case, enhancement of ACM and CIP
removal in single and binary component adsorption is insignificant. The rationale is that
maximum removal of ACM and CIP was already attained at a 1M KOH concentration, and any
further enhancement proved negligible removal enhancement. Conversely, it increases the cost
of adsorbent synthesis. Therefore, a KOH concentration of 1M, with a ratio of 1:5 w/v for the
bamboo sawdust to KOH solution (1M), was considered the optimal concentration of KOH.
Overall, CAC exhibited excellent removal efficiency for ACM and CIP removal with a
reasonable amount of chemicals used for the activation. All the synthesized adsorbents were
applied in the pharmaceutical adsorption process to evaluate their removal efficiencies, and the
results are provided in Table 4.1,
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Table 4.1. The ACM and CIP removal efficiencies of bamboo sawdust derived adsorbents.
Single component | Binary component

Adsorbent adsorption % adsorption % Remark
ACM CIP ACM CIP
Bamboo sawdust
powder (pristine) | 29.55 2486 | 21.85 15.65 | Not selected
Selected for
BSC 48.52 45.01 40.86 35.06 | comparison
AC-0.5Fe 92.56 89.94 | 84.27 80.83 | Not selected
AC-1.5Fe 90.89 88.87 | 82.85 78.96 | Not selected
AC-0.5KOH 93.46 91.82 | 86.27 81.18 | Not selected
AC-1.5KOH 99.95 97.05 | 95.12 93.05 | Not selected
CAC 99.8 96 94.52 92.35 | Selected
AC-Fe 70.26 67.38 | 61.52 56.62 | Not selected
AC-KOH 81.45 79.45 | 71.16 68.56 | Not selected

4.1.1. FTIR analysis

The FTIR spectra of bamboo sawdust carbon (BSC), chemically activated carbon (CAC), and
CAC after single sorption (CAC-ACM and CAC-CIP) and binary sorption (CAC-ACM+CIP) of
ACM and CIP are depicted in Figure 4.1. Notable functional groups were not observed on the
surface of unmodified BSC. However, several peaks observed in CAC at 3543, 2918, 1052 and
540 cm™ were assigned to the stretching vibrations of -OH in carbonyl and phenol groups (Ding
& Liu, 2020), stretching vibrations of aliphatic C-H (Zhihao Chen et al., 2022), C-O stretching
vibrations of esters and carboxylic acids (Wu et al., 2022) and Fe-O vibration bonds (Bedia et al.,
2020), respectively. The stretching vibrations of aliphatic C-H observed at 2900 cm™ may
indicate an incomplete carbonization of the bamboo sawdust (Xu et al., 2019). The surface
chemistry of the CAC indicated that the activated carbon was successfully functionalized via
dual chemical activation (KOH + FeCl3.6H,0).

ACEWM-AAU 2024 Page 68



Following the single and binary adsorption of ACM and CIP, the intensity and positions of the
spectral peaks corresponding to the functional groups of CAC were changed. In this regard, the
peak assigned to -OH stretching was shifted from 3543 cm™ — 3456 cm™ to 3402 cm™ (CAC-
ACM), 3417 cm™ (CAC-CIP), and 3654 cm™ (CAC-ACM+CIP) after single and binary
adsorption of ACM and CIP, respectively. Meanwhile, various new peaks appeared on the
surface of CAC at 1657 cm™, 1390 cm™, and 661 cm™, attributed to the sorption of
pharmaceuticals onto the adsorbent surface. The -OH stretching peak after the adsorption of
ACM is more substantial compared to that of the CIP adsorption. This could indicate a more
significant involvement of the -OH group in the single sorption of ACM (CAC-ACM) than CIP
(CAC-CIP). In contrast, the peaks assigned to C-H stretching and O-H bending were more
involved in CIP sorption (CAC-CIP) than ACM sorption. After the binary sorption of ACM and
CIP (CAC-ACM+CIP), the peak assigned to -OH bending (shifted and broadened), C-O
stretching (shifted and broadened), and Fe-O stretching vibration (strong) showed significant
changes. Moreover, the peak intensity observed on CAC at 540 cm ' (Fe—O) significantly
increased after the simultaneous adsorption of ACM and CIP (Zheng & Duan, 2022). This could
be ascribed to the participation of the Fe-O group in the simultaneous adsorption of ACM and
CIP, as evidenced by the presence of FTIR spectral peaks for ACM and CIP (as shown in
appendix Figure A.1) at this spectral range. The presence of iron on the surface of the CAC was
further confirmed by testing the magnetic properties of the CAC using a magnetic rod (CAC
particles were collected by the magnet). The magnetic property of CAC is beneficial for easy
separation of the material from aqueous solution (Jiang et al., 2023). The overall spectral
changes observed on the CAC after adsorption confirmed the successful adsorption of ACM and
CIP onto the CAC. This finding can be attributed to the involvement of various functional groups
(-OH, C-H, C-0O, and Fe-O) in removing ACM and CIP from the water via different adsorption

mechanisms.
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Figure 4.1. FTIR spectra of pristine bamboo sawdust carbon (BSC), chemically activated carbon
(CAC), CAC after ACM adsorption (CAC-ACM), CAC after adsorption of ciprofloxacin (CAC-
CIP) and CAC after simultaneous adsorption of ACM and CIP (CAC-ACM+CIP).

4.1.2. SEM/EDS analysis

Scanning electron microscopy with energy-dispersive spectroscopy (SEM/EDS) was used to
examine the morphological differences and chemical composition of the pristine bamboo
sawdust, BSC, CAC and CAC after adsorption. It can be seen from Figure 4.2 (a) that the
bamboo sawdust has an irregular surface with no pores. Moreover, Figure 4.2 (b) reveals that the
pristine bamboo carbon morphology has an irregular and tubular structure with no pores.
However, Figure 4.2 (c) indicates that the CAC has a rough surface with several cavities, voids
and pores distributed on the surface of the activated carbon. The SEM image demonstrated that
chemical activation resulted in the formation of pores on the surface of the activated carbon.
Moreover, the SEM image analysis result agrees with the BET result of the adsorbent, which
presented a significant increment (565 m?/g to 1158 m?/(g) in surface areas after chemical

activation. The SEM analysis result showed that the formation of pores on the adsorbent surface
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after chemical activation is consistent with the previous report (Tung et al., 2022). Moreover, the
EDS analysis provided the compositions of elements on the surface of the CAC, such as carbon
(62.88%), oxygen (23.62%), magnesium (0.11%), Al (0.12%), Si (0.37%), potassium (2.26%),
iron (10.1%) and Ca (0.54%) as shown in Figure 4.3 (a). The Multi-elemental Mapping (MAP)
analysis is presented in Figure 4.3 (b). The main elements observed on CAC, such as carbon (C),
oxygen (O), potassium (K) and iron (Fe), are represented by purple, light green, red and blue
colours in Figure 4.3 (b). The MAP analysis revealed that Fe is uniformly distributed on the
surface of the CAC. Overall, the porous structure of the adsorbent shown by the SEM image,
surface functional groups indicated by FTIR and the higher specific surface area (BET analysis)
supported the experimental findings of the higher ACM and CIP removal obtained in the

adsorption process.

ACEWM-AAU2024  Page7l



x10,000

— lym  JEOL 4/5/2023
x10,000 1.00kV LED SEM WD 6.0mm 17:58:07

Figure 4.2. SEM images of (a) pristine bamboo sawdust, (b) bamboo sawdust carbon (BSC), (c)
CAC before adsorption and (d) CAC after adsorption of ACM and CIP (CACA).
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Figure 4.3. The elemental composition of CAC (a) and EDS mapping for CAC.
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4.1.3. BET surface area

The BET surface area of CAC is significantly higher than that of raw bamboo sawdust carbon
(BSC), as shown in Table 4.2. This result indicated that the simultaneous activation of bamboo
sawdust with FeCl3;.6H,O and KOH enhanced the surface area of the activated carbon
significantly. The increase in surface area may be attributed to the formation of new pores and
the opening of initially inaccessible pores during the chemical activation process, which would
help develop a more porous structure (Peng et al., 2018). The surface area is an important
parameter that plays a significant role in physical adsorption. The higher surface area of the
material leads to higher pollutant adsorption due to the availability of many adsorption sites for
more organic pollutant removal (Peng et al., 2018). Among the synthesized adsorbents, AC-1.5
KOH exhibited the highest surface area (Table 4.2); however, the increased quantity of KOH
employed in its preparation increases its cost compared to the CAC. Nevertheless, it led to a
marginally superior removal of ACM and CIP from water compared to the removal efficiency
achieved with the CAC. As a result, CAC was selected as an efficient adsorbent for the removal
of ACM and CIP from water.

Table 4.2. Specific surface area and pore size of the bamboo based adsorbents.

Adsorbents BET surface area | Pore volume | Pore radius | Remark
(m?/g) (cm’/g) A)
BSC 565.09 1.897 13.24 Not selected
CAC 1158.05 0.435 9.234 Selected
AC-0.5Fe 1126.52 0.358 8.65 Not selected
AC-1.5Fe 850.56 0.287 7.59 Not selected
AC-0.5KOH | 720.85 0.236 7.065 Not selected
AC-1.5KOH | 1206.57 0.438 10.45 Not selected
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4.1.4. XRD analysis

The XRD was conducted to investigate the crystalline compositions of the bamboo sawdust-
derived adsorbents. The XRD analysis result is shown in Figure 4.4. The peaks at 30.1, 35.6,
43.2, and 57.2° are assigned to magnetite (Peng et al., 2021), whereas the peak observed in CAC
at 33.2° is assigned to hematite. The emergence of these peaks on the surface of CAC confirmed
the presence of Fe-O in the structure of the activated carbon. Al et al. (2021) detected a peak at a
similar angular degree for Fe3O4 cubic crystals on an adsorbent prepared from powdered
activated carbon magnetized by iron (I11) oxide magnetic nanoparticles (Al et al., 2021). Iron
(Fe) was believed to be present on the surface of activated carbon as indicated by characteristic
peaks of magnetite and hematite (Gong et al., 2016; He et al., 2018; Mian et al., 2018). The XRD
result revealed that Fe was successfully loaded onto the CAC, which is consistent with the
findings of the FTIR analysis. Therefore, the chemical modification of the adsorbent has

desirable structural changes on the activated carbon, as evidenced by the XRD plot.
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Figure 4.4. The XRD patterns of BSC, CAC and CACA after sorption of ACM and CIP (CAC-
ACM+CIP).
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4.1.5. Raman analysis

The Raman spectra of pristine BSC, CAC, and CAC after adsorption are presented in Figure 4.5.
The D and G bands were detected at wavelengths 1350 cm* and 1591 cm™ in Figure 4.5,
respectively. The D band corresponds to the C atom with a hybrid arrangement (sp*), whereas
the G band corresponds to the C atom sp? hybrid configuration (Z. Li et al., 2020). The G band is
primarily attributed to the presence of aromatic rings and graphite crystallites, while the D band
is mainly caused by a disordered carbon lattice (Minaei et al., 2023). The peak intensity ratio of
pristine BSC, CAC, and spent CAC (CAC-ACM+CIP) was 0.864, 0.941, and 0.860,
respectively. The peak intensity ratio less than unity indicates a highly graphitic nature of the
bamboo-based adsorbents (Maged et al., 2021). The graphitic nature of the biochar could
facilitate the formation of n-m bonds between organic molecules during adsorption (Z. Li et al.,
2020). These results show that chemical activation (FeCl;.6H,0 and KOH) increased the degree
of biochar disordering by removing organic matter and loading Fe particles on the surface of
FBC (Feng et al., 2021). The observed phenomenon could be due to the increased porosity of the
material, which was confirmed by SEM analysis. The increase in peak intensity ratio (0.864 to
0.941) after chemical activation shows the formation of more functional groups on the biochar
(Shirani et al., 2020). However, a reduction in the Raman band intensity ratio (0.941 to 0.860)
after adsorption (CAC-ACM+CIP) reveals the involvement of observed functional groups (-OH,

C-H, C-0O and Fe-O) in the adsorption process.

ACEWM-AAU 2024 Page 76



/1, = 0.864

— ]

I/l = 0.860

Pristine BSC
CAC
CAC - ACM+CIP

e

0 500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

I/l = 0.940

Intensity (a.u)

Figure 4.5. Raman spectra of the pristine BSC, CAC and CAC after binary adsorption (CAC-
ACM+CIP).

4.1.6. The pH of the point of zero charge (pHpxc)

Determining pHyc is essential for the adsorption process study as the adsorption mechanism
strongly depends on the solution pH. The pH of the point of zero charge of CAC is about 6.5, as
shown in Figure 4.6. Based on the pHy, result, the surface of CAC is positively charged when
pH is below 6.5 and negatively charged when pH is above 6.5. On the other hand, at pH below
6.0, CIP is mainly present in its cationic form (Peng et al., 2018), and the surface of the CAC is
positively charged. Hence, the adsorbent and CIP molecules repel each other, and thus CIP
removal efficiency decreases. Increasing pH above 6.1 changes the CIP molecule from cationic
to zwitterionic, leading to a gradual increase in CIP adsorption (Atugoda et al., 2021). Due to the
strong electrostatic interaction between CAC and CIP zwitterion (pH 6.0-8.7), maximum
adsorption was obtained. In contrast, at pH higher than 8.7, the adsorption process efficiency
decreased as the repulsive force increased between the negatively charged CAC surface and
anionic CIP molecules (Najafpoor et al., 2019). Similar results were obtained by (Najafpoor et

al., 2019) in removing CIP from water using y-Al,O3 nanoparticles. Similarly, another study by
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Ji et al. (2021), reported consistent findings, identifying a pH range of 6-8 as the optimal
condition for titanate nanotubes to effectively remove CIP molecules from water (Ji et al., 2021).
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Figure 4.6. pHy;c of the CAC adsorbent.

4.2. Batch adsorption (CIP removal) results

4.2.1. Model fitting and analysis of variance (ANOVA) using CCD

The central composite design (CCD) was used to optimize the CIP adsorption process
parameters. The CCD experimental design of CIP adsorption data is presented in appendix
(Table B.1). The second-order polynomial model fitted the experimental data of CIP adsorption
onto CAC (R? = 0.986). The suggested quadratic model's R? and adjusted R? were 0.990 and
0.986, respectively. ANOVA was used to assess the validity and adequacy of the model and
determine the effect of main factors and possible interaction factors. ANOVA indicated that the
suggested polynomial model was statistically significant. The result of the ANOVA analysis is
presented in Table 4.3. As shown in Table 4.3, the F- and p-values of the model were 229.46 and
< 0.0001, respectively. There is only a 0.01% chance that an F-value this large could occur due
to noise. A, B, C, D, AB, BD, CD, B?, and C? are significant model terms from the ANOVA.
Hence, all the independent variables (initial CIP concentration, pH, contact time, and adsorbent

dosage) significantly affected the CIP removal. Both Yousefi et al. (2021) and Najafpoor et al.
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(2019) reported similar findings for the CIP removal using magnetization of functionalized
multi-walled carbon nanotubes and y-Al,O3 nanoparticles as an adsorbent, respectively
(Najafpoor et al., 2019; Yousefi et al., 2021). In their studies, adsorption parameters, including
initial CIP concentration, pH, contact duration, and adsorbent dose were significant in CIP

removal from an aqueous solution.

Model terms with p-values less than 0.05 are significant, and those with p-values higher than
0.05 are insignificant. Relative to pure error, the Lack of Fit is not significant, as indicated by the
Lack of Fit F-value of 1.74. There is a 28.06% chance that a Lack of Fit F-value this large could
occur due to noise. As a result, a lack of fit that is not significant is desired since we want the
model to fit the CIP experimental data well. Adeq precision measures the signal-to-noise ratio,
and a value greater than 4 is desirable. In this design, the ratio of 56.59 indicates an adequate

signal. This model can be used to navigate the design space successfully.

Table 4.3. ANOVA results of the CIP adsorption onto CAC.

Source Sumof |df | Mean F-value | p-value
Squares Square

Model 4671.16 |9 519.02 229.46 | <0.0001 | significant

A-Initial CIP 787.42 1 787.42 348.12 | <0.0001

Concentration

B-Adsorbent 222434 |1 2224.34 | 983.38 | <0.0001

dose

C-pH 144.01 1 144.01 63.67 <0.0001

D-Contact time | 691.76 1 691.76 305.83 | <0.0001

AB 326.80 1 326.80 144.48 | <0.0001

BD 129.79 1 129.79 57.38 < 0.0001

CD 138.47 1 138.47 61.22 <0.0001

B2 150.60 1 150.60 66.58 < 0.0001

C? 102.79 1 102.79 45.45 < 0.0001

Residual 45.24 20 | 2.26

Lack of Fit 37.98 15 | 2.53 1.74 0.2806 not
significant

Pure Error 7.26 5 1.45

Cor Total 4716.40 | 29

df: degree of freedom.

Based on the CCD statistical analysis, the final model equation in terms of the actual factors for

CIP adsorption onto CAC is presented in Eg. (4.1), with significant factors (main and
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interaction). In Eq. (4.1), A, B, C, and D are the coded values of initial CIP concentration,
adsorbent dose, pH, and contact time, respectively. Whereas, AB, BD, and CD are the significant

interaction parameters.

CIP removal = 89.49 — 5.73A + 9.63B — 2.45C + 5.37D + 4.52AB — 2.85BD + 2.94CD —
2.30B2 — 1.90C2 (4.1)

The influence of each factor on the removal of CIP can be seen from their coefficients in Eq. 4.1.
The coefficients of each factor are -5.98, 9.38, -2.70, and 5.12, respectively, confirming that A
and C have a negative effect, whereas B and D have a positive effect on the CIP removal. The
results displayed in Table 4.3 indicated that the influence of each parameter on the CIP removal
followed the order: B > A > D > C, which is in agreement with the results described in Eq. 4.1.
Notably, the adsorbent dose and the initial concentration of CIP had the most significant effect

on the CIP removal process.

According to the model fit statistics, the regression parameters, such as the coefficient of
determination (R?), adjusted coefficient of determination, and predicted determination
coefficients, are 0.987, 0.982, and 0.967, respectively. Thus, the model represents 98% of the
variation in the CIP removal response. The values of model regression parameters indicate the
proper fitness of the model (R?> 0.96). Using the CCD experimental design, Ashraf and his co-
workers reported similar model fit statistics values (R? = 0.96) for the CIP adsorption ( Najafpoor
et al., 2019b).

Diagnostic plots such as externally studentized residuals against predicted, predicted against
actual, and the normal probability against externally studentized residuals were analyzed to
assess the adequacy of the model. These results are presented in appendix (Figure B.1 (a-c)). The
normal probability against the externally studentized residual plot shown in appendix (Figure B.1
(a)) indicated that all the points are close to the straight line, showing that the error was normally
distributed. From the plot of predicted against actual shown in appendix (Figure B.1 (b)), it can
be seen that the predicted values are well correlated with the actual (experimental) values, and
the model predicted data were not significantly different from the experimental results. The
highest residual (difference between actual and predicted) is 2.93 for the CIP removal of 88.35%.

In a plot of externally studentized residuals against the predicted shown in Figure Al (c), the
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residuals were randomly distributed between +3.00 and —3.00, indicating that the CCD model
successfully established the relationship between the independent variable and the CIP removal
(Peng et al., 2021). Overall, the diagnostic plot results agree with the coefficient of determination
values of the model. Thus, the quadratic model suggested by the CCD experimental design

adequately described the experimental CIP adsorption data.

4.2.2. Effect of main process variables

)} Effect of CIP initial concentration

The effect of initial CIP concentration on the adsorption efficiency was investigated. Figure 4.7
(a)) depicted that increasing the CIP initial concentration from 10 to 40 mg/L decreased the CIP
removal efficiency from 100 to 75.52% at pH (7.5), adsorbent dose (0.5 g/L), and contact time
(46.25 min). In line with this result, Yousefi et al. (2021) reported that increasing the CIP
concentration from 30 to 100 mg/L decreased CIP removal efficiency from 83% to 59% (Yousefi
et al.,, 2021). On the other hand, Wang et al. investigated the effect of the initial CIP
concentration (10-200 mg/L) at pH (6) and adsorbent dosage (135 mg/L) on the adsorption
capacity. In their study, the adsorption capacity of the adsorbent for cationic CIP increased very
quickly for CIP initial concentration of less than 50 mg/L and then decreased with the increase of
CIP initial concentration above 50 mg/L (Wang et al., 2018). Hence, an increase in CIP initial
concentration decreased the removal efficiency. The might be due the definite amount of active
sites at a fixed adsorbent dose, such that increasing the initial concentration decreases the
removal efficiency. In this study, unlike the case for CIP percentage removal, the CIP adsorption
capacity increased from 20 mg/g to 60 mg/g by increasing the initial CIP concentration from 10
to 40 mg/L. The reason could be reduced resistance to CIP uptake from the aqueous solution.
Moreover, the higher initial CIP concentration provides a driving force to overcome the mass

transfer resistance of the CIP between the solid and aqueous phases (El-bendary et al., 2021).
i) Effect of adsorbent dose on CIP sorption

The adsorbent dose has a significant effect on the CIP removal from an aqueous solution. As
depicted in Figure 4.7 (b), using an adsorbent dose of 0.25¢/L at pH 7.5, 30 mg/L initial CIP
concentration and 46.25 min contact time resulted in 96.02 % CIP removal, whereas using an
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adsorbent dose of 1.0 g/L at similar adsorption conditions almost completely removed CIP from
the solution. A similar adsorption trend was observed by Gulen et al (2020) in the adsorption of
CIP from water using a 2: 1 dioctahedral clay structure with the increase of CIP adsorption from
1.8% (0.034 g/L) t0 99.2% (2 g/L) (Gulen & Demircivi, 2020). Moreover, Shang et al. reported a
significant increase in the CIP removal efficiency from 36% to 100%, for an increase in
adsorbent (herbal residue biochar) dosage from 0.025 to 0.5 g/L (Shang et al., 2016). The
increase in the percentage of CIP removal with an increase in adsorbent dose is because of the
increased available active sites, which enhanced the CIP uptake (Najafpoor et al., 2019b;
Khoshnamvand et al., 2017).

iii) Effect of pH on CIP sorption

The pH of the solution is an essential parameter of adsorption processes because it affects the
surface nature of the adsorbent and adsorbate-adsorbent interactions (Najafpoor et al., 2019). At
pH less than pKa; (6.1), the amine group in piperazine moiety receives a proton, and CIP*
appears. However, for pH above pKa, (8.7), CIP occurs in anionic form (CIP) due to amine
group deprotonation. At pH between pKa; and pKa, of CIP, the CIP molecule exists in
zwitterionic form due to the charge balance of the amine and carboxylic groups (Yousefi et al.,
2021; Zhang et al., 2017). Figure 4.7 (c) depicted that the CIP removal efficiency of CAC
increased by increasing the pH of the solution from 5.25 to 7.5 and then decreased with any
further increase in pH. Hence, increasing pH from 5.25 to 7.5 at fixed initial CIP concentration
(20 mg/L), adsorbent dose (0.5 g/L), and contact time (46.25 min) increased the CIP removal
from 93.62% to 96.02%. Further elevation of pH to 9.75 reduced the CIP removal to 94.61%.
Thus, the optimal pH for CIP adsorption onto the CAC is 7.5. This pH level is important since
CIP forms zwitterion, leading to the strong electrostatic attraction between CIP and negatively
charged CAC (pHp.c of 6.5). Hence, maximum adsorption was obtained at this pH level.
Dehghan et al. (2019) observed a similar adsorption trend for the CIP using a metal-organic
framework (MOF). They reported that an increase in pH from 3 to 7.5 increased the adsorption
of CIP onto MOF. However, at pH values above 7.5, CIP adsorption decreased. The reason for
this adsorption behavior can be attributed to protonation—deprotonation reactions in groups of
CIP molecules (Dehghan et al., 2019).
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iv) Effect of contact time on CIP sorption

Contact time is one of the significant factors in the adsorption of the CIP onto the CAC in this
work. As shown in Figure 4.7 (d), adsorption at an adsorbent dose (0.5 g/L), pH (7.5), CIP initial
concentration (20 mg/L), and the contact time (18.75 min) resulted in 79.58% of CIP removal.
However, CIP removal efficiency increased to 96.02 % under similar adsorption conditions when
the contact time increased to 46.25 min. Moreover, appendix (Figure B.3) showed that the
adsorption rate was rapid in the first 30 minutes and moderate in 30-70 minutes. This may be
attributed to the availability of abundant free active sites on CAC at the initial adsorption stage
for CIP sorption. The rate slowed after 70 minutes, and no appreciable CIP removal was
achieved. Hence, equilibrium was reached at about 70 min. The number of available active sites
decreases with time, and eventually, the adsorbent becomes saturated (El-bendary et al., 2021).
For CIP adsorption process optimization, adsorption experiments were conducted using the
contact time range (less than 60 min), which was intentionally taken to investigate the effect of
contact time and its interaction effects. Increasing the contact time allowed CIP molecules to
reach the active sites of the adsorbent up to equilibrium time. Beyond the equilibrium time, no

significant CIP uptake occurred, as depicted in appendix (Figure B.3).

4.2 3. Effect of interaction variables

RSM is a powerful tool with important features for evaluating the interactive effect of variables.
In this study, 3D surface plots (Figure 4.8 (a-c)) were used to study the interaction effects on CIP
removal. The significant interaction effects include initial CIP concentration-adsorbent dose,

adsorbent dose-contact time, and pH-contact time.
a) CIP initial concentration and adsorbent dose interaction effect

The interaction effect of CIP initial concentration and the adsorbent dose is shown in Figure 4.8
(a). The interaction effect of CIP initial concentration and the adsorbent dose was positively
significant. The 3D plot shows that the CIP removal was highest at the initial CIP concentration
range of 20-25mg/L and adsorbent dose range of 0.75-1.0 g/L. In this range of initial

concentration (20-25 mg/L), increasing the adsorbent dose increases the removal efficiency. The
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enhanced removal of CIP at the higher CAC dose was due to higher active sites for CIP

adsorption (Bhattacharya et al., 2021).
b) Adsorbent dose and contact time interaction effect

The interaction effect of CAC dose and the contact time on CIP removal is displayed using a 3D
plot in Figure 4.8 (b). The CIP removal was highest for the CAC dose of 0.75-1.0g/L and 40-46
min reaction time. This study revealed that CIP removal increased with contact time and
adsorbent dose. This may be attributed to the availability of more active sites with adsorbent
dose increment and enough contact time for CAC and CIP molecules to interact (Bhattacharya et
al., 2021).

¢) pH and contact time interaction effect

The interaction effect of pH and contact time on CIP removal is shown in Figure 4.8 (c). The
percentage of CIP removal increased with an increase in contact time. A kinetics study showed
that the adsorption rate was rapid in the first 30 minutes and became slow after 30 minutes. The
CIP adsorption is strongly dependent on the pH of the solution. CIP exists in zwitterion form at
pH between 6.1 and 8.7, and the electrostatic interaction between CIP and CAC is strong. The
point of zero charge of CAC was 6.5, and for pH less than 6.1 and beyond 8.7, the repulsive
forces became dominant, and less CIP removal was achieved. Thus, this pH range is an optimum
pH level for the highest CIP removal. Figure 4.8 (c) depicted that when pH decreased from 9.75
to 5.25 with an increase in contact time from 18.75 to 46.25 min, the CIP removal increased
from 71.88 to 93.62%. In contrast, an increase in pH and a decrease in contact time decreased
CIP removal. The reverse of this condition decreased the CIP removal. This showed that contact
time had a superior influence on CIP removal than pH for interaction effects. However, for an
increase in pH and contact time from 5.25 min and 18.75 min to 9.75 and 46.25 min, CIP
removal increased from 83.07% to 94.61%, respectively. Maximum CIP removal (96.02) was
obtained at pH (7.5) and contact time (46.25 min) using CAC adsorbent.
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Figure 4.7. The influence of main effects on CIP removal using CAC (a) CIP initial
concentration, (b) adsorbent dose, (c) pH and (d) contact time.
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4.2.4. Process optimization of CIP sorption

The optimization approach followed in CCD design to obtain the best operating conditions was
through minimizing the adsorbent dosage, taking the initial CIP concentration, pH, and contact
time in the range, and maximizing CIP removal. Based on this criterion, the optimal condition
that gave maximum CIP removal efficiency (96.02%) using the CAC adsorbent was pH (7.5),
adsorbent (0.5 g/L), contact time (46.25 min), and initial CIP concentration (20 mg/L) with a
good desirability value of 0.97. Adsorption tests were conducted at these optimum conditions to
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confirm the model's credibility. Accordingly, 95.7%, 96.42%, and 96.24% CIP removal values
were obtained, and the mean value of these results is 96.11%. Thus, the model predicted CIP
removal (96%), which was close to the experimental value obtained (96.11%), showing that the

model is valid.

4.2.5. Regeneration of CAC after single CIP adsorption

The CIP removal efficiency of CAC after first cycle desorption with 0.3 M NaOH, Methanol, 3%
NaOH + methanol, and 0.3M HCI was 72.7, 47.09, 67.96, and 93.56%, respectively. Hence, 0.3
M HCI was used as an eluent for CIP desorption throughout the regeneration study. After 5
sequential adsorption-desorption cycles, the removal of CIP by CAC varied from 95.68% to
88.13% (reduction of 7.55%) as shown in Figure 4.9. The reusability studies revealed that 88%
of CIP can be removed even in the fifth cycle suggesting enhanced stability and reusability of
CAC. The CIP is highly soluble in HCI and the concentration of HCI used (0.3 M) for
regeneration is not strong enough to significantly damage the functional groups of the adsorbent
(-OH, C-H, C-O and Fe-O) at first adsorption cycles. However, the observed gradual reduction
of removal efficiency might be due to the loss of the functional groups of the CAC. The
reusability of the CAC without significant loss in CIP removal is one of the benefits of this

process regarding environmental concerns and economic feasibility.
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Figure 4.9. The CIP removal efficiency of CAC per each adsorption cycle.
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4.3. Batch adsorption (ACM removal) results

i) Effect of pH on ACM sorption

The influence of pH on the adsorptive removal of ACM by CAC is depicted in Figure 4.10 (a).
ACM is a weak electrolyte that can exist in two forms, non-ionized (acid) and ionized (base)
forms, depending on its pKa value (9.38) and the pH of the solution ( Igwegbe et al., 2021;
Taylor et al., 2015). When the solution pH is less than the pKa value of ACM, it mainly exists in
neutral and non-ionized forms (Moussavi et al., 2016). The pH values from 2 to 8 did not
significantly affect ACM adsorption onto CAC. At this pH range, ACM molecules mainly exist
in neutral or non-ionic forms (Moussavi et al., 2016), which leads to negligible electrostatic
attraction. However, a further increase in pH from 8 to 12 notably decreased ACM removal from
99.7% to 93.85%. This can be explained by considering the pKa value of ACM (9.38) and the
point of zero charge of CAC adsorbent (6.5). The surface of CAC is negatively charged above
PHpzc (6.5). In contrast, it is positively charged below the solution pH of 6.5. Solution pH higher
than the pKa value of ACM (9.38) did not favour the adsorption of ACM onto CAC due to
electrostatic repulsion between the negatively charged adsorbent surface and anion of ACM
(Kumar et al., 2021). In this regard, a solution of pH 8 was considered for ACM adsorption onto
CAC. Other previous studies (Natarajan et al., 2021; Taylor et al., 2015) have also reported a
similar trend for the influence of pH on the adsorption of ACM onto various adsorbents.

i) Effect of contact time on ACM sorption

The effect of contact time on ACM adsorption was studied for contact time ranging from 20 to
120 min at ACM (20 mg/L), CAC (0.5 g/L), and pH (8.0). As depicted in Figure 4.10 (b), ACM
adsorption onto CAC was increased from 95.22% to 99.72% when contact time was increased
from 20 to 90 min. The increase in ACM removal with time is related to the time the ACM
molecules require to come in contact with the CAC. In this study, the synthesized CAC
adsorbent material has a high surface area, providing higher adsorption active sites for the ACM
molecule. Thus, ACM adsorption requires enough time for the adsorption until the CAC
saturates. However, further contact time did not significantly increase ACM removal. This is

because of the attainment of equilibrium (Natarajan et al., 2021). The equilibrium time
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determined for the adsorption of ACM onto CAC was (90 min). Hence, contact time (90 min)

was optimal for ACM adsorption onto CAC adsorbent.
iii) Effect of ACM initial concentration

Adsorbate initial concentration plays a significant role in the adsorption process. Initial adsorbate
concentration can be an important driving force in overcoming mass transfer resistance between
aqueous and solid phases (Mondal et al., 2016). Figure 4.10 (c) represents the effect of ACM
initial concentration over the ACM concentration range of 10 mg/L to 120 mg/L. The removal
efficiency decreased from 99.97% to 77.7% when ACM increased from 10 mg/L to 120 mg/L.
The decrease in ACM removal with ACM initial concentration is due to the limited adsorption
sites and a decrease in intra-particle diffusion (Wong et al., 2018). Here, 20 mg/L ACM
concentration was taken as an optimal ACM concentration for investigating CAC performance.
Most of the previous works considered ACM concentration of 20 mg/L or less for evaluating the
adsorptive capacity of various adsorbents (Marqués et al., 2015; Nafisur & Nasir, 2020; Yanyan
et al., 2018). As ACM is present in trace quantity in surface water, a low concentration of ACM

should give a high removal percentage (Natarajan et al., 2021).
iv) Effect of adsorbent dose on ACM sorption

The effect of the adsorbent dose profile was studied by varying the CAC dose from 0.125 g/L to
1.6 g/L for 20 mg/L ACM concentration. As presented in Figure 4.10 (d), it was observed that
ACM removal increased from 92.45% to 99.65% when the adsorbent dose increased from 0.125
g/L to 0.5 g/L. This is because an increase in mass results in more available sorptive surface area
and, as a result, more active sorption sites (Mondal et al., 2016). As depicted in Figure 4.7 (d), an
adsorbent dose of 0.5 g/L almost completely removed 20 mg/L of the ACM from water. Thus,
increasing the CAC dose beyond 0.5 g/L has no significant increase or benefit. Besides, an
increase in adsorbent dose is directly related to the operational cost (Shi et al., 2019). In the
environment, ACM is present at the ppb level; hence, using a high quantity of the adsorbent will
not increase adsorption capacity (Natarajan et al., 2021). Given these facts, a CAC dose of 0.5
g/L is considered optimal for ACM removal at pre-determined ACM initial concentration,

contact time and pH values.
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4.3.1. Regeneration of CAC after single ACM adsorption

The ACM removal efficiency of CAC after the first adsorption-desorption cycle with 0.3 M
NaOH, Methanol, 3% NaOH + methanol, and 0.3M HCI was 60.3%, 40.25%, 63.62%, and
90.24%, respectively. Consequently, 0.3 M HCI was used as a desorbing solution for ACM
throughout the reuse study. The removal of ACM varied from 98.97% to 80.34% after five
consecutive adsorption-desorption cycles, as shown in Figure 4.11. This result revealed that
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CAC could be effectively employed for five consecutive adsorption cycles, capable of removing
80% of ACM from water at the fifth cycle. These regeneration study results indicated that the
ACM removal efficiency of CAC was faintly diminished after each cycle and then nearly
constant in the fifth cycle. Similar to the CAC reuse after CIP adsorption, the observed gradual
reduction in ACM removal efficiency might be due to the gradual loss of functional groups of
the CAC. Hence, the reusability of the CAC up to five consecutive cycles for ACM removal with
higher removal efficiency shows the promising potential of the CAC for application in emerging
contaminant (ACM) removal.

100 - 98.97%
90.2%

83.8%
81.65%  80.34%
80 - °

60
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Figure 4.11. The ACM removal efficiency of CAC per each adsorption cycle.

4.4. Batch adsorption (single and binary component removal)

The single component sorption of ACM and CIP onto CAC was optimized in sections 4.2 and
4.3, respectively. Studies on the single component adsorption of ACM and CIP gave insights into
the single component adsorptive characteristics of ACM and CIP, and the optimum operational
conditions were determined. The optimized initial pharmaceutical contaminant dose (20 mg/L)
was used in the subsequent simultaneous adsorption of ACM and CIP onto the CAC. The

individual adsorption characteristics of ACM and CIP were further explored to facilitate a
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comparative investigation with the binary component adsorption process. The calibration curve

equations are provided in appendix (Table B.3).

i) Influence of solution pH on single and binary component adsorption

The obtained experimental data demonstrated that the single and binary component adsorption
exhibited a similar trend of solution pH influence on ACM and CIP removal (Figure 4.12). The
removal efficiency increased as the solution pH increased; it reached its maximum at a pH of 6.8
and decreased beyond this pH. The decrease in ACM and CIP adsorption beyond solution pH 6.8
can be due to the effect of electrostatic repulsion. The point of zero charge (pHy.) of CAC was
6.5. Therefore, CAC is positively charged at a solution pH less than pHy. (6.5) and negatively
charged at a pH higher than pHp, (Figure 4.12). In solution, CIP can be anionic (pH > 8.7),
cationic (pH < 6.1), and zwitterionic (6.1 < pH < 8.7), depending on the solution pH. However,
ACM predominantly exists in its neutral form for solution pH ranging from 2 to 8 and is less
influenced by pH variation in this range (Georgin et al., 2021). Higher sorption performance was
noted for ACM and CIP at pH values between 6.5 and 8.0, suggesting a higher electrostatic
attraction between CAC and ACM/CIP in this range. However, significant electrostatic repulsion
was observed in pH ranges (pH < 6.5 and pH > 8.7), as evidenced by the reduction in the uptake
of ACM and CIP in single and binary pollutant sorption. According to the results, the optimum

pH for both single and binary systems was found to be 6.8.
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Figure 4.12. Influence of pH on single and binary sorption of ACM and CIP (experimental
conditions: ACM/CIP concentration = 20 mg/L, CAC dose = 0.5 g/L, contact time = 120 min).

ii) Influence of CAC dosage on single and binary component adsorption

The adsorbent dose directly affects the removal efficiency and economic aspects of the adsorbent
in practical applications. Figure 4.13 presents the ACM and CIP removal efficiency as a function
of CAC dose in single and binary component systems. The removal of ACM in a single
component system increased from 89.95% to 99% when the CAC dose increased from 0.25 g/L
to 0.5 g/L. Similarly, the removal of CIP increased from 79.6% to 95% for the same increment in
the CAC dose. This result shows a higher affinity of CAC to ACM due to its molecular
properties (smaller molecular size and relatively higher log Kyy). ACM has demonstrated no
significant removal beyond 0.5 g/L, whereas CIP removal was increased from 95.1% to 99.36%
when the CAC dose increased to 1.0 g/L. The increasing trend of removal efficiency with

adsorbent dose is due to the higher number of adsorption sites at higher adsorbent doses
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(Natarajan et al., 2022). In the binary system, ACM and CIP removal efficiency increased from
74.96% and 70.16% to 98.65% and 98.54%, respectively, when the CAC dose increased from
0.25 g/L to 1.0 g/L. Nearly complete removal was achieved when the CAC dose was further
increased to 1.25 g/L in the single (> 99.3%) and binary component (> 99.05%) sorption systems
for ACM and CIP. The CAC dose of 0.5 g/L was considered the optimum value for the

comparative evaluation of these systems.
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Figure 4.13. Influence of CAC dose on the single and binary sorption of ACM and CIP
(experimental conditions: ACM/CIP concentration = 20 mg/L, pH = 6.8, contact time = 120
min).

iii) Influence of particle size on single and binary component adsorption

In the adsorption process, the particle size influences the adsorption of sorbate onto sorbent.
Generally, removal efficiency decreases with increasing particle size of the adsorbent. This study
investigated the influence of adsorbent particle size (<150, 150 - 425, 425 - 600, and 600 - 850
um) on single and binary component sorption of ACM and CIP using CAC. Adsorbent surface
area, pore volume and pore size are directly related to its particle size. Consequently, the removal

efficiency is greatly influenced by variations in the adsorbent particle size. Table 4.4 presents the
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effect of adsorbent particle size on the removal (%) of ACM and CIP in single and binary
component adsorption. In a single component system, a significant decrease in CIP removal
(95.4% to 27.84%) was observed when the CAC particle size increased from 150 pum to 800 pum,
while ACM showed a reduction from 95.44% to 53.21%. Particle size had a more significant
effect on ACM removal (%) in binary component adsorption, as its removal efficiency decreased

significantly from 93.74% to 9.5% when the particle size increased from 150 pum to 800 pum.

In comparison, CIP exhibited a relatively lower reduction in removal efficiency (92.96% to
50.45%). The disparity in the influence of particle size on pollutant removal (%) for ACM and
CIP can be attributed to the competition between these pollutants for available active sites. The
simultaneous adsorption of ACM and CIP is highly dependent on the physico-chemical
properties (pore volume, pore size and surface area) of the adsorbent due to their molecular size
difference. As shown in Table 4.4, the difference in molecular size between ACM (smaller
compound) and CIP (larger compound) resulted in a more pronounced suppressive effect on the
removal of ACM (%) due to the pore blockage phenomenon caused by CIP. Similar research
findings were reported regarding the effect of particle size on the removal of ACM and CIP
(Patel et al., 2021). Table 4.4 presents the experimental results of the removal (%) of ACM and
CIP from water using different CAC particle sizes.

Table 4.4. Effect of the particle size on the removal of ACM and CIP from water using CAC.

_ Single component Binary component

Particle

Size ACM removal | CIP removal | ACM removal | CIP removal

(%) (%) (%) (%)

<150 um 99.44 95.48 93.74 92.96
150-425 um 86.84 38.97 41.94 49.34
425-600 pum 74.09 28.44 26.06 38.10
600-850 um 53.21 27.84 9.50 20.45

ACEWM-AAU 2024 Page 95



iv) Influence of ionic strength on single and binary component adsorption

The wastewater matrix contains a specific concentration of salt ions, and their presence in the
solution considerably affects the adsorption behaviour of micro-pollutants (Maged et al., 2021).
The simultaneous sorption of ACM and CIP onto CAC in an electrolyte (0.025-0.1 M NacCl)
solution was investigated (Figure 4.14). Under optimum binary component adsorption
conditions, the removal of ACM and CIP was 93.98% and 91.86%, respectively, in the control
experiment (without NaCl). Increasing ionic strength (0 to 0.05M NaCl) increased the removal
of ACM and CIP to 94.04% and 93.33%, respectively. On the contrary, a further increase in
ionic strength (0.05 to 0.1 M NaCl) resulted in a significant reduction in the removal of ACM
and CIP, with the respective removal efficiencies dropping to 65.05% and 60.75%. Similarly,
ACM and CIP removal increased with increasing ionic strength (0 to 0.05 M NacCl) in the single
sorption systems from 98.45 and 96.14% to 99.59 and 98.28%, respectively. However, the ACM
and CIP removal efficiency dropped to 73.89 and 68%, respectively, with increasing the NaCl up
to 0.1 M. It should be noted that CIP removal was highly influenced by the electrolyte compared
to ACM. This could be attributed to the adsorption mechanism of CIP onto CAC, which strongly
depends on the electrostatic attraction. The lesser impact of ionic strength on the sorption of
ACM can be ascribed to its mild sensitivity to changes in pH (2-8) during the adsorption process.
This can be explained by the significant dependence of the CIP sorption mechanism on the pH of
the solution (electrostatic attraction). Previous studies have reported similar trends of enhanced
pharmaceutical contaminants removal by increasing ionic strength to a certain extent using
pristine and NaOH activated carbon derived from spent coffee (Shin et al., 2021). These findings
suggest that carbon-based adsorbents undergo surface charge neutralization through double-layer
compression, while the reduced solubility of pharmaceuticals can be attributed to the presence of
Na* concentrations in the solution, resulting in salting-out effects (Shin et al., 2020). However,
upon a further increase in ionic strength, a screening effect could occur between the
carbonaceous adsorbent and the target pharmaceutical contaminant, thereby reducing the
adsorption of the pharmaceutical contaminants (Zhao et al., 2016). As a result, the findings from
the ionic strength study revealed that the adsorptive removal of pharmaceutical contaminants
(ACM and CIP) is influenced by the characteristics of the water matrix, such as the ionic

strength.
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Figure 4.14. Influence of ionic strength on the single and binary sorption of ACM and CIP
(experimental conditions: ACM/CIP concentration = 20 mg/L, CAC dose = 0.5 g/L, pH = 6.8,
contact time = 120 min).

il) Influence of water matrix on single and binary component adsorption

The water background matrix is an environmental factor that can affect the efficiency of water
treatment processes. Therefore, this study assessed the influence of the water matrix (pure, tap
water and real wastewater) on the sorption of ACM and CIP by the CAC adsorbent under the
optimized conditions outlined earlier. The wastewater sample was collected from Akaki Kality
wastewater treatment plant secondary effluent (Addis Ababa, Ethiopia). The characteristics of
the wastewater are presented in appendix (Table A.1). In wastewater analysis, the dosage of
CAC was varied to determine the amount required to completely remove pharmaceuticals. This
investigation helps to understand the applicability of CAC in a real water matrix. Figure 4.15 (a)
shows CIP removal (%) in different water matrices with CAC dose varying from 0.25 g/L to 1.5
g/L from the binary mixture. At a CAC dose of 0.5 g/L, more than 90% removal of ACM and
CIP was achieved in pure water. However, removal (%) decreased to 61.64% for CIP when
applied to real wastewater at a similar CAC dosage. In contrast, increasing the CAC dosage from
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0.25 g/L to 1.5 g/L increased CIP removal (%) from 69.95% to 99.5%, 30.25% to 94.2%, and
19.82% to 86.06% in pure, tap, and real wastewater, respectively. Complete removal of CIP in
binary component adsorption was achieved using CAC (1.5 g/L) in both pure water and tap
water matrices. Increasing the adsorbent dosage provides more active sites, enhancing CIP
adsorption. Similarly, an increase in CAC dose (Figure 4.15 (a)) from 0.25 g/L to 1.5 g¢/L
increased the removal efficiency of ACM in the binary mixture from 75.1%, 35.5%, and 23.4%
to 97.2%, 97.72% and 91.9 % in pure, tap and wastewater, respectively. The relatively lower
removal efficiency observed for both pollutants in real wastewater is due to various organic and
inorganic competing ions in the wastewater matrix. A similar water matrix effect on the sorption
was observed in the single component adsorption of ACM and CIP using CAC (Figure 4.15 (b)).
Interestingly, the CAC adsorbent exhibited substantial removal efficiencies for ACM and CIP in
all water matrices tested. The superior removal efficiency observed in various water matrices can
be related to high surface area (1158.05 m?/g), plentiful pores (shown by SEM images), and
essential functional groups (-OH, C-O, C-H and Fe-O) of CAC.
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Figure 4.15. Influence of water matrix on ACM and CIP removal (a) single component sorption
and (b) binary component sorption (experimental conditions: ACM/CIP concentration = 20
mg/L, pH = 6.8, contact time = 120 min).
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4.4.1. Kinetic modelling of single and binary sorption

The kinetics of the individual sorption processes of CIP and ACM were initially analyzed using
linear equations derived from the pseudo-first-order, pseudo-second-order, intra-particle, and
Elovich models. This analysis provided crucial insights into the adsorption mechanisms of these
contaminants. In both ACM and CIP single sorption, the linear form of the pseudo-second-order
model provided the best fittings results (highest R? and experimental adsorption capacity (e, exp)
close to calculated adsorption capacity (Qe, cal) s Shown in appendix Figures (B.3-B.4) and Table
4.5. The kinetic modelling results of the single sorption of ACM and CIP were further confirmed
by employing the non-linear forms of kinetic models such as the pseudo-first-order model (PFO)
and pseudo-second-order (PSO) and Avrami (AV) models as depicted in Figure 4.16 (a and c)
and Table 4.6. The findings from the Kkinetic investigation of the single sorption of ACM and CIP
using non-linear models agree with the results obtained from the linear models, indicating the
reliability of the pseudo-second-order (PSO) model. The non-linear forms of these models were
also employed for the binary sorption of ACM and CIP, as shown in Figure 4.16 (b and d). The
binary component adsorption kinetics shows the antagonistic behaviour of pollutants in a binary
pollutant solution.

The experimental kinetic data were analyzed using non-linear forms of kinetic models such as
the pseudo-first-order model (PFO), pseudo-second-order (PSO), and Avrami (AV) for ACM
and CIP in single and binary sorption experiments (Figure 4.16 (a-d)). The experimental data
illustrates that the equilibrium for the single component adsorption of CIP was achieved
relatively fast at 70 min (Figure 4.16 (c)), which can be attributed to its large molecular weight.
On the other hand, the single component adsorption of ACM (Figure 4.16 (a)), which has a
smaller molecular weight, reached equilibrium more slowly, taking about 90 min. As shown in
Figure 4.16 (b and d), the binary component adsorption (ACM and CIP) onto CAC was rapid in
the initial 60 and 100 min, with removal efficiencies exceeding 95% and 90% in single and
binary component adsorption, respectively. The rapid initial adsorption observed is due to the
ample vacant active sites on CAC and an adequate concentration of pollutant molecules. After
the initial rapid adsorption, the adsorption rate gradually slowed, with equilibrium achieved in
less than 90 min for single component adsorption and around 120 min for binary pollutant

adsorption. This observation indicates that the available active sites of CAC become occupied
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(saturated), and the adsorption rate slows down. The employed kinetic models were evaluated
based on the coefficient of determination (R?), sum of squared error (SSE), root mean square
error (RMSE), and closeness of experimental equilibrium capacity (de exp) With the model
predicted equilibrium capacity (qe, ca). In all cases, PSO showed the lowest (SSE and RMSE),
highest (R?), and acceptable ge (values close to experimental ge) values, as shown in Table 4.5.
Additionally, the linear kinetic model analysis in appendix (Figure B.4- B.5) provided PSO
model as a best model for single sorption of ACM/CIP. Therefore, the PSO model best described
the kinetic behavior of single and binary sorption of ACM and CIP onto CAC. The PSO rate
constant for binary sorption of ACM and CIP is lower than the PSO rate constant for ACM and
CIP in the single sorption systems. This can be explained by the competitive effect of the
pharmaceuticals in the binary mixture that reduced the adsorption rate, as confirmed by the
longer equilibrium time compared to the single sorption systems. The kinetic study results
suggest that the chemisorption mainly controlled the removal of ACM and CIP from water in
single and binary component sorption systems. Furthermore, the FTIR and XRD results indicated
that oxygen-containing functional groups were observed on the surface of CAC. The observed
Fe-O on the surface of the CAC contributed to the complexation and Lewis-acid base reaction,
which are indicative of the chemisorption behavior of the ACM/CIP adsorption onto the CAC in
addition to the PSO kinetic model results. Moreover, the observed n-m interaction mechanism is
likely represents the chemical sorption of ACM/CIP onto the CAC. Overall, these results
indicated that the single and binary sorption of ACM/CIP onto the CAC was a chemisorption

process.
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Figure 4.16. Non-linear kinetic models employed for ACM and CIP removal from water in
single and binary component adsorption systems. (a) Single sorption ACM Kinetics; (b) binary
sorption ACM Kinetics; (c) single sorption CIP Kinetics; (d) binary sorption CIP Kinetics
(experimental conditions: ACM/CIP concentration = 20 mg/L, pH = 6.8, CAC dose = 0.5 g/L).

4.4.2. Single component isotherm analys

is

The single component experimental isotherm data was evaluated using two-parameter adsorption

isotherm models, namely Langmuir and Freundlich, as well as a three-parameter model (Sips).

The non-linear isotherm models for single sorption of ACM/CIP are provided in Figures 4.17 (a-

b). The linear isotherm models parameters are also provided in appendix (Figure B.6- Figure

B.7) and Table B.2). The results indicated that the adsorption capacity of CAC increased as the
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concentrations of ACM and CIP increased, eventually reaching saturation in single and binary
sorption systems (Figure 4.17 (a-b)). The employed isotherm models were assessed based on the
goodness of fit criteria (R?, SSE, and RMSE) values (Table 4.5). Among the three models
employed, the Sips model best described the experimental data of ACM and CIP sorption (single
component systems). The Sips isotherm model is a combined form of the Langmuir and
Freundlich isotherm models and applies to heterogeneous adsorption systems (Tzabar & Brake,
2016). The isotherm analysis result corroborates the multi-layer sorption of ACM and CIP onto
the heterogeneous surface of CAC at lower sorbate concentrations and mono-layer sorption at
higher sorbate concentrations (Maged et al., 2023). Based on the FTIR results before and after
adsorption, there are various functional groups on the surface of CAC responsible for ACM/CIP
removal. Therefore, the active sites are heterogeneous. The multilayer adsorption at low
concentration indicates that the adsorbent active sites are not saturated, allowing the adsorbate to
bind to various active sites and form a multilayer. However, at high concentrations, the adsorbate
forms a monolayer due to the saturation of the active sites. In consonance, all the calculated
values of the dimensionless separation factor (R.) (Eq. 3.13) fall between 0 and 1 (Figure 4.18),
indicating that the adsorption of ACM and CIP onto CAC is favorable.

As depicted in Table 4.5, the maximum Langmuir adsorption capacities obtained were 192.43
mg/g (ACM) and 70.95 mg/g (CIP) in a single component sorption system. The difference in the
adsorptive capacity of CAC for ACM and CIP can be explained by noting the physico-chemical
properties of the adsorbent and the molecular structure of the adsorbate (appendix Table A.2). In
this regard, it can be noted that ACM has a smaller size, which makes it easier to diffuse into the
micro-pores of the CAC. On top of that, ACM (log Kow = 0.46) is more hydrophobic than CIP
(log Kow = 0.28), which favors the affinity of ACM to CAC. The higher hydrophobicity of ACM
enhanced its affinity to CAC. On the other hand, CIP has a larger molecular size, so its diffusion
into the micro-pores of the CAC is relatively limited. Also, the lower hydrophobicity of CIP
could be another possible reason for its lower removal. The favorability of the sorption process
can be assured by considering the dimensionless separation factor (R.) value, as depicted in
Figure 4.18.
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Figure 4.17. Non-linear isotherm model plots (a) single sorption ACM (b) single sorption of CIP
isotherm (experimental conditions: pH = 6.8, CAC dose = 0.5 g/L, contact time = 120 min).
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Figure 4.18. The dimensionless separation factor for the single component sorption of ACM and
CIP onto CAC.
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Table 4.5. Non-linear kinetic and isotherm model parameters for ACM and CIP removal in
single and binary component sorption systems.

Kinetic analysis

Isotherm analysis

Single Binary Single
Model Model
Model component component Model component
parameters parameters
ACM|[CIP |ACM]|CIP ACM |CIP
c1e,cal
38.08 | 36.79 |35.31 | 34.18 K. (L/mg) 036 |2.33
(mg/g)
Qe,exp
39.55 | 38.59 |37.35 | 35.80 | gm (Mg/g) 192.43 | 70.95
(mg/g) Langmuir
PFO |ki(1/min) [0.16 [0.12 [0.09 |0.06 R 0.980 | 0.965
R 0.969 | 0.972 |0.983 | 0.973 RMSE 10.41 |5.31
RMSE 228 [202 |[167 [206 SSE 650.07 | 168.91
K
SSE 41.65 | 32.79 |22.44 | 34.18 " | 67.05 | 4367
(mg/g)(L/mg)™"
Qe,exp
39.55 | 38.59 |37.35 | 35.80 n 345 |8.06
(mg/g)
Qe,cal ’
40.45 | 39.65 |39.10 | 38.79 R 0.970 |0.997
(mg/g)
ko .
PSO 1 0.006 | 0.004 |0.003|0.002 | Freundlich | RMSE 12.81 |1.29
(9/mg.min)
R 0.995 | 0.997 |0.993 | 0.994 SSE 984.81 | 10.05
Ks ((mgl/g)(L”.
RMSE 091 |067 |[1.07 |0.94 S_B« YO | 2688 | 56.63
mg™)),
SSE 6.67 |357 |9.13 |7.14 a (L. mg™®) 033 [031

ACEWM-AAU 2024

Page 104




Table 4.5. Continued.

Kinetic analysis Isotherm analysis
ge (Mmg/g) | 39.01 | 37.82 | 36.64 | 37.79 Bs 0.68 0.18
Kav 2

- 1016 |0.11 0.08 |0.04 R 0.988 | 0.998
(mg/g.min)

AV | nu(g/mg) | 062 [0.65 |0.69 |0.61 |Sips RMSE 8.89 |1.27

R 0.995 | 0.9996 | 0.990 | 0.998
RMSE 251 |212 1.88 |2.25 SSE 395.52 | 8.06
SSE 44.32 | 31.64 |24.83 | 35.54

4.4.3. Binary component isotherm analysis

The competitive Langmuir isotherm model was used to evaluate the binary component sorption
isotherm. The experimental equilibrium data plot for competitive isotherm analysis of ACM and
CIP is displayed in Figure 4.19 (a and b). In the binary component adsorption, the adsorption
capacity of CAC for ACM decreased to 125.31 mg/g, a value lower than the single component
system (192.43 mg/g). Similarly, the adsorption of CIP was reduced to 65.44 mg/g in the binary
component system, compared to 70.95 mg/g in the single component system. These findings
suggest that the simultaneous removal of ACM and CIP from a binary mixture has an
antagonistic nature. Besides, the employed competitive Langmuir isotherm model described the
experimental binary component adsorption data (R?> 0.98), and the estimated binary component
adsorption isotherm parameters are presented in Table 4.6. The adsorptive nature of pollutants in
a binary system is predicted based on the following conditions (Egs. (4.2-4.4)). In binary/multi-
component systems, the adsorption process is regarded as non-interactive, antagonistic, and
synergistic when it fulfils conditions as shown in Eq. (4.2), Eq. (4.3), and EqQ. (4.4), respectively
(Tovar-gomez et al., 2014).

dm binary =1 (42)
Am single
dm binary <1 (43)
Am single
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dm binary >1 (44)

Am single

Om binary @Nd Om single refer to the maximum adsorption capacity in binary and single component
adsorption systems, respectively. The adsorption capacity of ACM decreased sharply (34.88%)
in the presence of CIP. In contrast, CIP removal was reduced by 7.76% in the presence of ACM
in the solution. Table 4.6 demonstrates that the ratio (Qm binary/0m single) for ACM and CIP
adsorption onto CAC is 0.65 and 0.92, respectively, satisfying the adsorption condition

represented in Eq. (4.4). Therefore, the actual experimental findings (removal efficiency,

dm,binary

adsorption capacity, and kinetics) of simultaneous removal, along with the ratio show

Am,single
that the simultaneous adsorption of ACM+CIP onto the CAC exhibited an antagonistic nature.
The main adsorption mechanisms reported for ACM include n-r interaction, hydrogen bonding,
Lewis acid-base reaction, and pore filling. However, CIP removal mechanisms include
electrostatic interaction, m-m interaction, hydrogen bonding, and complexation reaction. The
FTIR results indicated that hydrogen bonding is more influential in the case of ACM than CIP
during simultaneous removal. On the other hand, electrostatic attraction is more substantial in
CIP adsorption than in ACM adsorption during the simultaneous adsorption of ACM+CIP onto
the CAC. Also, n-n interaction is more influential in CIP adsorption than in ACM adsorption, as
CIP is more aromatic than ACM. Moreover, ACM is a smaller molecule and more hydrophobic
than CIP, which favors its affinity to CAC and diffusion into the micropores of the CAC. As a
result, these mechanistic differences are responsible for the antagonistic interaction between the

two pharmaceuticals (ACM/CIP) when they co-exist in the same water matrix.

Moreover, the presence of ACM had a minimal effect on CIP removal, while the adsorption of
ACM was significantly affected by the presence of CIP. This could be due to the CIP (large
molecular size), which potentially shields the adsorption sites and blocks the micro-pores of the
adsorbent (Jung et al., 2015). Similar behaviour of adsorption was reported for the simultaneous
removal of pharmaceutical contaminant (tetracycline (TCY)) from the binary component mixture
of TCY and sulfadiazine (SDZ) using phosphoric acid activated carbon (PAC) (Yadav et al.,
2022). Also, other studies reported the antagonistic/synergistic nature of the adsorption process
for multi-component pollutant water matrix (Chandrasekaran et al., 2020; Manjunath & Kumar,
2018).
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Table 4.6. Langmuir and competitive Langmuir isotherm model constants for single and binary
component sorption of ACM and CIP onto CAC, respectively.

_ Model Single Binary Am binary R?> (binary
Contaminant —_—
parameters | component | component | 9msingle | component)
gm (Mo/g) 192.43 125.31 0.65 0.998
ACM
KL Aacm 0.36 4.64
gm (Mo/g) 70.95 65.44 0.92 0.985
CIP
KLcip 2.33 8.88
0.06-
(b)
(a)
0.104
. 004+
= 0054 = i
0.02
0-00 T T T T 0-00 T T T T T T T T ¥ T
0 2 40 60 0 2 4 6 8 10 12 14 16 18 20
“+KL. (’IP*Ce. ('IP)/Ce‘ ACM (HKL. .\('Mce. v\('\l)/ce. cip

Figure 4.19. Binary component sorption isotherm for ACM (a) and CIP (b) (experimental
conditions: pH = 6.8, CAC dose = 0.5 ¢g/L and contact time = 120 min).

4.5. Adsorption Mechanism

The adsorption mechanism can be understood by investigating the characteristic nature and
mutual interaction between the adsorbent and adsorbate. The characterization results elucidate
the nature of the adsorbent, providing insights into the adsorption mechanism in single and

binary component mixtures. In this regard, the analysis of FTIR, pHp,c, SEM-EDX, and XRD
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characterization results revealed that various adsorption mechanisms, including electrostatic
interactions, complexation reactions, n-nt electron donor-acceptor (EDA) interactions, hydrogen
bonding and Lewis-acid base interactions were involved in the removal of ACM and CIP from
water as shown in Figure 4.21. During CIP adsorption, n-n EDA interactions take place between
the fluorine group on the CIP molecules (n-electron acceptor) and the aromatic rings on the CAC
surface (m-electron donor) (Yang et al., 2022). Similarly, hydrogen bonding can take place
between the —OH group of the CAC (hydrogen bonding acceptor) and the F group of CIP
(hydrogen bonding donor) (Rajapaksha et al., 2019). Another instrumental mechanism involved
in the CIP adsorption onto the CAC was electrostatic interactions that rely on the surface charge
of the CAC and speciation of CIP in the solution with pH variation and explained in sections 4.4
(). The acid dissociation constant (pKa) values of CIP are 6.1 (pKa;) and 8.7 (PKa,) (Al et al.,
2021).

The lower removal of ACM and CIP was observed at solution pH values less than 6.1 and
greater than 8.7, indicating significant electrostatic repulsion at these pH ranges. Additionally,
there was likely a complexation reaction or ligand exchange between the CIP zwitterions (ketone
or carboxylate functional groups) and Fe-O species on the surface of the CAC. In this context, it
has been reported that the oxygen atom in the carboxylic group of CIP zwitterions exhibits a
stronger ligand capability for coordinating with iron on the CAC surface (Li et al., 2021).

In contrast, the electrostatic attraction may not be the primary driving mechanism for ACM
sorption onto CAC, as the pH (2-8) was shown to have less influence on the removal of ACM in
single and binary component adsorption as shown in Figure 20. However, some interactions such
as hydrophobic interactions (which depend on the water/octanol partition coefficient of the
adsorbent) (Pauletto et al., 2021a), =—= EDA interaction (between aromatic rings of ACM (amide
group) and aromatic structure of CAC graphene layers) (Grisales-Cifuentes et al., 2021), n-n
interaction (when the carbonyl oxygen groups (-COOH and —OH) on the surface of CAC acts as
electron donor and aromatic rings of ACM acts as electron acceptor) (Igwegbe et al., 2021),
hydrogen bonding between ACM (N-H and O—H groups) and carbonyl groups of CAC (Yilmaz
et al., 2021) and Lewis-acid base interactions between iron metal in CAC as Lewis acid and
nitrogen/oxygen sites in ACM as Lewis base (Igwegbe et al., 2021; Yilmaz et al., 2021) were
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possible ACM removal mechanisms. Moreover, pore-filling is another possible mechanism for
ACM removal using CAC.

In the single-component adsorption analysis, the removal of ACM was notably higher than that
of CIP using CAC. On the other hand, the removal of ACM (smaller molecule) is more
influenced than the removal of CIP in the binary system. This phenomenon can be ascribed to
the fact that the pores are blocked by CIP molecules (larger molecules), which affects the pore-
filling mechanism of ACM adsorption onto CAC (Grimm et al., 2022). The XRD analysis
spectra confirmed that the peak intensity corresponds to Fe-O decreased and shifted after ACM
and CIP adsorption, indicating that Fe-O played an essential role in adsorbing both pollutants
from water, whether in single or binary component adsorption systems. Moreover, the
corresponding peaks for -OH, C-O, and C-H on the surface of CAC were shifted, and their
intensities changed after adsorption. More specifically, the FTIR spectra showed a decrease in
the intensity of the C-O band (at 1052 cm™) after single and binary adsorption, indicating the
possible involvement of n-x interaction in the ACM and CIP adsorption (Pauletto et al., 2021a).
SEM analysis of CAC after adsorption revealed that the surface of CAC was covered with new
particles (not seen on CAC before adsorption), confirming the successful sorption of ACM and
CIP onto the surface of CAC.
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Figure 4.20. Mechanism of simultaneous removal of ACM and CIP from water using CAC.

4.6. Column adsorption results

Fixed-bed column experiments were conducted under the optimal condition (pH = 6.8) obtained
from the batch study to evaluate the feasibility of CAC in removing pharmaceutical pollutants.
The experiments involved a single pollutant (ACM or CIP) and a binary mixture of pollutants
(ACM and CIP) in column adsorption. The breakthrough curves (Figure 4.21 (a-h)) for both
single component and binary component mixtures were analyzed, and the experimental
conditions and parameters are outlined in Table 4.7. The breakthrough time observed in binary
component adsorption was between 5 min and 22 min for ACM and CIP. On the other hand,

single-component adsorption exhibited a breakthrough time ranging from 48 min to 775 min.
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The notable disparity in breakthrough times recorded for single-component and binary-
component sorption experiments can be attributed to the suppressive effect of the competition
between the pharmaceuticals.

4.6.1. Influence of adsorbent loading

The amount of adsorbent packed in a column significantly affects the performance of column
and breakthrough curves. The effect of the adsorbent loading was analyzed by comparing
experimental runs (R, versus R4) conducted under identical conditions (C, = 10 mg/L and Q =
1.5 mL/min) by varying only the CAC loading amount (run 2 = 50 mg and run 4 = 100 mg). In
the binary component sorption experimental run 2, the maximum bed capacity for ACM and CIP
was 28.59 mg/g and 15.09 mg/g, respectively. However, in run 4, the maximum bed capacity
increased to 172.48 and 147.67 mg/g for ACM and CIP, respectively. This improvement in
adsorption capacity is associated with a higher number of active binding sites and longer
residence time, which led to sufficient contact between the adsorbate and adsorbent as the
loading increased from 50 mg to 100 mg (Maged et al., 2023). The lower adsorption capacity of
CAC for CIP under similar operating conditions compared to ACM (small molecule) can be
associated with the large molecular size of CIP, which hinders its diffusion into the micro-pores
of the CAC. Furthermore, the sorption capacity of CAC for CIP is comparatively low due to the
lower hydrophobicity of CIP, characterized by a log Ko value of 0.28. The pharmaceutical

removal efficiency was significantly enhanced as the CAC loading increased from 50 to 100 mg.

Moreover, the total column operation time increased from 380 to 1300 min, and the removal
efficiency increased from 25% to 44.23% for ACM and from 13.23% to 37.86% for CIP in the
binary system (Table 4.9). Also, the ACM and CIP uptake capacity increased from 1.43 mg/g to
17.25 mg/g and from 0.76 mg/g to 14.77 mg/g, respectively. As a result, the ACM and CIP
equilibrium concentration (Ceq) in the effluent was reduced from 7.52 mg/g and 8.69 mg/L to
5.58 mg/g and 6.21 mg/L, respectively. For both single and binary component systems, the
column reached faster breakthrough (C/C,: 0.1) for CIP at any given loading amount than ACM,
as shown in Figure 4.21. This can be related to the larger molecular weight of CIP, which
enables it to reach equilibrium faster. Initially, the ACM and CIP breakthrough curves coincided

and broadened with time, which was observed at a lower loading amount (50 mg). The
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difference in the breakthrough curve shapes of ACM and CIP in the binary component system
(Figure 4.21 (a-b)) may be due to axial dispersion, which leads to a sluggish diffusion of the
sorbate from the liquid to the solid phase. As a result, the mass transfer phenomena predominate,
and the effect of competition would be plausible. However, the axial dispersion effect becomes
less at higher loading amounts, and the gap between ACM and CIP breakthrough curves

narrows, as depicted in Figure 4.21 (c-d) (Juela et al., 2021).

In the single-component system, the removal efficiency of ACM and CIP increased from 53.73
to 65.83% for ACM and 38.96 to 42.59% for CIP under experimental conditions given in Figure
4.21 (f and h)). Unlike the binary component system, the improved removal efficiency observed
in the single component column adsorption process can be attributed to the absence of

competition for active sites between the pollutants.

4.6.2. Influence of initial concentration of ACM and CIP

Figure 4.21 (a-b) illustrates the influence of ACM and CIP initial concentrations on the
breakthrough curves of CAC in a binary component system. The initial concentration variation
from 5 mg/L (R;) to 10 mg/L (Ry) in the binary pollutant system resulted in changes in column
performance parameters (Table 4.7). However, it should be noted that the residual equilibrium
concentration (Ceq) of both ACM and CIP in the column effluent increased from 3.85 mg/L and
4.61 mg/L to 7.52 mg/L and 8.69 mg/L, respectively. Also, the total mass of pollutants fed into
the column increased from 5.45 mg to 5.71 mg. Meanwhile, the breakthrough time decreased to
11 and 5 min from 22 and 17 min for ACM and CIP, respectively. Besides, the total column
operation time was reduced from 720 min to 380 min. A plausible reason for this phenomenon
could be that a higher concentration gradient of the adsorbate generates a more potent mass
transfer driving force, leading to a rapid adsorption rate and quicker saturation attainment. These
findings confirm the significant influence of adsorbate initial concentration on the fixed-bed
adsorption process (Ye et al.,, 2020). On the other hand, the higher breakthrough time in the
lower concentration (R;) was due to the smoother transport (transport delayed effect).
Furthermore, the ACM and CIP removal efficiency (%) increased from 23.75% and 8.62% to
25% and 13.23%, respectively. In this case, improvement in removal efficiency with higher
initial concentration could be attributed to the sufficient availability of sorbate molecules, which
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enhanced the mass transfer rate into the pores of the CAC at a lower flow rate of 1.5 mL/min. In
the single component system (Figure 4.21 (e)) at run (Ry), the removal efficiencies were 66.15%
(ACM) and 37.73% (CIP), which is remarkably higher than the binary component removal

efficiency at the same condition.

Most importantly, the maximum bed capacity of the CAC in the single component systems was
196.86 mg/g (ACM) and 68.59 mg/g (CIP) as opposed to the binary component bed capacity of
34.54 mg/g (ACM) and 9.41 mg/g (CIP). The lower bed capacity in the binary component
system was due to the antagonistic nature of ACM and CIP adsorption. The single component
system had a long breakthrough time at similar experimental conditions as expected (no

interference effect).

4.6.3. Influence of inlet flow rate

The column experimental runs (Rz and R4) show the effect of flow rate (1.5 mL/min and 3
mL/min) on ACM and CIP removal in the binary systems (Figure 4.21 (c-d)). Increasing the inlet
flow rate from 1.50 mL/min to 3.00 mL/min decreased the bed capacity from 172.48 mg/g and
147.67 mg/g to 67.59 mg/g and 74.91 mg/g for ACM and CIP, respectively. Similarly, the
removal efficiency decreased from 44.23% and 37.86% to 31.92% and 28.83%. Accordingly, the
untreated equilibrium concentration of the pollutants increased from 5.58 mg/L and 6.21 mg/L to
6.83 mg/L and 7.13 mg/L for ACM and CIP, respectively. Additionally, at a higher flow rate (3
mL/min), the lower amount of effluent water (2340 mL/min) was treated compared to effluent
water (3900 mL/min) treated at 1.5 mL/min. At high flow rates, turbulence can occur within the
bed interstitial spaces, which increases the likelihood of axial dispersion effects. These effects
can limit the mass transfer of sorbate to the adsorbent pores, which may result in lower bed
capacity (Qpeq), total adsorbed quantity (gt), removal efficiency, and saturation times. Therefore,
turbulence is a possible reason for the faster breakthrough and saturation times at high flow rates
(Juela et al., 2021). Likewise, increasing the flow rate in the single component sorption study
revealed that the breakthrough time and removal efficiency decreased from 550 min and 68 min
to 251 min and 48 min and from 65% and 42.59% to 50.96% and 40.39% for ACM and CIP,
respectively. Comparative evaluation of single and binary component column data under similar

experimental conditions (R; and R,) showed a notable difference in the values of the column
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performance parameters. Compared to single-component adsorption, the reduced breakthrough
time, bed capacity, and removal (%) observed in binary-component adsorption can be ascribed to
the antagonistic effect of pollutants during the adsorption process. Based on the plotted
breakthrough curve (Figure 4.21 (b)) and calculated column performance parameters (Table 4.7),
the inlet flow rate of 1.50 mL/min showed higher performance in the binary pollutant fixed-bed

operation.

In sum, the experimental column data and breakthrough curve analysis of single and binary
component systems (R;-R4) depicted notable variation in removal efficiency for both pollutants
in the following order: adsorbent loading amount > inlet flow rate > feeding (ACM and CIP)
concentration. Overall, the binary component column optimal conditions represented by R4 (C, =
10 mg/L, w = 100 mg, Q = 1.5 mL/min) provided the highest gpeq 0f ACM (172.48 mg/g) and
CIP (147.67 mg/g) and highest removal efficiency of 44.23 and 37.86%. Under similar
conditions, the single component system exhibited a maximum removal efficiency of 65.83%
and 42.59% for ACM and CIP, respectively. Conversely, the lowest column performance was

observed.
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Table 4.7. Breakthrough parameters at different initial ACM and CIP concentrations (Co), CAC
amounts (M), flow rates (Q), breakthrough times (tp), total operation time (tya), total adsorbed
quantities (Qoal), €Xperimental maximum sorption capacities (Qpeq), total amount of adsorbate
delivered to the column system (M), total removal efficiencies of the column (RE%), treated
volume of effluent (Vesr) and unadsorbed adsorbate concentrations at equilibrium (Ceg).

Parameters Co Q EBCT M Vest to tiotal Qtotal Obed Miotal RE Ceq
Experiments | (mg/L) | (mL/min) | (min) | (mg) | (mL) | (min) (mg) | (mg/g) | (mg) | (%) | (mg/L)
Binary component system
Run | CIP 17 047 | 941 8.62 | 4.61
5 1.50 0.68 | 50 | 1080 720 5.45
1 ACM 22 1.73 | 34.54 23.75| 3.85
Run | CIP 5 0.76 | 15.09 13.23 | 8.69
10 1.50 0.68 | 50 | 570 380 571
2 ACM 11 1.43 | 28.59 25.00| 7.52
Run | CIP 10 6.76 | 67.59 28.83 | 7.13
10 3.00 0.34 | 100 | 2340 780 23.45
3 ACM 16 749 | 7491 31.92| 6.83
Run | CIP 6 14.77 | 147.67 37.86 | 6.21
10 1.50 0.68 | 100 | 3900 1300 39.00
4 ACM 10 17.25 | 172.48 4423 | 5.58
Single component system
Run | CIP 1800 | 98 | 1200 | 3.43 | 68.59 | 9.09 | 37.73| 3.15
5 1.50 0.68 | 50

1 ACM 2970 | 775 | 1980 | 9.84 | 196.87 | 14.88 | 66.15 | 1.69

Run | CIP 1350 | 65 | 900 | 5.27 | 105.29 | 13.51 | 38.96 | 6.11
10 1.50 0.68 | 50

2 ACM 2250 | 287 | 1500 | 12.10 | 242.01 | 22.52 | 53.73 | 4.63

Run | CIP 2700 | 48 | 900 |10.92 | 109.19 | 27.03 | 40.39 | 5.97
10 3.00 0.34 | 100

3 ACM 3960 | 251 | 1320 | 20.18 | 201.82 | 39.60 | 50.96 | 4.90

Run | CIP 1680 | 68 | 1120 | 7.18 | 71.76 | 16.85|42.59 | 5.76
10 1.50 0.68 | 100

4 ACM 2340 | 550 | 1560 | 15.42 | 154.20 | 23.42 | 65.83 | 3.42
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Figure 4.21. Breakthrough curves of CIP and ACM sorption onto CAC in (a-d) Run 1-4 for the
binary component solution and (e-h) Run 1-4 for the single component solution.
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4.7. Electrochemical oxidation results

4.7.1. Cyclic voltammetry (CV) analysis

The cyclic voltammetry (CV) analysis was employed to understand the electrochemical
oxidation behavior of ACM and CIP using IrO,/Ti electrodes. Cyclic voltammograms were
recorded using a computer-aided Autolab (PGSTAT12, Netherlands) in a three electrode system.
The IrO,/Ti was used as a working electrode, while the platinum wire and Ag/AgCI were used as
counter and reference electrodes, respectively. The chromatograms of binary (ACM+CIP) and
multiple (ACM+CIP+ATN+AMX) removal using EO is provided in appendix (Figure C.1-
Figure C.2). The CV analysis was carried out in the presence and absence of pharmaceuticals
(ACM and CIP) at 0.05 M NaCl electrolyte solution. Moreover, the CV analysis was performed
for single and binary component aqueous solutions of ACM and CIP for a potential window
between +0.2 and -0.2 vs Ag/AgCI at a scan rate of 10 mV/s. Figure 4.22 presents the CV
voltammograms of the electrolyte solution (without pharmaceuticals) and with pharmaceuticals
(single and binary component aqueous solutions of ACM and CIP). In comparison to the blank
electrolyte (0.05 M NacCl), no new oxidation or reduction peaks emerged after adding 20 mg/L of
ACM and CIP in binary and single component pharmaceuticals solutions. This implies that the
single and simultaneous degradation of ACM and CIP using IrO,/Ti was mainly an indirect
oxidation reaction involving hydroxyl radical (OH") (Zhuoyao Chen et al., 2021; Ojo et al.,
2023). However, a direct degradation of ACM+CIP is plausible with a chemi-sorbed active
oxygen, which is electro-generated by the transition of oxygen from the adsorbed *OH radicals to
the lattice of the oxide anode (IrOy), resulting in the formation of higher oxide (IrO3) species,
which is generated at the anode surface from water discharge Eqs. (4.6)—(4.8) (Giraldo et al.,
2015). This is a well-known route for dimensionally stable electrodes and has been reported in
several studies (Korbahti & Alaca, 2021; Onur, 2023; Appia et al., 2021) as shown in Egs. (4.5-
4.11).

Ir0,+H,0 - Ir0,(*OH) 45+ H +€ (4.5)

Ir0,(*OH) 45— 1705 + H* + e~ (4.6)
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Ir0; +R— Ir0, + RO 4.7

The higher oxide usually gives only selective and partial oxidation with the formation of organic
intermediates (RO).

In contrast, the pharmaceuticals (ACM+CIP) reaction with physi-sorbed *OH radicals (electro-
generated at the metal oxide anode from the water discharge) is presented in Eqgs. (4.8-4.9). This

process is heterogeneous and the anode surface absorbs the electro-generated "OH radicals.
Ir0,+H,0 - [0, (*OH) .4+ HT +e (4.8)
Ir0,(*OH),4s+R =Ir0,+C0O,+H,0 (4.9

The physi-sorbed *OH radicals induce non-selective oxidation of pharmaceuticals, leading to
their complete combustion.

The reaction of pharmaceuticals (R) with *OH radicals in the bulk solution can be expressed
using Eq. (4.10-4.11):

2H,0 > 0, + 4H* + 4 e~ (4.10)

R+ OH - RO+ CO, + H,0 (4.11)

=
L

0.5

——Elcctrolyle only
e ACM only
——CIP only

= ACM+CIP
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\ \ Z
=

T T T T T
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Figure 4.22. Cyclic voltammograms of 0.05 M NaCl solution in the presence/absence of the 20
mg/L of ACM and CIP on I rO,/Ti electrode at 25 °C (Scan rate = 10 mV/s and pH = 5.5).
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4.7.2. EO process optimization using RSM
1) Model fitting and analysis of variance (ANOVA) using CCD

The ACM and CIP degradation experiment was optimized using the CCD optimization
technique. The EO process CCD experimental design is provided in the appendix (Table C.1).
Also, the chromatograms of ACM and CIP recorded during the EO process are provided in
appendix (Figures C.1- C.2). The EO degradation of ACM and CIP was best represented by the
second-order polynomial model (i.e. quadratic model) with the highest fit statistics (R? for ACM
= 0.992 and R? for CIP = 0.993). As depicted in Table 4.8, ANOVA was used to assess the
validity and adequacy of the model and determine the effect of the main factors and possible
interaction factors. The ANOVA indicated that the suggested polynomial model was statistically
significant. Based on Table 4.8, the model F- and P-values were 134.47 and less than 0.0001 for
ACM and 162.82 and less than 0.0001 for CIP. The chance of an F-value this large could occur
due to noise is only 0.01%. The model terms with p-values less than 0.05 affected the EO of
ACM+CIP significantly, whereas those with p-values higher than 0.05 did not significantly
affect the degradation of ACM+CIP using EO. In this case, A, B, C, D, AB, AD, BC, BD, A?
B2, C?, and D? are statistically significant model terms. The model terms with p-values greater
than 0.05 are not significant. In ACM removal, AC and CD are the model terms that were not
significant and were removed from the final model equation for simplicity. On the other hand,
the model terms such as AC, CD, and D? are the model terms that were not significant in CIP
removal and, hence, were removed from the final model equation. Relative to pure error, the
Lack of Fit is not significant, as indicated by the Lack of Fit F-value of 0.0826 (ACM) and
0.0897 (CIP), which is desirable. There is an 8.26% (ACM) and 8.97% (CIP) chance that a Lack
of Fit F-values this large could occur due to noise. The insignificance of lack of fit confirmed
that the suggested model represented the EO experimental data well. Adeq precision measures the
signal-to-noise ratio, and a value greater than 4 is desirable. In this CCD design, the ratio of
65.72 indicates an adequate signal. This model can be used to navigate the design space
successfully. The model equations for the simultaneous degradation of ACM and CIP involving
only the statistically significant terms (at a 95% confidence level) are expressed in Egs. (4.8-
4.11). The adequacy of the suggested quadratic model was evaluated using a coefficient of
determination (R* of 0.992 for ACM and 0.993 for CIP) and adjusted R? of 0.987 for ACM and
0.984 for CIP. The high R? values show that the suggested model was suitable for representing
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most EO data variations. In this case, the coefficient of determination is close to unity, indicating
that the model predictability of experimental data was fair enough. On the other hand, the
closeness of adjusted R? to R? revealed the significance of the model. The coefficient of variation
(CV = 0.77 for ACM and 0.75 for CIP) value of less than 10% indicated that the model was
reproducible, whereas the adequate precision value (AP = 35.72 for ACM and 42.98 for CIP) of
above 4 confirmed the adequacy of the model (Basturk et al., 2021). The model diagnostic plots
for ACM and CIP is provided in appendix (Figure C.5 — Figure C.6). The suggested quadratic
model can be applied to navigate the design space. The final equations in terms of coded and

actual factors are provided in Egs. (4.12-4.13).

Table 4.8. ANOVA for ACM and CIP degradation using the EO process.

Source: ACM Sum of Squares | df | Mean Square F- p-value
value
Model 885.35 14 63.24 134.47 | <0.0001 | significant
A-EO Time 165.06 1 165.06 350.97 | <0.0001
B-pH 46.31 1 46.31 98.48 | <0.0001
C-Current density 311.76 1 311.76 662.89 | <0.0001
D-Initial 26.25 1 26.25 55.82 | <0.0001
concentration
AB 4.31 1 4.31 9.16 0.0085
AC 0.0001 1 0.0001 0.0002 0.9886
AD 5.59 1 5.59 11.89 0.0036
BC 8.47 1 8.47 18.01 0.0007
BD 5.27 1 5.27 11.20 0.0044
CD 0.3721 1 0.3721 0.7912 0.3878
A2 66.15 1 66.15 140.64 | <0.0001
B? 228.76 1 228.76 486.40 | <0.0001
Cc2 86.82 1 86.82 184.61 | <0.0001
D2 2.64 1 2.64 5.62 0.0316
Residual 7.05 15 0.4703
Lack of Fit 6.21 10 0.6206 3.66 0.0826 | not significant
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Table 4.8. Continued.

Source: ACM Sum of Squares | df | Mean Square | F-value | p-value

Pure Error 0.8487 5 0.1697

Cor Total 892.41 29

Source: CIP Sum of Squares | df | Mean Square | F-value | p-value

Model 951.37 14 67.95 162.82 | <0.0001 | significant

A-EO Time 164.64 1 164.64 394.47 | <0.0001

B-pH 56.06 1 56.06 134.32 | <0.0001

C-Current density 325.46 1 325.46 779.79 | <0.0001

D-Initial 47.43 1 47.43 113.65 | <0.0001

concentration

AB 6.66 1 6.66 15.95 0.0012

AC 0.7921 1 0.7921 1.90 0.1885

AD 6.94 1 6.94 16.64 0.0010

Source: ACM Sum of Squares | df | Mean Square | F-value | p-value

BC 477 1 4.77 11.44 0.0041

BD 4.24 1 4.24 10.17 0.0061

CD 1.72 1 1.72 411 0.0607

A2 36.04 1 36.04 86.35 <0.0001

B? 277.59 1 277.59 665.09 | <0.0001

Cc2 66.54 1 66.54 159.42 | <0.0001

D2 0.0000 1 0.0000 0.0001 0.9920

Residual 6.26 15 0.4174

Lack of Fit 5.48 10 0.5477 3.50 0.0897 | not
significant

Pure Error 0.7831 5 0.1566

Cor Total 957.63 29
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ACM removal = +93.2617 + 2.6225 x A—1.38917 X B + 3.60417 x C — 1.04583 X
D —0.51875 x AB + 0.59125 x AD + 0.7275 x BC + 0.57375 x BD — 1.55292 X
A? —2.88792 x B?2—1.77917 x C? —0.310417 x D? (4.12)

CIP removal = +90.3083 + 2.61917 x A—1.52833 x B + 3.6825 x C +
—1.40583 x D —0.645 x AB + 0.65875 x AD + 0.54625 x BC + 0.515 x BD —
1.14625 x A? —3.18125 x B? — 1.5575 x C2 (4.13)

It should be noted from the equation in terms of actual factors that all the main factors have a
synergistic effect on the responses (ACM and CIP degradation). However, the initial
concentration of ACM/CIP has an antagonistic effect on the responses. The equation in terms of
coded factors can be used to make predictions about the response for given levels of each factor.
By default, the high levels of the factors are coded as +1, and the low levels are coded as -1. The
coded equation is useful for identifying the relative impact of the factors by comparing the factor

coefficients.

On the other hand, the equation in terms of actual factors can be used to make predictions about
the response for given levels of each factor. Here, the levels should be specified in the original
units for each factor. This equation should not be used to determine the relative impact of each
factor because the coefficients are scaled to accommodate the units of each factor, and the
intercept is not at the center of the design space. Moreover, the Pareto analysis can provide
valuable information to interpret the results of the response surface model. This analysis was
employed to determine the influence of each variable (main and interaction) on the response as
shown in Eqg. (4.14) (Ahmadi et al., 2021).

2
P, _ (Zb;iz) x 100(i # 0) (4.14)

In Eq. 4.15, b; represents the coefficients of the main and interaction factors of the model. Pareto
graph analysis of ACM and CIP is depicted in Figure. 4.23 (a-b); the EO reaction time (C)
(33.85% for ACM and 33.89% for CIP) had the greatest effect on the degradation of ACM and
CIP in the EO process. The interaction factor (BC) showed a relatively higher influence on ACM
degradation among the interaction effects of ACM degradation. On the other hand, AD

demonstrated a relatively higher impact on CIP degradation.
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Figure 4.23. Pareto analysis for ACM (a) and CIP (b) degradation using EO.

ii) Effect of EO operational parameters

The effect of main EO process variables such as EO time, pH, current density and initial
pharmaceutical concentration on simultaneous degradation of ACM and CIP was studied using
the CCD experimental design. The extents of their influence on the simultaneous degradation of
ACM and CIP were identified from the ANOVA statistical analysis of the EO experimental data.
The effect of the electrolyte (NaCl) concentration on the simultaneous degradation of ACM and
CIP during the EO process was studied before the EO process optimization. The optimized
concentration of NaCl (0.05 M) was then used during the EO process optimization. The one
factor plot of ACM and CIP for the EO process is presented in appendix (Figures C.3 - C.4).
Whereas, the model diagnostic plots of ACM and CIP for EO process are presented in appendix
(Figures C.5 - C.6).

a) Effect of electrolyte (NaCl)

The concentration of the NaCl is one of the detrimental factors in the EO process operation. It
should be noted that the NaCl concentration is strongly associated with the improvement of the
conductivity of the aqueous solution, electron transfer rate and generation of the reactive
chlorine, such as Cl,, HCIO, or CIO in the solution (Xia et al., 2023). The effect of NaCl
concentration on the simultaneous degradation of ACM and CIP is depicted in Figure 4.24. As
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shown in Figure 4.24, the degradation efficiency of ACM and CIP increased across all pH values
(3, 6 and 9) as the concentration of NaCl increased from 0.01 to 0.25M. The higher NaCl
concentration enhanced solution conductivity and electron transfer and, promoted active chlorine
generation in aqueous solutions (Xia et al., 2023). The generated active chlorine leads to a higher
degradation efficiency in combination with the electro-generated hydroxyl radical (Rubia et al.,
2023). Electro-generated active chlorine species (gaseous chlorine (Cl,), hypochlorous acid
(HOCI) and hypochlorite (OCI)) from oxidation of chloride ions present in water are responsible
for indirect oxidation of pharmaceuticals (R: referring to ACM+CIP), as shown in Egs. (4.15-
4.17). The anodic, cathodic and solution reactions that take place during the EO process
employing a NaCl electrolyte is provided in Egs. (4.18-4.26) (Xia et al., 2023).

2Cl™ - Cly + 2e~ (4.15)
Cl,+ H,0 - HOCl™ + H* + Cl~ (4.16)
HOCL+R - CO,+ H,0+ H" + Cl™ 4.17)

Higher electro-active chlorine oxidizing species can be formed at higher NaCl concentrations
(Onur, 2023).

Anodic reactions:

2Cl~ = Cly + 2e” (4.18)
6HOCl + 3H,0 - 2ClO3 +4Cl™ + 12H* + 1.50, + 6e~ (4.19)
2H,0 - 0,+ 4H* + 6e~ (4.20)

Cathodic reactions:

2H,0 + 2e~ —» 20H™ + H, (4.21)
OCl™ + 2H,0 + 2e~ — Cl™ + 20H™ + H,0 (4.22)
6CIO™ + 3H,0 — 2C103 + 4CI™ + 6H* + 20, + 6e~ (4.23)
Clo; + H,0 — ClO; + 2H + 2e~ (4.24)
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Solution reactions:
Cl, + H,0 - HOCl+ H* + CI~ (4.25)

HOCL & H*+ 0Cl~ (4.26)

Overall, increasing NaCl concentration increased the degradation efficiency of ACM and CIP.
Nevertheless, an excessive amount of NaCl can cause significant deposition of chloride ions onto
the electrode, causing electrode corrosion and can shorten its service life over prolonged
operation. Therefore, a NaCl concentration of 0.05M was found to be an optimal concentration

as it balances the beneficial effect (enhanced degradation) and detrimental effect (reduction of

electrode lifetime) (Xia et al., 2023).
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Figure 4.24. Effect of NaCl concentration on simultaneous degradation of (a) ACM and (b) CIP.

b) Effect of EO time

The effect of oxidation time is crucial to evaluate the techno-economic feasibility and
performance of the oxidation process for practical application (Manjunath et al., 2023). The
effect of time on the degradation of ACM and CIP was investigated for an EO time ranging from
40min to 80 min. Under EO process conditions (pH = 5.5, C, = 20 mg/L and current density = 44
mA/cm?), Figures (4.25-4.26) reveal that the degradation efficiency increased from 86.97% and
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84.27% to 93.54% and 90.61% for ACM and CIP, respectively, when the EO time increased
from 40 min to 60 min. Increasing the EO time to 80 min increased the degradation efficiency to
94.82% (ACM) and 92.35% (CIP). Therefore, EO time (80 min) is considered as an optimal EO
process time to achieve an enhanced degradation of ACM and CIP using the IrO,/Ti mesh
electrode. The observed enhanced degradation of ACM and CIP at higher EO time is related to
the higher amount of reactive oxygen species generated (mainly «OH radicals) (Moteshaker et
al., 2020).

c) Effect of current density

The degradation performance of the EO process can be highly influenced by applied current
density (Li et al., 2019). In the EO process, active oxidizing species (such as -OH) are generated
depending on the applied current density (Ma et al., 2023). Figures (4.25-4.26) present the effect
of the applied current density (23.5-62.5 mA/cm?) on the simultaneous degradation of ACM and
CIP in an aqueous solution using an IrO,/Ti mesh electrode. The influence of current density on
the simultaneous degradation of ACM and CIP in the EO process was studied while keeping
other operational factors such as initial concentrations of pharmaceuticals (20 mg/L), pH (5.5),
and time (80 min) constant. As displayed in Figures (4.25-4.26), the degradation efficiency of
ACM and CIP increased from 89.53% and 86.89% to 94.82% and 92.35% for ACM and CIP,
respectively, when the current density increased from 23.21mA/cm? to 44 mA/cm?. The recorded
increased degradation of ACM and CIP at higher current density could be ascribed to the higher
generation of active species such as -OH and active chlorine species at higher current density
(Xia et al., 2023). However, a further increase in current density from 44 mA/cm? to 62.5
mA/cm? only increased the simultaneous degradation of ACM and CIP to 96.2% and 94.27%,
respectively, less than 2.5% for both pollutants. In this case, the excessive current density might
have increased the oxygen evolution on the electrode surface, thus suppressing the -OH
generation (Pinto et al., 2023), and the expected trend of significant degradation was not

observed.

Moreover, the increased oxygen evolution might have undergone undesirable side reactions at
higher applied current (Xia et al., 2023). It should also be noted that higher current densities are
related to higher operational costs. Most importantly, the applied current should be as minimum

as possible while not compromising the degradation efficiency. In this study, the current density
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of 44 mA/cm? was recorded as an optimal value for the simultaneous degradation of ACM and

CIP in the EO process employing the IrO,/Ti mesh electrode.
d) Effect of initial solution pH

The initial solution pH has a significant influence on the electrochemical degradation process
because the EO-driven radical chain reactions require the involvement of protons (Xia et al.,
2023). As depicted in Figures (4.25-4.26), the degradation efficiencies of ACM and CIP were
93.5% and 90.96%, respectively, at an initial solution pH of 4 and EO process parameters (initial
ACMI/CIP concentration = 20 mg/L, EO time = 80 min and current density = 44 mA/cm?). The
corresponding removal of efficiencies of ACM and CIP increased to 94.82% and 92.35% when
the pH increased to 5.5. Further increase in pH to 8 decreased the degradation efficiency to
92.38% (ACM) and 89.57% (CIP). The reason for the reduction in the ACM and CIP
degradation with pH can be ascribed to the fact that the -OH radical was favourably generated in
acidic solutions, with its oxidation potential higher in acidic solution (2.85 V) than in the alkaline
solution (2.02 V). Moreover, the main active chlorine species under acidic conditions were Cl,
(E°=1.36 VV vs. SCE) and HCIO (E° = 1.49 V vs. SCE), which have higher oxidation potentials
than the active chlorine species (hypochlorite (E° = 0.89 V vs. SCE)) which forms in the alkaline
solutions (Xia et al., 2023). Moreover, the acidic pH reduces oxygen generation, increasing the
efficacy of contaminant degradation. In contrast, oxygen production is elevated in an alkaline
solution, which results in a reduction of *OH production (Mosur et al., 2023). Herein, a pH value
of 5.5 was taken as the optimal value for the simultaneous degradation of ACM and CIP using

the IrO,/Ti mesh electrode.
e) Effect of initial pollutant concentration

The initial concentration of pharmaceutical contaminants affects the efficiency of the EO
process, and it is important to determine to what pollutant load the EO process can be operated at
good efficiency. A decreasing trend of the ACM and CIP degradation was observed when the
initial pollutant concentration increased, as shown in Figures (4.25-4.26). As depicted in Figures
(4.25-4.26), the degradation efficiencies of ACM and CIP were 95.2% and 93.32%, respectively,
for an initial concentration of 15 mg/L of ACM+CIP at EO process experimental conditions (pH
= 5.5, EO time = 80 min and current density = 44 mA/cm?). Under the same EO parameters,
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ACM and CIP degradation efficiencies were reduced to 94.8% and 92.35% when the initial
concentration increased to 20 mg/L. However, the observed reduction in degradation efficiency
with an increase in initial concentration is insignificant. A relatively significant efficiency
reduction was observed when the initial pharmaceutical concentration was increased to 25 mg/L.
As the initial concentration (ACM/CIP) increases, the parent compound and the intermediate
products produced in the EO will become more competitive with radicals, which reduces the
degradation rate of parent compound (Liu et al.,, 2022). However, increasing the initial
concentration enhances the overall reaction rate. Therefore, 20 mg/L is an optimal initial

concentration value for the studied EO process.
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Figure 4.25. The 3D surface plots for the interaction factors of ACM degradation using EO.
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Figure 4.26. The 3D surface plots for the interaction factors of CIP degradation using EO.

f) Validation of the RSM optimization process

The simultaneous degradation of ACM and CIP using the EO process was optimized in a way to
maximize the degradation efficiency and minimize the energy consumption by the EO process
operation. Accordingly, the response variables were set to be maximized, while the current
density was set to be minimized. All other parameters were kept in the range of investigation in

this study. Consequently, an optimal conditions of the EO process (EO time = 80 min, initial
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ACM+CIP concentration = 20 mg/L, pH = 5.5 and current density = 44 mA/cm?) was obtained.
Under these conditions, the RSM model predicted the optimal degradation values of 94.5%
(ACM) and 92.65% (CIP). These values were further validated in the laboratory by conducting
triplicated experiments at these optimal EO conditions, and mean values of 94.22% (ACM) and
92.12% (CIP) were obtained. The closeness of the experimental values to the predicted values

shows that the results are valid.
4.7.3. Kinetics of EO process

The EO degradation kinetics was conducted under optimal operating conditions determined
using RSM. Based on the radical scavenger test, ‘OH radical was found to be the dominant
radical species in the EO process. In this regard, the current density and EO time are significantly
related to the generation of the hydroxyl radical and its concentration in the solution. The
concentration of the hydroxyl radical within the solution affects the rate of the EO reaction.
Moreover, the initial ACM/CIP concentration affects the rate of the EO process. The well-known
kinetic models, such as pseudo-first-order and pseudo-second-order models were employed to
investigate the ACM and CIP reaction kinetics, as depicted in Figure 4.27. It can be seen from
Figure 4.27 that the degradation of ACM and CIP followed a pseudo-first-order kinetic process
(R? > 0.97) with reaction constants of 0.034 (1/min) and 0.035 (1/min) for ACM and CIP,
respectively. This shows that ACM/CIP reaction rate is directly proportional to the initial
concentration of ACM/CIP. Previous research findings indicated that the EO of organic

contaminants followed a pseudo-first-order kinetics (Najafinejad et al., 2023).
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Figure 4.27. Kinetics of EO process (a-b) pseudo-first-order and pseudo-second-order models for
ACM and (c-d) pseudo-first-order and pseudo-second-order models for CIP, respectively.

4.7.4. Effect of water matrix on EO process

The contaminant removal efficiency of technologies can be significantly affected by the
composition of the water matrix. In particular, a real wastewater matrix contains various
background substances which either scavenge or compete for the active oxidizing species. In
contrast, applying treatment processes like oxidation and adsorption in pure water is helpful for
clearly understanding the removal mechanisms in the absence of the background effects.
Nevertheless, employing these treatment processes in real wastewater provides insights into the

actual scenarios of the treatment processes and real treatment efficiencies. Therefore, various

ACEWM-AAU 2024 Page 132



water matrices such as pure water, tap water and real wastewater were considered to evaluate the
degradation efficiency of the EO process on ACM and CIP, as depicted in Figure 4.28. The
effect of the water matrix on the EO process was investigated under RSM optimal process
conditions. The impact of the water matrix on the EO process was conducted across a range of
current densities (10-70 mA/cm?). Water matrices such as pure water, tap water and real
wastewater were employed to assess the efficiency of the EO process in the simultaneous
degradation of ACM and CIP.

The degradation of ACM from pure water increased from 66.85% to 93.5% when the current
density increased from 10 mA/cm? to 40 mA/cm?. A further increase in current density from 40
mA/cm? to 70 mA/cm? increased the ACM degradation from 93.5% to 99.87%. Similarly, the
degradation of CIP increased from 63.8 mA/cm? to 99.75 mA/cm? in pure water when the
current density increased from 10 mA/cm? to 70 mA/cm?. In the case of tap water, the efficiency
of ACM and CIP degradation significantly improved from 61% and 56.35% to 99.25% and
99.65%, respectively, as the current density increased from 10 mA/cm? to 70 mA/cm?.
Compared to the degradation efficiency obtained in pure water, the efficiency of ACM and CIP
degradation in tap water showed relatively lower efficiencies at lower current densities. It should
be noted that the tap water contains various constituents compared to the pure water. Therefore,
the tap water background constituents reduced the EO degradation efficiencies of ACM and CIP.
The variation between ACM and CIP degradation efficiencies in pure and tap water becomes
pronounced at lower current densities. This can be ascribed to the inadequate supplied current to
address all the diverse compositions of the tap water. On the contrary, the discrepancies in the
degradation efficiencies between pure and tap water are small at higher current densities, as
higher supplied current overcomes the effect of the background matrix.

Moreover, a similar trend was observed for the degradation of ACM and CIP in real wastewater.
Real wastewater comprises even more diverse compositions that either scavenge or compete for
the active oxidizing species, reducing degradation efficiency. Degradation efficiencies of ACM
and CIP showed a notable increase from 54.37% and 50.9% to 99.2% and 99.15%, respectively,
for the increment in current density from 10 mA/cm? to 70 mA/cm? in real wastewater. The

observed variation in the degradation efficiencies between pure water and real wastewater was
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due to the background effect, which is more significant at lower current densities. Overall, the
water matrix significantly affected the degradation efficiency of ACM and CIP using the EO
process.

1 EEE ACM-Tap watefZZ2Z] CIP-Tap water [ ACM-Pure water
CIP-Pure water ACM-real wastewatergiaes CIP-real wastewates

Degradation %

10 20 30 40 50 60 70
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Figure 4.28. Effect of water matrix on the degradation of ACM and CIP using EO (pH = 5.5, EO
time = 80 min and initial ACM/CIP = 20 mg/L).

4.7.5. Effect of scavenger on EO process

The quenching tests were performed by introducing various radical scavengers to identify the
reactive oxygen species (ROS) (Chen et al., 2022) generated during the degradation of ACM and
CIP using the EO process. To assess the dominant ROS generated during the EO degradation of
ACM and CIP, well-known radical scavengers such as tert-butanol (for hydroxyl radicals) and p-
benzoquinone (PBQ, for superoxide ion radicals) were employed (Kermani et al., 2019). Figure
4.29 (a and b) shows a notable reduction of ACM and CIP degradation from 94.92% and 93% to
16% and 15.2%, respectively, when tert-butanol (25 mM) was added to the aqueous solution at
80 min EO time. On the other hand, the addition of PBQ (25 mM) resulted in a relatively small
reduction (from 94.92% and 93% to 85.45% and 82.2%) in ACM and CIP degradation
efficiencies, respectively. These results suggest that hydroxyl radical reactions primarily
dominated the EO degradation of ACM and CIP. In addition, the reduction in the degradation
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efficiencies with the addition of PBQ showed that the superoxide radical was also involved in the

EO degradation process.
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Figure 4.29. Effect of water matrix on the degradation of ACM and CIP using EO (current
density = 44 mA/cm?, pH = 5.5, and initial ACM/CIP = 20 mg/L).

4.7.6. TOC and COD removal

Mineralization serves as a key efficiency indicator for oxidation-based water treatment
technologies. In addition, the TOC removal can be used as indices of the mineralization of
organic compounds (Kermani et al., 2019). It can also be used to investigate the current
efficiency of the EO process in mineralization. On the other hand, COD removal was also
investigated to assess the reduction of pollution levels. The mineralization study (TOC analysis)
and COD removal were conducted under optimal conditions of the EO process, and the results
are provided in Figure 4.30 (a) and (b). TOC reduction is directly related to the portion of the
organic compound converted to compounds like water and carbon dioxide. The initial TOC and
COD values of the aqueous solution containing pharmaceuticals (ACM and CIP) were evaluated
after spiking ACM and CIP into ultra-pure water. The TOC and COD removal experiments were
conducted over a degradation time ranging from 10 min to 300 min and 10 min to 250 min,
respectively. Figure 4.30 a and b illustrates the mineralization efficiency of the EO process with
the EO time. It can be seen from Figure 4.30 (a) that the mineralization was increased from
13.2% to 72.51% as the oxidation time increased from 10 min to 300 min. On the other hand,

ACEWM-AAU 2024 Page 135



COD removal increased from 39.98% to 90.43% as the EO time increased from 10 min to 240
min. A similar trend of COD reduction with time was observed in the previous study
(Montenegro-ayo et al., 2023a). Compared to the degradation efficiency of ACM/CIP, lower
TOC and COD removal efficiencies were recorded at lower EO time. This can be attributed to
the generation of persistent degradation by-products more resistant to free radical oxidation
(Kermani et al., 2019). The TOC removal result obtained in this study is comparable with a
previous study which employed a semi-fluid Fe/charcoal micro-electrolysis reactor for treating
wastewater containing CIP (75% TOC removal achieved) (Mahdizadeh & Malakootian, 2019).
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Figure 4.30. The TOC (a) and COD (b) removal efficiencies of the EO process at varying EO
times (current density = 44 mA/cm?, pH = 5.5, EO time = 80 min).

4.7.7. Application of EO in multiple contaminants removal

The efficiency of the EO process was further tested on the simultaneous degradation of multiple
pharmaceutical contaminants under optimal operating conditions. The simultaneous degradation
of pharmaceutical contaminants such as ACM, CIP, AMX and ATN was investigated. Figure
4.31 depicts the degradation efficiency of the EO process in removing multiple pharmaceutical
contaminants from wastewater. In this study, a pharmaceutical contaminant concentration of 20
mg/L (for each pollutant) was utilized to investigate the simultaneous degradation of multiple
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pharmaceutical contaminants. However, it has been reported that these compounds are present in

trace amounts in actual environmental water samples.

Degradation efficiencies of 77.5%, 73%, 68.5% and 63% were obtained for ACM, CIP, ATN
and AMX, respectively. Under the same conditions, degradation efficiencies of 95.5% (ACM)
and 93.55% (CIP) were obtained for binary contaminant mixture (ACM+CIP). The recorded
reduction in the degradation efficiency between the multi-component and binary contaminant
degradation can be attributed to the shared utilization of the electro-generated ROS among the
contaminants. The degradation efficiency would be higher, potentially even complete, under the
same operational conditions for environmental concentrations of these compounds. Therefore,
testing treatment technologies at higher concentrations helps to understand the extent to which

concentrations that the proposed treatment techniques can tolerate.
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Figure 4.31. Degradation of multiple pharmaceutical contaminants using EO (current density =
44 mA/cm?, pH = 5.5, EO time = 80 min and initial ACM/CIP/ATN/AMX = 20 mg/L).

4.8. Coupled process (EO+adsorption) optimization

The coupled process (EO+adsorption) was optimized using a coupled process optimization
technique in which the main parameters of the EO and adsorption process were considered. This
approach is helpful for understanding the mutual inter-dependence between the EO and the

adsorption process parameters. Consequently, coupled optimization determined the best
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operating conditions for the integrated process. Moreover, the degradation efficiencies of
pharmaceutical compounds were compared and evaluated under optimal conditions of both the
coupled and individual processes. The BBD was employed to optimize the removal of ACM and
CIP from water in the coupled process. The factorial levels of the EO and adsorption process
parameters were set based on the preliminary experimental results. However, among other RSM,
the BBD provides reasonably enough experimental design for the coupled process in terms of
cost and operational time. The BBD experimental data for ACM and CIP removal is provided in
appendix (Table C.2). In the coupled process optimization, the quadratic model (second-order
polynomial) well described the experimental data of ACM and CIP removal. The suggested
quadratic model's R* and adjusted R® were 0.987 and 0.976 for ACM and 0.987 and 0.977 for
CIP. ANOVA was employed to investigate the validity and adequacy of the suggested model and
evaluated the influence of main and interaction factors on the coupled process. The ANOVA
result corroborated that the suggested model was statistically significant, indicating the relevance
of the applied model. The ACM and CIP ANOVA results are presented in Table 4.9. As shown
in Table 4.9, the F- and p-values of the suggested model were 95.8 and < 0.0001 for ACM and
96.41 and <0.0001 for CIP, respectively.

There is only a 0.01% chance that this large F-value (134.47 (ACM) and 162.82(CIP)) could
occur due to noise for both compounds. Based on ANOVA, terms with p-values less than 0.05
were A, B, C, D, E, AC, AE, BD, DE, A% B? C? D? and E2 showing that these terms were
significant model terms. All the main factors and interaction factors (AC, AE, BD and DE)
influenced the coupled process during ACM and CIP removal from water. However, terms on
the AVONA (Table 4.9) with p-values higher than 0.05 were insignificant and did not affect the
coupled process significantly. Another important model parameter is the Lack of Fit (0.0899 for
ACM and 0.109 for CIP), which is insignificant for both ACM and CIP, indicating that the
suggested model fits the experimental data well. This is further confirmed by noting that there is
only 8.99% (ACM) and 10.9% (CIP) chance that Lack of Fit F-values (0.0899 and 0.109) these
large could occur due to noise. On top of this, Adeq Precision evaluates the signal-to-noise ratio
and a value greater than 4 is desirable. In this BBD design, a ratio of 33.42(ACM) and 33.15
(CIP) indicates an adequate signal, affirming the suitability of the model to successfully navigate

the design space.
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Table 4.9. ANOVA for ACM and CIP removal using the coupled process (EO+adsorption).

Source: ACM Sum of Squares | df | Mean Square | F-value | p-value

Model 3566.89 20 178.34 95.80 | <0.0001 | significant

A-EO Time 134.44 1 134.44 72.22 | <0.0001

B-pH 30.47 1 30.47 16.37 0.0004

C-Current 1947.90 1 1947.90 1046.37 | <0.0001

D-Adsorbent dose 305.55 1 305.55 164.13 | <0.0001

E-Adsorption time 47.33 1 47.33 25.43 | <0.0001

AB 2.98 1 2.98 1.60 0.2178

AC 13.10 1 13.10 7.04 0.0137

AD 1.66 1 1.66 0.8939 | 0.3535

AE 44.42 1 44.42 23.86 | <0.0001

BC 1.12 1 1.12 0.6036 | 0.4445

BD 29.38 1 29.38 15.78 | 0.0005

BE 0.0132 1 0.0132 0.0071 | 0.9335

CD 1.59 1 1.59 0.8528 | 0.3646

CE 2.37 1 2.37 1.27 0.2697

DE 5.20 1 5.20 2.79 0.1072

A2 159.57 1 159.57 85.72 | <0.0001

B2 139.13 1 139.13 74.74 | <0.0001

C? 971.25 1 971.25 521.74 | <0.0001

D2 127.87 1 127.87 68.69 | <0.0001

E2 113.49 1 113.49 60.96 | <0.0001

Residual 46.54 25 1.86

Lack of Fit 43.34 20 2.17 3.39 0.0899 not
significant

Pure Error 3.19 5 0.6390

Cor Total 3613.43 45
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Table 4.9. Continued.

Source: CIP Sum of df | Mean Square | F-value p-value
Squares

Model 3878.34 | 20 193.92 96.41 <0.0001 | significant
A-EO Time 148.35 1 148.35 73.76 < 0.0001
B-pH 39.00 1 39.00 19.39 0.0002
C-Current 2035.81 1 2035.81 1012.16 | <0.0001
D-Adsorbent
dose 328.97 1 328.97 163.56 | <0.0001
E-Adsorption

] 55.54 1 55.54 27.61 < 0.0001
time
AB 0.7225 1 0.7225 0.3592 0.5543
AC 22.28 1 22.28 11.08 0.0027
AD 0.0006 1 0.0006 0.0003 0.9861
AE 50.20 1 50.20 24.96 <0.0001
BC 1.32 1 1.32 0.6575 0.4251
BD 34.75 1 34.75 17.28 0.0003
BE 6.38 1 6.38 3.17 0.0872
CD 1.09 1 1.09 0.5429 0.4681
CE 6.89 1 6.89 3.43 0.0760
DE 13.54 1 13.54 6.73 0.0156
A2 222.71 1 222.71 110.73 | <0.0001
B2 188.44 1 188.44 93.69 < 0.0001
C? 1065.94 1 1065.94 529.96 | <0.0001
D2 204.79 1 204.79 101.82 | <0.0001
E2 129.86 1 129.86 64.57 < 0.0001
Residual 50.28 25 2.01

Lack of Fit 46.49 20 2.32 3.06 0.1090 | not significant
Pure Error 3.79 5 0.7589
Cor Total 3928.62 | 45
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The final predicted model equations for the removal of ACM and CIP from water using the EO
process in terms of coded factors are presented in Egs. (4.27-4.28). The A, B, C, D, AC, AE, BD,
A? B? C2, D? and E*are the significant model terms for ACM and CIP removal from water.
ACM removal = +99.234+290x A —-138XxB+11.03 X C+437xXD+172XE +

1.81 X AC + 3.33 X AE + 2.71 x BD — 4.28 x A> —3.99 x B2 — 10.55 X C? — 3.83 x D? —
3.61 x E? (4.27)

CIP removal = 99.14 + 3.05 X A — 1.56 X B+ 11.28 X C + 4.53 X D + 1.86 X E + 2.36 X
AC +3.54 X AE +2.96 X BD — 5.05 X A% — 4.65 X B? — 11.05 X C? — 4.84 x D% —
3.86 X E2 (4.28)

The coefficients of the coded equation elucidate how the process factors affect the removal of
ACM and CIP through the coupled process treatment. In the coded equation, the antagonistic
(negative coefficient) and synergetic effects (positive coefficients) of the process were observed.
The positive coefficients of factors in ACM and CIP removal depicted that A, C, D and E were
the main factors that positively impacted the ACM and CIP removal. On the other hand,
interaction factors such as AC, AE and BD were the factors with a positive influence on the
ACM and CIP removal. All other factors (B, A% B? C? D? and E?) negatively influenced the
ACM and CIP removal in the coupled process. The influence of the main factors on the ACM
and CIP removal can be ordered as C > D > A > E >B, which agrees with the ANOVA results.
These results suggest that current density and adsorbent dose had the most significant impact on
the ACM and CIP removal process. It should be noted that the equation in terms of coded factors
can be used to make predictions about the response for given levels of each factor. In this
context, the high levels of the factors are coded as +1, and the low levels are coded as -1. The
coded equation is useful for identifying the relative impact of the factors by comparing the factor
coefficients. The one factor plots of the coupled process for ACM and CIP is provided in

appendix (Figure D.1- Figure D.2).

Overall, the model fit statistics showed that the suggested ACM and CIP models represented
more than 99% of the variation in the ACM and CIP removal responses. The model diagnostic
plots, such as externally studentized residuals against predicted, predicted against actual, and the
normal probability against externally studentized residuals, were analyzed to evaluate the
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adequacy of the model. The model diagnostic plots of ACM and CIP are provided in the
appendix (Figure D.3 (a-e)) and appendix (Figure D.4 (a-e)), respectively. The normal
probability against externally studentized residual appendix (Figure D.3 (e)) and appendix
(Figure D.4 (e)) indicated that all the predicted points are close to the straight line, showing that
the error was normally distributed. On the other hand, the plot of predicted against actual shown
in appendix (Figure D.3 (a)) and appendix (Figure D.4 (a)) exhibited that the predicted values are
well correlated with the actual (experimental) values, and the model predicted data were not
significantly different from the experimental results. The highest differences between the actual
and predicted values were 1.81 and 1.90 for the predicted values of 89.20% and 90.75% for
ACM and CIP, respectively. As can be seen in appendix (Figure D.3 (b)) and appendix (Figure
D.4 (b)), the plot of externally studentized residuals against predicted revealed that the residuals
were randomly distributed between +3.00 and —3.00, demonstrating that the BBD model
successfully established the relationship between the independent variable and the responses
(Peng et al., 2021). In sum, the model diagnostic plot results agree with the results of the model
fit statistics. Thus, the suggested quadratic model successfully represented the coupled process
experimental data of ACM and CIP removal from water.

4.8.1. Main process factors affecting the coupled process

a) Effect of EO time on coupled process

The ANOVA analysis (Table 4.9) exhibited that the EO time was one of the significant factors
that influenced the coupled process operation. The EO time was varied from 10 min to 60 min to
evaluate its effect on the coupled process as presented in Figure 4.32 (a and d). Under central
conditions (current density = 20 mA/cm?, pH = 6, adsorption time = 50 min and adsorbent dose
= 0.1g/L), the removal of ACM and CIP indicated a significant increase from 92.06% and
91.04% to nearly complete removal (> 99.5%) as the EO time extended from 10 min to 40 min.
This can be attributed to increased hydroxyl radical production by raising the EO time (Leili et
al., 2020). Any further increase in the EO time could not significantly promote the removal
efficiency, as complete removal had already been achieved. Therefore, the EO time of 40 min

was considered optimal oxidation time for the coupled process. This result can be ascribed to the
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generation of enough ROS with increased EO time, which sufficiently degraded ACM and CIP.
Also, the one factor analysis of ACM/CIP is provided in the appendix (Figure C.3- Figure C.4).

b) Effect of initial solution pH

The initial solution pH has a significant influence on the coupled process. As depicted in Figure
4.32 (c and f), pH varied from 3-9 to investigate the impact of initial solution pH (in the EO step)
on the removal of pharmaceuticals. The removal of ACM and CIP increased from 96.62% and
96.05% to 99.35% and 99.26%, respectively, when the initial solution pH of the EO process
increased from 3 to 5.5 under central conditions (current density = 20 mA/cm?, EO time = 35
min, adsorption time = 50 min and adsorbent dose = 0.1g/L). However, a further increase in pH
from 5.5 to 9 decreased ACM and CIP removal from 99.35% and 99.3% to 93.86% and 92.93%,
respectively. These results can be attributed to the combined effect of EO and adsorption process
such as: i) EO process is effective in the acidic pH range (pH effect on EO process explained in
section 4.8.2 (d)) due to generation of more "OH (inhibiting oxygen evolution) (Hu et al., 2020).
ii) In the case of the coupled process, the EO effluent pH affects the subsequent adsorption
process as the adsorption process using CAC was highly dependent on the pH of the solution (pH
effect on adsorption explained in section 4.4 (i)). In this study, it was observed that pH was
elevated after EO. The optimal solution pH value obtained for the coupled process was 5.5 and it
became 6.9 in the EO treated water. This pH value (6.9) was suitable for the adsorption of ACM
and CIP using CAC. Therefore, the auto adjustment of pH of the EO treated water can be seen as
an operational opportunity for the effective application of the coupled process in target

pharmaceutical contaminant removal.
c) Effect of current density

The effect of current density on the coupled process was investigated for the current density (15-
25 mA/cm?) as depicted in the response surface (Figure 4.32) and contour plots (Figure 4.33). In
the coupled process, an increasing trend of pharmaceutical contaminant removal was observed
with increasing the current density from 15 mA/cm? to 25 mA/cm? under central conditions of
coupled process parameters. As illustrated in the response surface (Figure 4.30) and contour
plots (Figure 4.33), increasing the current density from 15 to 22 mA/cm? increased ACM and
CIP removal from 77.65% and 76.81% to 99.24% and 99.14% for both ACM and CIP,
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respectively. This can be attributed to the increased generation of H,O,, which promoted the
generation of "OH and resulted in higher elimination of ACM and CIP from water. However, a
decreasing trend of pharmaceutical contaminant removal was observed once the current density
exceeded 22 mA/cm?® This phenomenon observed at high current can be ascribed to the
formation of side reactions (oxygen evolution and water electrolysis), formation of HO," (a weak
radical) instead of "OH on the anode surface, less generation of H,O, (due to molecules reduction
into water), excess electrical energy converted to thermal energy. Moreover high currents are not
desirable in terms of cost (Ahmadi et al., 2021).

d) Effect of adsorbent dose

The effect of adsorbent dose is one of the significant factors in the coupled process operation. In
section 4.4, the influence of the adsorbent dose on the simultaneous removal of ACM and CIP
was explained in detail. Under central conditions, Figure (4.32 ¢ and f) revealed that increasing
the adsorbent dose from 0.08 to 0.1 g/L increased the ACM and CIP removal efficiency from
91.6% and 89.9% to 100% and 99.9%, respectively. Meanwhile, increasing the adsorbent dose
beyond 0.1 g/L has no significant impact on the removal efficiency, as removal higher than
99.9% has already been achieved at 0.1 g/L. Therefore, 0.1 g/L is an optimal adsorbent dose for

the coupled process operation (adsorption step).
e) Effect of adsorption time

The adsorption time (contact time) has a significant influence on the removal of pharmaceutical
contaminants from water in the coupled process (detailed explanation provided in section 4.4).
The effect of adsorption time on the removal of ACM and CIP from water employing the
coupled process was studied for the contact time ranging from 20 min to 80 min. Under central
conditions of the coupled process parameters, Figure 4.32 (e and f) depicted that the removal of
ACM and CIP from water was increased from 93.9% and 93.4% to 99.41% and 99.33% when
the adsorption time increased from 20 min to 60 min, respectively. This increasing trend of
removal efficiency with contact time can be ascribed to the availability of sufficient contact time
for the adsorbate and adsorbent during the adsorption process. However, increasing the

adsorption time beyond 60 min slightly increased the adsorption of ACM and CIP (insignificant).
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Therefore, the adsorption time of 60 min was considered optimal for ACM and CIP removal

from water for the coupled process operation.

4.8.2. Interaction factors affecting the coupled process

a) The effect of interaction factors

The effect of interaction factors such as EO time with current density, EO time with adsorbent
dose, and pH with adsorbent dose on ACM and CIP removal from water was provided using the
contour plot in Figure 4.33 (a-f). The elliptical contour plots revealed a good interaction between
the independent variables (Leili et al., 2020). Moreover, the 3D surface plots also showed
interactions between the independent variables (Figure 4.32 (a and d)), which showed the mutual
interaction between current density and EO time. Both variables exhibited elliptical structures,
indicating that the factors had a quadratic effect on the ACM and CIP removal from water. The
removal efficiency of 98-100% was obtained for the current density (20-22 mA/cm?) and EO
time (30-60 min) at constant values of other parameters (pH =5.5, adsorbent dose = 0.1 ¢g/L and
adsorption time = 60 min). A similar trend of interaction effect was observed in the sugar beet
industry wastewater treatment with the EO process (Sharma & Simsek, 2020). Figure 4.32 (b and
e) depicts the interaction between adsorption time and EO time. Higher and lower adsorption
time did not result in higher removal of ACM and CIP. Again, higher and lower EO time did not
result in higher removal of ACM and CIP from water. On the other hand, Figure 4.33 (b and e)
indicated the interaction effect of adsorbent dose with pH, and adsorption time with EO time on
the ACM and CIP removal, which indicated a quadratic effect on the ACM and CIP removal

from water.

4.8.3. Validation of the coupled process optimization

The best operating conditions for the coupled process were evaluated using the BBD design of
the RSM optimization technique. Maximum removal of pharmaceuticals has been achieved at
optimal process conditions. These conditions were as follows: EO time (40 min), current density
(22 mA/cm?), initial solution pH (5.5), adsorbent dose (0.1 g/L), and adsorption time (60 min).
Under these conditions, experimental results with triplicate removal of ACM (99.92%, 99.96%,
and 99.94%) and CIP (99.86%, 99.83%, and 99.84%) were achieved. Accordingly, mean
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removal results of 99.94% and 99.85% were obtained for ACM and CIP removal from water,
respectively. It can be concluded that the values predicted by the model were close to the actual

experimental values, confirming the validity of the predicted results.
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Figure 4.32. The 3D response plots of the coupled process for ACM and CIP removal.
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Figure 4.33. The contour plots of the coupled process for ACM and CIP removal.
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4.8.4. TOC removal by coupled process

The mineralization is the conversion of organic pollutants mainly into CO, and H,O (WohImuth
et al.,, 2018). TOC analysis is often used to evaluate the degree of mineralization of organic
compounds. In advanced oxidation processes (AOPs) like EO, mineralization is frequently
associated with the oxidation of organic contaminants. However, the TOC removal in the
coupled process represents a combined TOC removal that includes mineralization in the EO step
and adsorptive TOC removal. In general, achieving complete mineralization of organic
compounds using only EO treatment at economically feasible operation is challenging. This is
due to the transformation of pharmaceutical compounds into even more resistant compounds to
free radical oxidation (Kermani et al., 2019). Besides, TOC removal depends on the electrode
(material type and synthesis conditions) and the effect of the EO process conditions (oxidation
time, pH, current density, and contaminant concentration). In the coupled process, as depicted in
Figure 4.34, the TOC removal reached 80% only after 80 min of EO followed by 60 min
adsorption process. Extending the EO time to 120 min for the same adsorption time resulted in
complete removal of TOC from the aqueous solution under optimal conditions of the coupled
process. Compared to the EO process alone (Figure 4.30), a notable TOC removal was achieved
at relatively lower EO time and lower current density. This result can be ascribed to the
combined contribution of EO (mineralization) and adsorption process (removal of target and
non-target compounds through binding onto CAC) in TOC removal. Notably, the organic by-
products of EO process were effectively eliminated in the subsequent adsorption process,
showcasing the synergistic actions of the coupled process in target pharmaceuticals removal

from water.
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Figure 4.34. TOC removal using the coupled process (current density = 22 mA/cm?, pH = 5.5,
adsorbent dose = 0.1 g/L and adsorption time = 60 min).

4.8.5. Effect of water matrix on the coupled process

The elimination of organic micro-pollutants (OMPs) from water is greatly affected by the
composition of the water matrix (Lado et al., 2019). Unlike the individual processes (EO and
adsorption process), the coupled process (EO+adsorption) is very effective on a wide range of
water matrices. Individual processes are highly sensitive to the complex water matrices due to
either radical scavenging or competition effect of the constituents of the water matrices.
However, the coupled process exhibited sufficient tolerance to these effects, resulting in higher
contaminant removal. In this study, various water matrices such as pure water, tap water and real
wastewater (wastewater treatment effluent) were considered to investigate the potential of the
coupled process over different water matrices. As shown in Table 4.10, the current density is the
most significant factor among the coupled process parameters. Hence, the variation in current
density (5-35 mA/cm?) was considered to study the effect of the water matrix on the
simultaneous removal of ACM and CIP from water and wastewater, as shown in Figure 4.35. In
the coupled process, as demonstrated in Figure 4.35, the removal of ACM and CIP from water
significantly increased from 77.75% and 74.25% to 97.7% and 97.02%, respectively, with an
increase in current density from 2 mA/cm?2 to 20 mA/cm? in pure water, under optimal dosage of

adsorbent (0.1 g/L). In the case of tap water, the ACM and CIP removal increased from 69.22%

ACEWM-AAU 2024 Page 149



and 64.25% to 95.82% and 93.85% when the current density increased from 5 mA/cm? to 20
mA/cm?. In the real wastewater, the ACM and CIP removal raised from 58.15% and 53.87% to
86% and 80.4% when the current density increased from 2 mA/cm? to 20 mA/cm?. Further, an
increase in the current density to 30 mA/cm? increased the ACM and CIP removal to 94.77% and
93%, respectively.

The order of pharmaceutical removal efficiency in water matrices follows: pure water > tap
water > real wastewater. In real wastewater, the removal efficiency is relatively low compared to
pure water and tap water, showing that real wastewater comprises diverse constituents that
influenced the coupled process removal efficiency. The water matrix compositions have either
scavenging or competition effects for the ROS and active sites of the adsorbent in the coupled
process. Compared to the individual processes, the coupled process greatly tolerates the effect of
the water matrix and provided higher ACM+CIP removal efficiencies with a relatively small
current density and adsorbent dose. The benefit of the coupling EO with adsorption is much
more evident in a real water matrix, as it shows superior tolerance to these effects compared to
the single treatment processes. These results suggest that single processes are susceptible to the
water matrix, while the coupled process has shown remarkable tolerance to the effects of various
water matrices. Therefore, the application of coupled processes such as EO-+adsorption has been

demonstrated to be beneficial in actual environmental water matrices.

1 ACM-Tap water CIP-Tap water E= ACM-Pure water
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Figure 4.35. Effect of water matrix on simultaneous removal of ACM and CIP from water using
the coupled process (pH = 5.5, EO time = 40 min, adsorbent dose = 0.1 g/L and adsorption time
=60 min).
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4.8.6. COD removal using coupled process

The COD parameter indicates the pollution level of the aqueous solution as it shows the amount
of organic matter in the water (Rodriguez-chueca et al., 2018). Therefore, evaluating the COD
removal in oxidation-mediated water treatment is worthwhile. In most cases, it is known that the
EO process, like other AOPs, cannot fully mineralize organic contaminants from water. The
possible factors include the effect of the water matrix, electrode material types, operational
parameters, and cost limitations. High COD removal can be achieved at higher current density;
however, the cost issues associated with the high current density deter the use of higher current
densities. Consequently, evaluating the COD of the aqueous solution provides an alternative way
of monitoring the pollution level. The removal of COD by the EO and the coupled process was
investigated under their respective optimal conditions. Figure 4.36 indicates the recorded COD
removal efficiency for the coupled process varying the EO time (0-120 min) under optimal
conditions (current density (22 mA/cm?), adsorbent dose (0.1 g/L) and adsorption time (60 min)).
As the EO time increased from 10 to 90 min, the COD reduction rose from 66.5% to 99.5%.
Extending the EO time to 120 min resulted in the complete removal of the COD from the
aqueous solution. Herein, the COD removal results of the coupled process (EO-+adsorption)
showed similar findings with another coupled system (air flotation + electrochemical oxidation +
adsorption) that depicted 95% COD removal from laundry and food wastewaters (Lee et al.,
2020). Overall, these results suggest that the coupled process provided superior COD removal
with oxidative+adsorptive removal of target/non-target compounds and EO-generated inorganic

compound at a relatively lower EO time compared to the EO process alone.
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Figure 4.36. The COD removal efficiency of the coupled process (current density = 22 mA/cm?,
pH = 5.5, adsorbent dose = 0.1 g/L and adsorption time = 60 min).

4.8.7. Application of coupled process in multiple pharmaceuticals removal

The coupled process was employed in the simultaneous removal of pharmaceutical contaminants
(ACM+CIP+ATN+AMX) from water. Multiple pharmaceutical removal tests were conducted by
spiking the aforementioned pharmaceuticals into ultra-pure water (20 mg/L each) at optimal
current density (22 mA/cm?), varying the adsorbent dose (0.01 - 0.2 g/L). The multiple
pharmaceutical removal efficiency of the coupled process is provided in Figure 4.37. Figure
4.37 demonstrated that increasing the adsorbent dose from 0.01 to 0.1 g/L resulted in the removal
efficiencies of 92.32%, 87.86%, 92.15% and 85.14% for ACM, CIP, ATN and AMX,
respectively. Further increase in the adsorbent dose to 0.2 g/L resulted in > 99.7% removal of all
the pharmaceuticals from the water. The increase in pharmaceuticals removal with adsorbent
dose was due to the availability of more adsorption sites and high surface area (Jasna et al.,
2020). A similar trend of contaminant removal with adsorbent dose was reported in a study
which considered the integrated electrochemical-adsorption process for nitrate removal from
water (Jasna et al., 2020). In this study, other additional pharmaceutical contaminants (ATN and
AMX) suppressed the removal efficiencies of ACM and CIP. This result can be attributed to the
shared utilization of ROS in the EO process and the active sites of the adsorbent in the

adsorption process for the pharmaceuticals. Removal efficiency higher than 85% was achieved in
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the coupled process for the removal of ternary component contaminant from the water.
Environmental wastewater often contains lower concentrations of pharmaceuticals (ng/L to
pg/L). Therefore, the efficiency of the current coupled process is expected to be higher than

reported for the lower concentration of pharmaceutical contaminants.
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Figure 4.37. The removal of multiple pharmaceuticals from water using the coupled process
(current density = 22 mA/cm?, pH = 5.5, EO time = 40 min and adsorption time = 60 min).

4.9. Performance evaluation of single and coupled processes

4.9.1. COD removal

The removal of COD by the EO process alone and the coupled process was investigated under
optimal conditions of the EO and coupled processes. Figure 4.38 demonstrates the increase of
COD removal from 30.98% to 90.4% in the EO process alone, as the EO time increased from 10
min to 240 min. On the other hand, COD removal increased from 66.5% to 99.5% in the coupled
process as the EO time increased from 10 min to 90 min, indicating a notable removal at only 90
min. The observed increasing trend of COD removal with EO time in single and coupled process
is attributed to the sufficient oxidation time provided for the contaminant to be addressed by the
generated ROS. The higher COD removal recorded at shorter EO time in the coupled process is

due to the combined effect of EO and the adsorption process. The recalcitrant by-products
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generated during the EO process (Montenegro-ayo et al., 2023) were removed in the adsorption
step. Herein, a complete removal of COD was obtained for EO time exceeding 90 min in the
coupled process, showing a distinct advantage of the coupled process over the single process
(EO process). In agreement with the results of this study, higher COD removal (93%) was
reported for the coupled process (electrochemical oxidation + biodegradation) from Congo Red
and textile effluent (Sathishkumar et al., 2019). It can be concluded that the coupled
(electrochemical-based) processes provided superior COD removal (oxidative+adsorptive)

compared to the individual processes.
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Figure 4.38. Performance evaluation of the single and coupled process in COD removal from
water: EO process (current density = 44 mA/cm?, pH = 5.5, C, = 20 mg/L) and coupled process
(current density = 22 mA/cm?, pH = 5.5, adsorption time = 60 min and adsorbent dose = 0.1 g/L)
varying the EO process time (10-240 min).

4.9.2. TOC removal

The comparative evaluation of EO and coupled process on the elimination of TOC is provided in
Figure 4.39. In the single EO process, the TOC removal occurs entirely through the EO process.
However, the TOC removal observed in the coupled process is due to the synergistic action of
the EO and adsorption process. In the EO process, TOC removal is directly related to the

mineralization of the organic compounds present in the treated aqueous solution. Conversely, the
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TOC removal through the coupled process signifies a combination of mineralization (contributed
by the EO process) and mere physical removal of TOC through adsorption. It should that TOC
removal in EO+adsorption is not only due to the mineralization, but due to the combination of
mineralization at EO step followed by adsorptive removal of target and non-target compounds
from water. Figure 4.39 illustrates the removal of TOC by the single EO process and
EO+adsorption process under optimal conditions by varying the EO time in both cases. It can be
seen in Figure 4.39 that the TOC removal increased from 13.2% to 72.5% when EO time was
increased from 10 min to 300 min. Till now, the permissible level of COD and TOC removal
have not been achieved in an economical way for the EO treatment due to the formation of
electrochemically non-degradable transformation by-products of organic halogens and toxic ions
(Ganesan et al., 2019).

In this regard, coupled processes are required to attain a permissible level of TOC and COD
removal economically. As depicted in Figure 4.39, TOC removal increased from 52.16% to >
99% when the EO time improved from 10 min to 120 min in the coupled process. Notably, the
coupled process demonstrated superior TOC removal due to the synergistic action, which would
otherwise be challenging for the EO process alone. These results unveil the possibility of
achieving complete TOC removal with a relatively shorter EO time employing the coupled
process. Therefore, the subsequent adsorption process is crucial to remove the chlorinated

organic compounds from the electrochemical oxidation effluents (GilPavas et al., 2020).
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Figure 4.39. Performance evaluation of single and coupled process in TOC removal from water
(EO process: current density = 44 mA/cm?, pH = 5.5 and coupled process: current density = 22

mA/cm?, pH = 5.5, adsorption time = 60 min and adsorbent dose = 0.1 g/L).

4.9.3. Binary contaminant (ACM+CIP) removal

The comparative evaluation of EO, adsorption and coupled process on the simultaneous removal
of ACM and CIP (binary contaminant mixture) is provided in Figure 4.40. Under optimal
conditions of each process, removal efficiencies of 95.05% for ACM and 93.5% for CIP in EO,
94.07% for ACM and 91.4% for CIP in adsorption, and > 99.8% for both ACM and CIP were
achieved in the coupled process. The coupled process provided remarkable removal of the
pharmaceutical contaminants (ACM+CIP) from water. On top of this, the coupled process
addresses EO oxidation by-products, as evidenced by the higher removal of TOC and COD, as
explained earlier. Hence, the coupled process can provide complete removal of pharmaceutical
contaminants and associated oxidation by-products under optimal conditions. Higher removal
efficiencies were recorded in the binary component contaminant removal systems (ACM and
CIP) compared to the multiple component systems. This can be ascribed to the competition

among contaminants for the generated ROS and the available adsorbent active sites.
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Figure 4.40. Performance evaluation of the single and coupled process in ACM+CIP removal
from water (sole EO optimal conditions: pH = 5.5, ACM+CIP initial concentration = 20 mg/L,
current density = 44 mA/cm? and NaCl = 0.05M and oxidation time = 80 min; sole adsorption
process optimal conditions: adsorbent dose = 0.5 g/L, pH = 6.8, contact time = 120 min and
ACMY/CIP concentration = 20 mg/L; coupled process optimal conditions: current density = 22
mA/cm?, EO time = 40 min, NaCl = 0.05 M, adsorbent dose = 0.1 g/L, pH = 5.5, ACM/CIP
initial concentration = 20 mg/L and adsorption time = 60 min).

4.9.4. Multiple pharmaceuticals removal

The simultaneous removal of multiple contaminants from water demands treatment technologies
capable of addressing the diverse nature of pharmaceutical contaminants. In this context, coupled
treatment technologies are beneficial in removing contaminants with diverse nature through their
synergistic action. Figure 4.41 demonstrates the removal efficiencies of pharmaceutical
contaminants (ACM, CIP, ATN and AMX) employing a single EO process, single adsorption
process and coupled process (EO+adsorption). Figure 4.41 showed that the removal efficiencies
of 83.35% (ACM), 73.1% (CIP), 68.52% (ATN) and 63.05% (AMX) were obtained in the
simultaneous removal of multiple contaminants using the EO process. On the other hand,
removal efficiencies of 80.37% (ACM), 66.5% (CIP), 73.07% (ATN) and 60.47% (AMX) were
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achieved using the adsorption process. Compared to adsorption, the EO process provided the
highest removal of ACM, CIP and AMX from water. In contrast, the highest removal of ATN
was achieved in the adsorption process. It can be seen in Figure 4.41 that the coupled process
provided more than 99% of all the contaminants. Also, it is worth noting that varying efficiencies
were obtained between the individual processes, indicating that some contaminants are better
removed by the EO process while others are effectively removed by the adsorption process.
Therefore, coupling EO with adsorption would offer opportunities to effectively utilize the
synergy between the two processes. Unlike the case of single or binary component contaminant
removal, the single treatment processes face serious limitations during the simultaneous removal
of multiple contaminants from water. This can be ascribed to the diverse nature of the
contaminants, the shared utilization of the ROS (EO process) and the limited availability of
adsorbent active sites. In this regard, the variation in the removal efficiencies between the
coupled and individual processes (EO and adsorption) becomes increasingly pronounced when
transitioning from a single to a binary contaminant system and from a binary to the removal of
multiple pharmaceuticals. The enhanced removal of multiple pharmaceuticals from water
employing the coupled process can be attributed to the systematic utilization of the synergy
between EO and the adsorption process. In line with the findings of this study, the integrated
process (electrochemical oxidation-adsorption) showed superior performance compared to the
individual EO and adsorption process in the removal of nitrate (as a single contaminant) and
binary contaminant (nitrate +phosphate and nitrate +sulfate) mixtures from water (Jasna et al.,
2020).
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Figure 4.41. Performance evaluation of single and coupled process in multiple pharmaceuticals
removal from water (EO optimal conditions: pH = 5.5, ACM/CIP initial concentration = 20
mg/L, current density = 44 mA/cm? and NaCl = 0.05M and oxidation time = 80 min; adsorption
process optimal conditions: adsorbent dose = 0.5 g/L, pH = 6.8, contact time = 120 min and
ACMI/CIP concentration = 20 mg/L; coupled process optimal conditions: current density = 22
mA/cm?, EO time = 40 min, NaCl = 0.02 M, adsorbent dose = 0.1 g/L, pH = 5.5, ACM/CIP

initial concentration = 20 mg/L and adsorption time = 60 min).

4.9.5. Effect of water matrix on removal efficiency

The efficiency of the water treatment process is highly dependent on the water matrix. It is thus
worthwhile to study the effect of water matrix on the pharmaceutical contaminant removal in
EO, adsorption and the coupled process. Figure 4.42 illustrates the effect of the water matrix on
the EO, adsorption and coupled process under their respective optimal conditions. It can be seen
from Figure 4.42 that removal efficiencies of 95.27%, 94.1% and 99.92% were obtained for
ACM in EO, adsorption and coupled processes in pure water matrix, respectively. On the other

hand, removal efficiencies of 93.1%, 91.55% and 99.8% were observed for CIP employing an
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EO, adsorption and coupled process, respectively, in pure water. In tap water, 76.65%, 70.67%
and 94.25% removal efficiencies were obtained for ACM removal through EO, adsorption and
the coupled processes, respectively. In contrast, removal efficiencies of 82.65%, 74.1% and
94.55% were achieved for CIP using EO, adsorption and the coupled processes, respectively.
Most importantly, ACM removal efficiencies of 66.57%, 63.25% and 93.62% were recorded in
EO, adsorption and the coupled processes in real wastewater, respectively. In real wastewater,
the EO, adsorption and coupled processes exhibited CIP removal efficiencies of 62.95%, 59.05%
and 92.6%, respectively.

The relatively low removal efficiencies recorded in real wastewater indicate that the real
wastewater has diverse compositions that influence the removal efficiencies of the EO,
adsorption and coupled processes. It implies that the water matrix has minimal effect on the
coupled process compared to the individual processes. Conversely, the water matrix significantly
impacted the removal of ACM and CIP in individual EO and adsorption processes. The
synergistic effects of the coupled processes have been proven to effectively enhance the
performance of complex and refractory wastewater treatment (Lin et al., 2022). Therefore,
coupling EO and adsorption is an effective strategy for enhancing ACM and CIP removal over

diverse water matrices.
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Figure 4.42. Effect of water matrix on ACM and CIP removal using single and coupled process
(EO optimal conditions: pH = 5.5, ACM/CIP initial concentration = 20 mg/L, current density =
44 mA/cm? and NaCl = 0.05M and oxidation time = 80 min; adsorption process optimal
conditions: adsorbent dose = 0.5 ¢g/L, pH = 6.8, contact time = 120 min and ACM/CIP
concentration = 20 mg/L; coupled process optimal conditions: current density = 22 mA/cm?, EO
time = 40 min, NaCl = 0.02 M, adsorbent dose = 0.1 g/L, pH = 5.5, ACM/CIP initial

concentration = 20 mg/L and adsorption time = 60 min).

4.10. Electrical energy consumption

The energy consumption is an important economic aspect of the EO process operation. In this
study, the energy consumption of the EO process is evaluated under optimal conditions of the
EO and coupled processes. The energy consumption of the EO for the simultaneous degradation
of ACM and CIP was found to be 31.6 kWh/m®. Moreover, the energy consumption of the EO
process for simultaneous degradation of ACM and CIP in the EO+adsorption process was 4
kWh/m®. These results indicate that coupling EO with adsorption has significantly reduced the
energy consumption of the EO process, enabling even higher removal of ACM and CIP from

water compared to the EO process alone.
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5. Conclusions

In this study, target pharmaceuticals (ACM, CIP, ACM+CIP, ACM+CIP+AMX+ATN) removal
efficiencies of the EO process, adsorption and EO+adsorption processes were investigated. The
CAC adsorbent was successfully synthesized from bamboo sawdust via carbonation at 700 °C
under a limited oxygen environment. The as-synthesized adsorbent (CAC) was characterized
using SEM/EDS, Raman spectroscopy, XRD, FTIR, pH,c, and BET characterization techniques.
All these characterization results confirmed that the CAC was suitably modified for enhanced
adsorption of the target pharmaceuticals. Among the characterization results, BET analysis has
confirmed a two-fold increase in surface area of the CAC (1158.05 m?/g) compared to the raw
carbonized bamboo sawdust (565.09 m?/g). Besides, the SEM/EDS analysis showed that the
CAC has an interesting surface structure (rich in pores and voids), while the elemental mapping
analysis indicated a uniform distribution of the activating agents such as K and Fe on the surface
of the CAC.

The single and coupled process studies revealed that target pharmaceuticals removal
performances of these processes are highly dependent on the operational parameters. Thus, the
effects of all the main operational parameters of the EO, adsorption and the EO+adsorption were
rigorously studied using RSM optimization approaches. Moreover, the one-factor-at-a-time
optimization approach was utilized when investigating adsorption process parameters across a
wide range of levels. In contrast, RSM was used whenever there was a need to investigate many
process parameters. These optimization studies revealed that all the studied factors significantly

influenced the ACM and CIP removal from water in EO, adsorption and EO+adsorption.

The maximum adsorption capacity obtained in single batch mode sorption was 192.43 mg/g and
70.95 mg/g for ACM and CIP, respectively. In contrast, the maximum adsorption capacity
obtained for simultaneous (binary) batch mode sorption was found to be 125.31 mg/g and 65.44
mg/g for ACM and CIP, respectively. These results indicate that the maximum adsorption
capacities of ACM and CIP in a binary component adsorption system were lower than the
maximum adsorption capacities in the single component adsorption systems, as indicated by the
ratio of m pinary/0m single P€ING less than unity (0m pinary/m singte < 1). This implies that when ACM
and CIP are both present in water, their removal appears to be hindered by each other, indicating
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an antagonistic interaction. Under optimized fixed-bed (column) operational conditions, ACM
and CIP removal efficiencies of 44.23% and 37.86%, respectively, with qpeq Values of 172.48
mg/g and 147.67 mg/g were achieved in binary component pharmaceuticals (ACM+CIP)
removal from water. However, higher removal efficiencies of ACM (65.83%) and CIP (42.59%)
were achieved in single component column sorption, indicating suppressive adsorption in the
binary system. Superior removal of ACM compared to CIP can be attributed to its lower Koy
value and lower molecular size which enabled it to diffuse into the micro-pores of CAC. These
results indicate that the simultaneous removal of ACM and CIP depends on the unique molecular
properties of the ACM/CIP and their interactions with the adsorbent. The comprehensive batch
and fixed-bed adsorption experiments demonstrated the promising performance of CAC in

diverse water matrices.

The CCD optimization of the EO process provided an optimal EO process conditions, such as
current density (44 mA/cm?), pH (5.5), contact time (80 min) and initial pollutant concentration
(20 mg/L). Under optimal conditions, efficient simultaneous degradation of ACM (94.5%) and
CIP (92.7%) were achieved, with recorded TOC and COD removal efficiencies of 40.88% and
70.56%, respectively. The reason for the relatively lower TOC and COD removal compared to
the degradation efficiency is the transformation of ACM and CIP into resistant organic
compounds during the EO process. The simultaneous degradation of the ACM and CIP using EO
followed a pseudo-first-order kinetic model with a reaction constants of 0.034 (1/min) and 0.035
(1/min) for ACM and CIP, respectively. Moreover, the radical scavenger test revealed that the
studied EO process was dominated by the *OH radical reactions. Regardless of the higher
degradation of ACM and CIP in the EO process, subsequent treatment process was required to
remove the remaining un-oxidized parent pharmaceutical compounds and their degradation by-

products.

The BBD optimization of the EO+adsorption process conditions provided optimal conditions
such as current density (22 mA/cm?), pH (5.5), contact time (40 min), adsorbent dose (0.1g/L)
and adsorption time (60 min). Under these conditions, notable removal (> 99.9%) of
pharmaceuticals and (> 99.5%) of TOC and COD removal was obtained (at EO time of 120
min). This result implies that the subsequent adsorption process has effectively eliminated the

remaining target pharmaceuticals and the oxidation by-products from EO pre-treated water. The
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EO+adsorption showcased superior removal of pharmaceuticals, TOC and COD compared to the
individual EO and adsorption processes. The higher removal efficiency observed in the
EO+adsorption process was due to the synergistic action of EO and the adsorption process,
which combined the advantage of these individual processes. The major drawback of the AOPs,
like the EO process, was the generation of degradation products (non-target organic
contaminants) during oxidation. On the other hand, the adsorption process is often influenced by
the water matrix and is mostly effective in single contaminant removal from simple water matrix.
In this regard, the EO+adsorption process effectively removed the target pharmaceutical
contaminants and oxidation by-products by addressing the drawbacks of the individual EO and
adsorption processes. In addition, the energy consumption analysis of ACM+CIP degradation
indicated a significant reduction in energy consumption by the EO step (4 kwh/m®) in the
EO-+adsorption process compared to the individual EO process (31.6 kwh/m®). Furthermore, the
performances of EO, adsorption and EO+adsorption processes were investigated in multiple
pharmaceutical removals and various water matrices. The efficiency of the single process is
highly influenced in removing multiple pharmaceuticals from complex water matrices. However,
the EO+adsorption process showed superior removal of binary pharmaceuticals (ACM+CIP),
multiple pharmaceuticals (ACM+CIP+AMX+ATN), COD and TOC from various water
matrices. In this regard, it should be noted that the coupled process is much more tolerant to the
effect of water matrix compared to the single processes. Therefore, the coupled process is an
efficient and environmentally viable technology that can be installed in water treatment systems.
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6. Recommendations

This study investigated the removal of pharmaceuticals (ACM, CIP, ACM+CIP,
ACM+CIP+AMX+ATN) using individual (EO and adsorption) and coupled (EO+adsorption)
processes. The CAC adsorbent derived from the bamboo sawdust has been proven effective in
removing single and binary component mixtures of these pharmaceuticals (ACM, CIP and
ACM+CIP) from water in batch and fixed-bed adsorption processes. Herein, the CAC adsorbent
was synthesized from a single precursor, bamboo sawdust. However, it is worthwhile to
synthesize an adsorbent from multiple materials through co-carbonation to utilize their

advantages, which may address the diverse nature of pharmaceutical compounds.

The EO-+adsorption process was found to be highly effective in removing ACM+CIP,
ACM+CIP+AMX+ATN, TOC and COD from diverse water matrices. As the coupled process is
very interesting and highly effective, further investigation is needed into the detailed mechanism
of ACM and CIP degradation pathways in the EO process. In addition to TOC and COD
analysis, toxicity analysis is one of the essential studies that indicate the advantage of the
coupled process, and thus, it needs to be investigated in the future studies. Most importantly, the
solar power system can be employed to supply the required electrical energy for the EO process,

thereby reducing the energy expenses.

This study presented that coupling the EO process with adsorption process is effective for
pharmaceutical contaminant removal, considering mainly two target compounds (ACM and CIP)
with further application in four pharmaceutical compounds (ACM, CIP, AMX and ATN).
Further studies can be conducted considering other pharmaceuticals, as the coupled process is
highly effective. Herein, a sequential type of the coupled process (EO followed by adsorption)
was considered. However, the in-situ coupling of these processes can also be studied for
comparative evaluation with the sequential process. In this study, all the experiments were
conducted in lab-scale operation. It is, therefore, important to test the coupled process in a pilot-
scale operation to simulate the actual scenario of a full-scale operation. The removal of lower
concentrations of pharmaceuticals compared to the concentrations used in this work can be
investigated in future studies. The process intensification aspect should also be considered for the
coupled process. The detailed techno-economic analysis and efficiencies of the various adsorbent
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regeneration techniques, such as thermal and electrochemical regeneration, need to be studied in

further works. Moreover, the coupled process employed in this study needs to be compared with
other coupled processes in terms of cost and safety.
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Appendices

Appendix A: Characterization
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Figure A.1. FTIR spectra of ACM and CIP compounds.

Table A.1. The secondary WWTPs effluent characteristics.

Akaki kality Mikkeli WWTPs
WWTP effluent | effluent (values)
Parameters (values)
pH 7.20 7.05
Conductivity 919.50 495
COD (mg/L) 52.83 26
BODS5 (mg/L) 7.33 45
COD/BOD5 7.95 5.78
Total suspended solid (TSS) (mg/L) 12.16 8.5
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Table A.1. Continued.

Parameters Akaki kality WWTPs | Mikkeli WWTPs effluent
effluent (parameters | (parameters value)
value)
Volatile suspended solid 7.50 5.2
(VSS) (mg/L)
VSS/TSS 0.63 0.61
SO4 (Mg/L) 46.58 44.25
NH; (mg/L) 18.45 16.28
Total nitrogen (TN) (mg/L) 57.00 40.54
NO3 (mg/L) 39.1 20.33
Total phosphorus (TP) 8.65 7.55
(mg/L)
Table A.2. Molecular properties of ACM and CIP (Rao et al., 2021).
Molecular Molecular area Molecular Molecular
Compound
volume (A% (A% length (nm) width (nm)
CIP 133.04 104.36 1.50 1.01
ACM 72.25 58.75 1.15 0.69
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Appendix B: Adsorption (single process)

Table B.1. CCD experimental design of CIP adsorption using CAC.

Run | A: Initial B: Adsorbent | C: pH | D: Contact | CIP Predicted | Residual
CIP con dose (g/L time (min) | removal Value
(mg/L) %
1 30 0.75 7.5 325 87.94 89.42 -1.48
2 30 0.75 12 32.5 75.66 75.66 -2.50
3 30 0.75 7.5 32.5 90.24 89.42 0.8152
4 30 0.75 7.5 325 87.54 89.42 -1.88
5 30 0.75 7.5 32.5 88.24 89.42 -1.18
6 50 0.75 7.5 325 77.85 78.30 -0.4490
7 10 0.75 7.5 32.5 99.57 100.55 -2.96
8 20 0.5 9.75 46.25 95.52 94.07 1.45
9 20 1 9.75 18.75 89.24 87.66 1.58
10 40 0.5 9.75 46.25 76.21 73.90 2.31
11 40 0.5 5.25 46.25 71.99 73.34 -1.35
12 30 0.75 3 32.5 86.12 86.29 -0.1703
13 40 1 9.75 46.25 97.51 96.50 1.01
14 20 0.5 5.25 18.75 82.35 82.95 -0.6003
15 20 1 5.25 46.25 99.56 98.02 1.54
16 20 1 9.75 46.25 99.1 98.59 0.5127
17 40 0.5 5.25 18.75 61.64 62.79 -1.15
18 20 0.5 9.75 18.75 73.12 71.75 1.37
19 30 0.75 7.5 32.5 90.23 89.42 0.8052
20 40 1 9.75 18.75 83.51 85.58 -2.07
21 30 1.25 7.5 32.5 98.45 99.88 -1.43
22 40 1 5.25 46.25 97.08 95.93 1.15
23 40 1 5.25 18.75 98.19 96.77 1.42
24 30 0.75 7.5 60 99.12 100.16 -1.04
25 20 0.5 5.25 46.25 95.11 93.50 1.61
26 30 0.75 7.5 32.5 89.62 89.42 0.1952
27 30 0.25 7.5 325 60.13 61.37 -1.24
28 30 0.75 7.5 5 80.54 78.69 1.85
29 20 1 5.25 18.75 99.25 98.86 0.3881
30 40 0.5 9.75 18.75 53.09 51.59 1.50
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Normal Plot of Residuals
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Figure B.1. Diagnostic plots of the quadratic model for CIP removal: a) Normal probability
versus externally studentized residuals; (b) externally studentized residuals againist predicted (c)
predicted againist actulal.
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Figure B.3. The plot of CAC adsorbent capacity for single sorption of CIP with time.
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Figure B.4. Linear kinetic models employed for CIP single sorption onto CAC (a) Pseudo-first-
order model, (b) Pseudo-second-order model, (c) Elovich and (d) intra-particle models.
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Figure B.5. Linear kinetic models of ACM single sorption onto CAC (a) Pseudo-first-order, (b)
Pseudo-second-order, (c) Elovich and (d) intra-particle model.
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Figure B.6. Linear isotherm model plots for CIP single sorption onto CAC (a) Langmuir, (b)
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Figure B.7. Linear isotherm model plots for ACM single sorption onto CAC (a) Langmuir, (b)
Freundlich, (c) Redlich-Peterson, (d) Dubinin-Radushkevich.
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Table B.2. Linear kinetic and isotherm model parameters for single sorption of ACM and CIP
onto CAC.

Kinetics analysis Isotherm analysis
Single .
Model Model Single component
Model component Model
parameters parameters
ACM CIP ACM CIP
Qe.cal (MQ/Q) 39.90 39.60 K. (L/mg) 0.49 0.306
Qeexp (MY/g) | 3.685 5.029 dm (Mg/q) 188.67 | 78.43
k1(1/min) 0.074 0.05 | Langmuir
PFO | R® 0.916 [0.81 R? 0.98 0.994
RMSE 2.02
Kk
SSE 32.79 un | 92.70 5.28
(mg/g)(L/mg)™"
Qeexp (MQ/Q) | 40.02 | 40.38 _ n 7.98 46.22
Freundlich
Qe,cal (MY/Q) 39.90 39.60
. ky (g/mg.min) [ 0.999 | 0.011 R 0.96 0.972
R 0.198 | 0.994
RMSE 0.67 B 0.97
SSE 3.57 Kr (L mgh) 2765.56
Temkin
Kid 5
o | 0:30 3.27 R 0.93
Intra- (mg/g. min™°)
article ich-
P Ko 3734 | 1189 | Redlich- |5 ) 0.71
model Peterson
R? 0.88 0.64 A (L/g) 71.37
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Table B.2. Continued.

Kinetics analysis Isotherm analysis
Intra- RMSE R® |0.99
particle
model SSE
Dubinin- Om 133.96 68.56
a 3.65 0.12 _
(mg/g.min) ' Radushkevich
mg/g.min
g/9 (D-R)
Elovieh g K, | 134x10° | 2.784x10°
38.15 | 15.90
(9/mg)
R 0.908 | 0.859 R 0.77 0.859

Table B.3. Calibration curve equations and R? values for the quantification of pharmaceuticals
using UV-Vis spectrophotometer in single and simultaneous adsorption systems.

Adsorption system | Pharmaceutical Equation R?
Single CIP Y =0.0912X+0.02133 0.998
Single ACM Y =0.067X + 0.00051 0.997
Binary ACM Y =0.053X+0.04514 0.982

(simultaneous) CIP Y =0.099X+0.0001 0.986
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Appendix C: Electrochemical oxidation (EO) (single process)

Table C.1. The CCD experimental design of the EO process in ACM/CIP degradation.

Run EO pH Current density | Initial concentration ACM CIP removal
Time(min) (mA/cm?) (mg/l) removal (%) (%)
1 60 6.5 42.855 10 93.55 92.54
2 60 6.5 42.855 30 90.52 88.14
3 80 4 23.21 15 88.95 86.85
4 60 6.5 42.855 20 93.06 90.25
5 60 6.5 42.855 20 93.66 90.56
6 20 6.5 42.855 20 81.28 80
7 100 6.5 42.855 20 92.85 91.52
8 40 9 23.21 15 80.24 78.68
9 80 4 23.21 25 86.94 84.28
10 80 9 62.5 15 91.25 89.82
11 40 4 23.21 25 80.51 77.52
12 40 4 62.5 15 89.85 87.88
13 60 6.5 42.855 20 93.15 89.99
14 60 6.5 42.855 20 92.85 89.95
15 60 11.5 42.855 20 78.3 73.97
16 60 1.5 42.855 20 85.15 81.27
17 40 4 23.21 15 84.56 82.54
18 60 6.5 42.855 20 92.97 90.98
19 80 9 23.21 25 83.65 81.08
20 60 6.5 3.565 20 78.29 76.15
21 80 4 62.5 15 95.5 94.16
22 80 9 62.5 25 91.42 88.23
23 60 6.5 42.855 20 93.88 90.12
24 40 9 62.5 25 86.56 82.93
25 80 9 23.21 15 83.54 80.34
26 80 4 62.5 25 92.44 90.38
27 40 4 62.5 25 84.86 82.66
28 40 9 62.5 15 89.42 87.43
29 40 9 23.21 25 77.89 75.68
30 60 6.5 82.145 20 94.03 92.08
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Table C. 2. Experimental results of BBD for the coupled process.

Factor 1 Factor 2 | Factor 3 Factor 4 Factor 5 Response 1 | Response 2
Run A:EO B: pH | C: Current | D: Adsorbent E: ACM CIP
Time (mA/cm?) | dose (g/L) Adsorption | removal (%) removal

(min) time (min) (%)
1 60 6 20 0.12 50 96.66 95.27
2 10 6 20 0.08 50 83.88 82.76
3 10 3 20 0.10 50 90.45 88.82
4 35 6 20 0.08 20 85.57 84.71
5 35 6 20 0.10 50 98.52 98.04
6 60 6 20 0.10 80 99.85 98.85
7 35 6 20 0.10 50 99.95 99.67
8 10 6 20 0.10 20 91.18 90.46

9 60 6 25 0.10 50 100 100
10 35 9 20 0.08 50 82.26 80.83
11 35 9 20 0.10 80 93.08 92.17
12 35 3 20 0.10 20 89.96 90.76
13 35 9 20 0.12 50 98.85 97.29
14 10 6 20 0.12 50 91.81 88.85

15 35 6 25 0.12 50 100 100
16 35 6 15 0.10 20 73.65 72.84
17 10 6 15 0.10 50 72.54 70.66
18 35 6 15 0.08 50 70.96 67.24
19 35 3 20 0.12 50 95.91 93.16
20 60 6 15 0.10 50 75.24 73.36
21 35 6 15 0.10 80 74.41 73.75
22 35 6 20 0.08 80 86.88 84.91
23 35 6 25 0.10 80 97.05 97.21
24 35 6 25 0.10 20 93.21 91.05
25 35 6 20 0.12 20 94.13 92.44
26 60 6 20 0.08 50 91.31 89.23
27 35 6 20 0.10 50 98.21 98.09
28 60 3 20 0.10 50 92.96 92.28
29 35 9 25 0.10 50 94.68 93.36
30 60 6 20 0.10 20 91.01 89.56
31 35 9 20 0.10 20 87.27 84.36
32 35 6 15 0.12 50 76.01 74.43
33 35 6 20 0.10 50 99.91 99.97
34 10 6 25 0.10 50 90.06 87.86
35 35 6 20 0.10 50 98.86 99.23
36 35 3 20 0.08 50 90.16 88.49
37 60 9 20 0.10 50 91.88 89.73
38 35 3 15 0.10 50 74.56 73.85
39 10 9 20 0.10 50 85.92 84.57
40 35 3 20 0.10 80 95.54 93.52
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Table C.2. Continued.

41 35 6 20 0.10 50 99.96 99.85
42 35 3 25 0.10 50 98.92 97.96
43 35 6 25 0.08 50 92.43 90.72
44 35 6 20 0.12 80 100 100

45 35 9 15 0.10 50 7244 71.55
46 10 6 20 0.10 80 86.69 85.58
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Figure C.1. Chromatograms of ACM and CIP for binary contaminant system (a) before EO and
(b) after EO (EO time = 80 min, pH = 5, current density = 44 mA/cm?) and (c) after

EO+adsorption (EO time = 40 min, current density = 22 mA/cm?, adsorbent dose = 0.1 g/L and
adsorption time = 60 min).
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Figure C.2. Chromatograms of ACM, CIP, AMX and ATN (a) before EO and (b) after EO (EO
time = 80 min, pH = 5, current density = 44 mA/cm?) and (c) after EO+adsorption (EO time = 40
min, current density = 22 mA/cm?, adsorbent dose = 0.1 g/L and adsorption time = 60 min).
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Table C.3. The HPLC method employed for the quantification of the pharmaceuticals for the
performance evaluation of adsorption, EO and EO+adsorption processes.

Pharmaceutical | R® Recovery | LOD LOQ Detected in  real
(ng/L) (ng/L) wastewater (Mikkeli,
Finland) (pg/L)
ACM 0.999 | 100.02 0.13 0.38 0.68
CIP 0.997 | 100.01 0.24 0.47 <LOQ
AMX 0.998 99.86 0.25 0.45 0.55
ATN 0.996 99.92 0.11 0.32 <LOQ
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Figure C.3. The influence of main EO process factors on ACM degradation (a) EO time (min),
(b) pH, (c) Current density (mA/cm?), (d) Initial pollutant concentration (mg/L).
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Appendix D: Coupled process (EO+adsorption)
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Figure D.1. One factor effect analysis for ACM removal using the coupled process.

ACEWM-AAU 2024 Page 228



1104 110+
(a) (b)
& 100 g 00y oy
T g0 g 90
£ z
S 80 £ 80
2 B
o 70 S 70
60 60-
10 20 30 40 50 60 3 4 5 6.7 8 9
. . B: pH
A: EO Time (min)
1o 110
| - (d)
- (©) S 2 100- s
X 100 e = e
S’ - = -
— o > 9
] 9 o =]
z 0 Vi £
g 2 80
g 80 7 =
B ' o 70
O 70
60 -
60 T 1 T T 1 U U I
w ' ' w S eSS
15 17 19 21 23 25 8 8==2=2=22205
C: Current (mA/cm?) D: Adsorbent dose (g/L)
110
(e
°\Q 100 e
TS
(=}
E
£ 80
-9
—
© 70
60

I
20 30 40 50 60 70 8

T
0

E: Adsorption time (min)

Figure D.2. One factor effect analysis for CIP removal using the coupled process.

ACEWM-AAU 2024

Page 229



Predicted vs. Actual % Residuals vs. Predicted
110 2 400 [0
2
-7 (b)
100 = 2.00 ] .
"5 L | -
[ N o
B = - 2" a = :
= 90 S 0.00f = a_ s
-5} =1 L o :.
— = ] ] -
=5 Z o DDQ: =
S04 - -2.00 ] ° °
E
-3.71209
70 g -4.00 | . . ‘ .
70 80 90 100 110 = 70 80 90 100 110
Actual Predicted
? Residuals vs. Run DFFITS vs. Run
S 4.00 3
: 3.71209 9 -
= (d)
s (C) 2 |a.02699 _
& 200 ] : . -
= _— ﬂ‘. . ‘."‘l‘ rW. wn 1. a g . o, .
3 vl T et Mty A = ..
g 000 P E o= -
< AR A . = = s 5
2 R Sl
& -2.00 L
= -2 |-2.02699 °
E -3.71209
£ -4.00 ] 3.
8 ‘ ! ' ! ! 1 i I 1 T
é 1 10 19 28 37 46 1 10 19 28 37 46

Figure D.3. Diagnostic analysis for ACM removal using the coupled process.
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Cmummlmudwmrbvupmﬂancmhuhemmea ngufum;uxamhxio mmhuhheﬁectsmdmcndcm
of scrobial pene evel To this end, a chemically modified b » biochar was peep

%o effectively remove cipeofloxacn (CIP) from an aqueous solation. Under similar adsorption comditions, lh: modifiad bamboo
biochar (MBC) has an excelent CIP removal eficency (%6%) compared to snmodified bamboo biochar (UBC) efficiency
(45%). Thus, MBCwuusedmbad:adsapmapmmls.mdthcmmmmnmudwnhdw;mtnl composite
design (CCD) framework of resposse surface methodology (RSM). Sorption process parameters such as initidd CIP
concentration, pH, adsorb dmcmdccnuammwmsmdldmdawndhohmamame&«nncmmlm
optamal CIP t:mm—d (%6%) was obtained at MBC dose (05gL "), CIP initial concentration (20mgL "), pH (7.5), and contact
time (46 man). The adsorption kinetic data were well described by the pseudo-second-order modd (R*=0.999), and both
Langmuir (R*=0.9%4) and Freundlich (R°=0972) models gave the best fit in CIP adsorption isctherm analysis. The
maximum monolayer adsorption capacity of the MBC was 7843 mgg ' based an the Langmuir ssotherm model. These results
suggest that CIP adsorption was mainly controlled by chemisorption. Moreover, the CIP adsorption process was endothermic
and spontaneous. Overall MBC is a low-cost, efficient. and recydable adsorbent for diminating emerging contaminants such

as cipeofloxacin from an agueous solution.
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removal of paracetamol from aqueous solution: sorption kinetics, isotherm,
thermodynamics, and regeneration studies
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ABSTRACT

Due to its widespread consumption, paracetamol (PCT) has emerged as one of the leading contaminants that pollute water.
Herein, a PCT removal of 99.6% was achieved using chemically activated carbon (CAC). derived from bamboo sawdust using
KOH/FeCl,; as an activating agent, at optimal conditions of PCT (20 mg/L), CAC (0.5 g/1), contact time (90 min), and pH (8). Kinetic
study revealed that the PCT adsorption process followed the pseudo-second-order kinetic model (R? = 0.99), indicating that
chemical adsorption dominated the adsorption mechanism. On the other hand, isotherm experimental data were best
described by the Langmuir (R? — 0.98) and Freundlich (R? = 0.96) models. CAC had a maximum Langmuir monolayer capacity
of 188.67 mg/g at a PCT concentration of 120 mg/L. Moreover, the Redlich-Peterson model gave the best fit (R = 0.99) to
the experimental data, confirming that PCT adsorption was monolayer adsorption onto the heterogeneous surface. Thermody-
namically, the PCT adsorption was exothermic, spontaneous, and favorable. The reusability study depicted that CAC can be
successfully reused for five consecutive adsorption-desorption cycles. Furthermore, the application of CAC to environmental
samples showed interesting results. The overall adsorption study indicated that CAC could serve as a promising adsorbent for
eliminating PCT from water.
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Anthropogenic nitrate contamination of water resources In Ethlopla: an overview
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ABSTRACT

Nitrate is one of the water contaminants that mainly results from anthropogenic activities. The major causes of nitrate contamination of
water resources are anthropogenic activities such as animal or human waste, septic or sewage systems, fertilizer application, concentrated
animal farming, industrial waste, and landfill leachates. These man-made activities are the primary sources of nitrate contamination in water
resources. Nitrate contamination of water is a global issue that has been increasing over time. According to previous research, exposure to
nitrate in water above the world Health Organization (WHO) guideline limit (50 mg of NO,/L) has been found to induce major health effects
such as methemoglobinemia in humans, with the severity depending on the amount consumed. This problem has become a major threat to
humans and the environment. Thus, this article presented an overview of nitrate contamination of water resources in Ethiopia, emphasizing
anthropogenic activities to indicate the current nitrate water contamination status for the necessary remedial actions.
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