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Abstract

This work describes a simple and rapid method for the simultaneous isolation, enrichment,
and quantitation of selected pharmaceuticals in aqueous environmental samples and
Eichhornia crassipes. This was achieved by developing a hollow fiber liquid phase
microextraction (HF-LPME) technique coupled with ultra-high-pressure liquid
chromatography-high resolution mass spectrometry for the simultaneous extraction, pre-
concentration and quantitation of four non-steroidal anti-inflammatory drugs (NSAIDs) and
three antiretroviral drugs (ARVDs) from aqueous matrices and different segments of water
hyacinth plant species. The target compounds for NSAIDs were naproxen (NAP), fenoprofen
(FENO), diclofenac (DICLO) and ibuprofen (IBU) whereas the selected ARVDs included
emtricitabine (FTC), tenofovir disoproxil (TD) and efavirenz (EFV). A multivariate approach
by means of a half-fractional factorial design was used to optimize the HF-LPME technique
focusing on six factors; donor phase (DP) pH, acceptor phase (AP) pH, extraction time,
stirring rate, supported liquid membrane carrier composition (SLM carrier comp.) and salt
content. Four of these factors (DP pH, AP pH, stirring rate and extraction time) were identified
as vital for an enhanced enrichment of each of the selected NSAIDs and four of the previously
mentioned vital factors including the SLM carrier composition were classified as significant
for the selected ARVDs from aqueous samples into the hollow fiber. These essential factors
were further paired according to their level of significance. The paired significant factors were
then optimized using central composite designs (CCD) where empirical quadratic response
models were used to visualize the response surface through contour plots, surface plots and
optimization plots of the response outputs. The optimized factors for individual analytes
belonging to each class were then altered to universal conditions for their simultaneous

extraction from same sample solution. The acceptability of the universal conditions was



defined using desirability studies. A composite desirability value of 0.7144 was obtained
when the optimum factors of the three ARV Ds were applied for their simultaneous extraction
while a simultaneous extraction of NSAIDs had a desirability value of 0.7735. This implied
that the set conditions were ideal for a combined extraction of the target compounds from the
donor phase into the acceptor phase across a supported liquid membrane impregnated with a
carrier molecule. For the simultaneous extraction of ARVDs, the universal optimum HF-
LPME conditions were found to be DP pH of 4, AP HCI conc. of 200 mM (pH = 0.4) with
SLM carrier comp. set at 4.5 (%w/w) and stirring at 1000 rpm. Under optimum conditions,
the enrichment factors (EF) for ARVDs from aqueous phase were 78 (FTC), 111 (TD) and 24
(EFV). These conditions yielded recoveries in the range of 96 to 111%. The sensitivity of the
analytical method through limits of quantification (LOQ) for the selected ARVDs in
wastewater samples were 0.033 pg L (FTC), 0.10 pg L™ (TD) and 0.53 pg L (EFV). The
LOQ values were computed for surface water samples using the same target ARVDs were

0.169 pg L (FTC), 0.018 ug Lt (TD) and 0.113 pg L (EFV).

For NSAIDs, the overall conditions were DP pH of 10, AP pH of 3 at an extraction time of
60 min with stirring rate at 1000 rpm. The recoveries yielded under these optimum conditions
for the target compounds ranged from 86 to 116%. The EF for the target NSAIDs from
aqueous media were 49 (NAP), 126 (FENO), 93 (DICLO) and 156 (IBU). The LOQ values
for each target NSAID in wastewater samples were 0.47 pg Lt (NAP), 0.09 pg L (FENO),

0.59 g L't (DICLO) and 0.49 ug L (IBU).

The specific universal conditions were then used in the analysis of ARVDs in wastewater and
surface water whereas for NSAIDs analysis, only wastewater samples were analysed. The

surface water samples were obtained from North of Johannesburg in Hartbeespoort dam and



the wastewater samples were collected from various wastewater treatment plants located in

Durban, KwaZulu-Natal.

The technique was also applied in the analysis of the target compounds in plant samples
obtained from Hartbeespoort dam in North of Johannesburg, Umgeni river located in
Springfield (Durban in KwaZulu-Natal) and Mbokodweni river located in south of Durban
city, KwaZulu-Natal. The plant samples were first cut and separated into different segments
(roots, stems and leaves) and the target analytes then extracted into 20 mL water using an
optimized microwave assisted extraction technique (MAE). The HF-LPME technique initially
optimized for water samples was then applied for pre-concentration of the target
pharmaceuticals from the MAE water extract. Factors that were optimized for MAE technique
were irradiation time and temperature for ARVDs whereas irradiation time and solvent
volume were optimized for the extraction of NSAIDs. For extraction of both ARVDs and
NSAIDs, the optimum irradiation time was 20 min while the irradiation temperature was set

at 90°C during the extraction of ARVDs and 100°C for NSAIDs.

Generally, the studied ARVDs were all detected in most samples with concentrations for FTC
(0.11 — 3.10), TD (0.10 — 0.25) and EFV (1.09 up to 37.3) ug L recorded in wastewater
samples. EFV had the highest concentration of 37.3 pug L™ in the wastewater effluent. The
concentration of ARVDs in the roots of the water hyacinth ranged from 7.4 to 29.6 g kg™,
0.97 to 11.42 pg kg in the stem and 0.98 to 9.98 ug kg in the leaves of the aquatic plant.
Roots of the water hyacinth plant had higher concentrations of the investigated ARVDs.
Lastly, the NSAIDs were also detected in various wastewater samples with concentration for
NAP (1.15 to 3.30) pg L%, FENO (<LOQ to 2.03) pg L%, DICLO (0.36 to 3.13) pg Lt and
IBU (<LOQ t0 0.92) pg L. In this case, NAP had the highest concentration in the wastewater

effluent. In terms of the water hyacinth plant, the concentration range in the roots of the plant

Vi



was 2.76 to 4.74 pg kg, whereas in the stem of the plant, the concentration range was 0.21
to 3.22 ug kg and the leaves accumulated 0.11 to 3.35 pg kg of the selected NSAIDs in
study. This indicated that the roots of the water hyacinth in this case has the highest uptake of

the target compounds.

Overall, hollow fiber liquid phase microextraction proved to be an ideal tool for isolating and
pre-concentrating the selected antiretroviral drugs from aqueous and plant samples. A
manuscript on the results of analysis of ARVDs has been accepted in the Journal of Hazardous
Materials and is presented in this dissertation as manuscript 2 in Section 4.2. In the analysis
of NSAIDs, a manuscript has been submitted to a peer reviewed journal that is recognized by
the Department of Higher Education in South Africa and is presented in this study as Paper 3
in Section 4.2. Manuscript 1 given as Section 4.3 is an article already published in Journal of
Environmental and Chemical Engineering. The article is a review of adsorbents and removal

approaches of NSAIDs from contaminated water bodies.

vii



List of publications

Nomchenge Yamkelani Mlunguza, Somandla Ncube, Precious Nokwethemba Mahlambi,
Luke Chimuka, Lawrence Mzukisi Madikizela. Adsorbents and removal strategies of non-
steroidal anti-inflammatory drugs from contaminated water bodies. Journal of Environmental

Chemical Engineering 7 (2019) 103142.

Nomchenge Yamkelani Mlunguza, Somandla Ncube, Precious Nokwethemba Mahlambi,
Luke Chimuka, Lawrence Mzukisi Madikizela. Determination of selected antiretroviral drugs
in wastewater, surface water and aquatic plants using hollow fiber liquid phase
microextraction and liquid chromatography-tandem mass spectrometry. Journal of

Hazardous Materials 382 (2019) 121067.

Nomchenge Yamkelani Mlunguza, Somandla Ncube, Precious Nokwethemba Mahlambi,
Luke Chimuka, Lawrence Mzukisi Madikizela. Optimization and application of hollow fiber
liquid phase microextraction and microwave assisted extraction for the analysis of non-
steroidal anti-inflammatory drugs in aqueous and plant samples. Submitted in a peer review

journal.

viii



Table of Contents

DECIAIALION ...t e b bbbt b e ene s i
ACKNOWIEAGEMENTS ... bbbt i
DEUICALION ...ttt b et b et b e i
AADSTIACT ...t \Y%
LiSt OF PUDTICATIONS......cviiiiiciieee e viii
TabIE OF CONENTS ...ttt IX
LESE OF TADIES ...t Xiii
LISt OF FIQUIES ..ttt et e e s re e steeresnaesreenee s XVi
LIST OF ANNEXUIES ...ttt bttt b e bbbt XViii
ADDIEVIALIONS ...ttt Xix
1. CHAPTER ONE: INTRODUCTION .....coiiiiiiiiieiie e 1
11  BACKGROUND. ... 2
1.2 TARGET PHARMACEUTICALS ... .ottt 13
121 ANLIErOVIFAl AIUGS. ....cooiiiiieiieiieieeee e 13
1.2.2  Non-steroidal anti-inflammatory drugs..........ccccvevieiieiiieiie e 14
1.3 HOLLOW FIBER LIQUID PHASE EXTRACTION .....cccciiiiiieiieeie e 18
1.3.1  Principle of the hollow fiber liquid phase microextraction technique............. 18
1.3.2  Advantages of the HF-LPME .........ccccooiiiiiiiieeee e 18

1.3.3  Supported liquid membrane extraction- a three-phase carrier mediated

BXETACTION .ottt ettt ettt r e e et e — et ——————— 19



1.3.4  Critical parameters Of HF-LPME.........c..cccoiiiiie e 21

1.4  MULTIVARIATE DESIGN OF EXPERIMENTS ... 23
1.4.1  Factorial and Fractional deSigns ..........cccooeiiierinininieece e 23
1.4.2  Design generators for 2-level designs and resolution in a factorial design .....24
1.4.3  Optimization of main factors using response surface designs............ccccceveue.. 25
1.4.4  Desirability TUNCLIONS.........cciieiiic e 28

1.5 PROBLEM STATEMENT AND MOTIVATION .....ccocoiiiiiiiiiesieeee e 30

RETEIENCES ...ttt bbbt b bttt b e bbbttt 32

2. CHAPTER TWO: AIMS AND OBJECTIVES........coi e 83

2.1 AIM OF THE STUDY ..ot 84

2.2 SPECIFIC OBJECTIVES ...ttt st 84

2.3  RESEARCH STRUCTURE.......cciiiiiiiieie et 84

3. CHAPTER THREE: RESEARCH PAPERS ..o 86

3.1 PAPER L e 87

AADSEIACT ...t b bbb nes 89
T8 00 A 411 7o [F i { To] o TSP VPP TR PP 90
3.1.2  Toxicity of non-steroidal anti-inflammatory drugs in the environment .......... 93
3.1.3  Physicochemical properties of non-steroidal anti-inflammatory drugs........... 96
3.1.4  Occurrence of non-steroidal anti-inflammatory drugs in water bodies............ 96

3.1.5 Removal of non-steroidal anti-inflammatory drugs from water during

OLU L 107 11 o] o TSR 101



3.1.6  Theremoval of non-steroidal anti-inflammatory drugs from water by adsorption
109

3.1.7  Other methods for removal of non-steroidal anti-inflammatory drugs from water

119
3.1.8  Re-usability of adsorbents in the removal of NSAIDs from water................ 127
3.1.9  Challenges and future OPPOrtUNITIES ......c.ccvevieeieiieiecie e 131
CONCIUSION ...t b ettt 133
ACKNOWIEAGEMENTS ... 133
RETEIEICES ...ttt b 133
3.2 PAPER Z e 185
ADSTIACT ...t 189
321 INTrOAUCTION ..ottt 190
3.2.2  EXPEIIMENTAL....uiiiiiiiiiiee e 193
3.2.3  Optimization of extraction teChNIQUES..........ccoevviiieiieiie e 196
3.2.4  ReSUlS and diSCUSSION .......ccuiiuiieiieiiiieieieitesieee st 197
CONCIUSION ...ttt bbbt 214
Declaration of iNterestS: NONE..........coiiiiiiii e 214
T 1o 1] T USSP 214
RETEIENCES ...ttt 215
AANNEXUIES. ...ttt e et ees e e n e e e e e e nme e e n e e n e e nnn e e nneeanneenneeas 255
3.3 PAPER 3 ettt 259
ADSTIACT ... 261



INEFOTUCTION <.ttt e e e e e e et e e e e e e e e e e eneeas 262
3.3.2 MEthods aNd MATETTAIS ......ooeeeeeeee et e e e e e e e 264
3.3.3 RESUILS AN AISCUSSION ... s 269

3.3.4  Monitoring of non-steroidal anti-inflammatory drugs in environmental samples

281
CONCIUSTON ...ttt b et en e 287
ACKNOWIEAGMENTS ... 287
RETEIENCES ... bbbttt bbbt 287
4. CHAPTER FOUR: GENERAL CONCLUSION.......cciiiiiiieiienie e 340
4.1 CONCLUSION ...ttt e e sne e neenneens 341
4.2 RECOMMENDATIONS ...ttt 342

xii



List of Tables
Table 1.1: Selected pharmaceuticals detected in South African water bodies............. 5-7

Table 1.2: Molecular structures and physicochemical properties of the selected antiretroviral

Table 1.3: Molecular structures and physicochemical properties of the selected non-steroidal
anti-INflammMatory ArUgS. . ..o 17

Table 3.1.1: Chemical structures, physicochemical properties and health effects of non-

steroidal anti-inflammatory drugs............coooeiii i 94 - 95

Table 3.1.2: Maximum concentrations of non-steroidal anti-inflammatory drugs found in
various from Africa (Madikizela et al., 2017).........coeiiiiiiiiiieen 99 -100

Table 3.1.3: Removal efficiencies of non-steroidal anti-inflammatory drugs from various

WaStEWaLer trEaAtMENT PrOCESSES. ..\ uuttentt ettt ente et eateeateeateeaeeaaneeanareanenns 102 — 103

Table 3.1.4: Removal efficiencies of non-steroidal anti-inflammatory drugs in constructed

wetlands by various plant SPECIES. ......oviuuiet ittt 109

Table 3.1.5: Various adsorbents applied for the removal non-steroidal anti-inflammatory

drugs from Water DOAIES. . ... .oueie i 115

Table 3.1.6: Re-usability of several adsorbents for adsorption of non-steroidal anti-

Inflammatory from Water..........oooitiii i 129 - 130

Table 3.2.1: Molecular structures and physicochemical properties of the selected

ANEIFEITOVITAL AIUES. .. .ottt e et e e e e anans 192
Table 3.2.2: Factor levels of the target antiretroviral drugs.............ccooeviiiiiiinin... 199
Table 3.2.3: Predicted and applied optimum factor values.......................cooooiini. 201

Table 3.2.4: Effect of temperature on microwave assisted extraction of selected antiretroviral
drugs from plant samples (N =3) ... 204

Xiii



Table 3.2.5: Effect of irradiation time on microwave assisted extraction of selected

antiretroviral drugs from plantsamples (N =3) ... 205

Table 3.2.6: Performance of analytical method in aqueous samples and water hyacinth (n =

Table 3.2.8: Average concentrations of the antiretroviral drugs found in different segments

of water NyaCinth (NS 3) ..o 213

Table 3.3.1: Molecular structures and physicochemical structures of selected non-steroidal

anti-iNflammatory dIUZS. .......ouvirii i 264
Table 3.3.2: Sampling sites and their corresponding GPS coordinates......................... 266
Table 3.3.3: Design summary of the factor levels..............cooooiiiiiiiiiii 271
Table 3.3.4: Summary of optimum results for all the analytes.....................coooiin 274

Table 3.3.5: Effects of irradiation temperature on microwave assisted extraction of non-

steroidal anti-inflammatory drugs from Eichhornia crassipes (n=3) ........................ 275

Table 3.3.6: Effect of solvent volume on microwave assisted extraction of selected non-

steroidal anti-inflammatory drugs from plant samples (n=3) ........................... 276 - 277

Table 3.3.7: Performance of analytical method in aqueous samples and water hyacinth (n=3)

Xiv



Table 3.3.8: Average concentrations of target non-steroidal anti-inflammatory drugs found

IN AQUEOUS SAMPLES (NT3) ...ttt ittt e e e e 283

Table 3.3.9: Concentrations of the non-steroidal anti-inflammatory drugs found in different

segments of water hyacinth (n=3) ... 286

XV



List of Figures

Figure 1.1: Sources of pharmaceuticals in wastewater treatment plants (Sophia and Lima,

Figure 1.2: Disposal of pharmaceuticals into the environment and their transportation.

Adapted from (Madikizela et al., 2018a) with permission from Elsevier......................... 12

Figure 1.3: Hollow fiber supported liquid membrane microextraction.......................... 20

Figure 1.4: Star points for a 22 factorial as given by +a on the axial lines

https://onlinecourses.science.psu.edu/stat503/N0UE/5D .....eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 27

Figure 1.5: Mesh contour plots showing a saddle point (a), a minimum point (b) and a

maximum point (c). Modified from https://onlinecourses.science.psu.edu/stat503/node/59..27

Figure 1.6: Plots of desirability functions when the goal is to maximize the set response value
(a), the goal is to minimize the set response value (b) or the goal is to set a target value for the

=R o0 A (o) F PP 28

Figure 3.1.1: Sources of pharmaceuticals in the environment. Adapted from Madikizela et al.

(2018) (Madikizela et al., 2018a) with permission from Elsevier.......................o.oo.ee. 91

Figure 3.1.2: Chemical structures of graphene (A), graphene oxide (B) and reduced graphene
oxide (C). Adapted from Sophia and Lima (2018) (Sophia and Lima, 2018) with permission

1100)0 1 B KISA A 1S SRR 114

Figure 3.1.3: Synthesis of molecularly imprinted polymer. Adapted from Sarafraz-Yazdi et
al. (2015) (Sarafraz-Yazdi and Razavi, 2015) with permission from Elsevier................. 116
Figure 3.2.1: Pareto charts ((a), (c) and (e)) of standardized effects for factors affecting the

extraction of emtricitabine, tenofovir disoproxil and efavirenz, respectively. (b), (d) and (f)

XVi



represent the normal plots (a = 0.05 at 95 % confidence intervals) for emtricitabine, tenofovir

disoproxil and efavirenz, respectively..............coooiii i Annexure: A

Figure 3.2.2: Pareto charts of standardized effects of the main factors of emtricitabine (a),

tenofovir disoproxil (b) and efavirenz (C) .........ccoveveiiiiiiiiiiiie Annexure B

Figure 3.2.3: Contour plots and optimal plots of average enrichment factors (a), (c) and (e)
and optimal plot of average enrichment factors (b), (d) and (f) for the pairing of DP pH and

stirring rate of emtricitabine, tenofovir disoproxil and efavirenz, respectively. ... Annexure C

Figure 3.2.4: Contour plots and optimal plots of average enrichment factors (a), (c) and (e)
and optimal plot of average enrichment factors (b), (d) and (f) for the pairing of SLM carrier
composition and AP HCI concentration of emtricitabine, tenofovir disoproxil and efavirenz,

FESPECHIVEIY . ..ot Annexure D

Figure 3.3.1: Pareto chart of the effects of the selected non-steroidal anti-inflammatory

QIO S .ottt 270
Figure 3.3.2: Pareto chart of standardized effects showing significant factors............... 272
Figure 3.3.3: Contour and optimal plots od paired factor effects for naproxen................ 273

Figure 3.3.4: Chromatograms of non-steroidal anti-inflammatory drugs in plant samples (A)
and standards (B). Ibuprofen peaks (A1+B1), naproxen peaks (A2+B2), fenoprofen peaks

(A3+B3) and diclofenac (Ad+B4) .....ovirii i 278

Figure 3.3.5: Fragmentation patterns of NSAIDs in standard solutions and in plant samples.

A —naproxen, B — naproxen, C —fenoprofen, D —diclofenac.......................coooeen 279

XVii



List of Annexures

Annexure A: Pareto charts ((a), (c) and (e)) of standardized effects for factors affecting the
extraction of emtricitabine, tenofovir disoproxil and efavirenz, respectively. Figure 4.1 (b),
(d) and (f) represent the normal plots (o= 0.05 at 95 % confidence intervals) for emtricitabine,
tenofovir disoproxil and efavirenz, respectively............coooviiiiiiiiiiiiiiiiiia, 255

Annexure B: Pareto charts of standardized effects of the main factors of emtricitabine (a),
tenofovir disoproxil (b) and efavirenz (C)..........oovvviiiiiii i 256
Annexure C: Contour plots and optimal plots of average enrichment factors (a), (c) and (e)
and optimal plot of average enrichment factors (b), (d) and (f) for the pairing of DP pH and
stirring rate of emtricitabine, tenofovir disoproxil and efavirenz, respectively............... 257
Annexure D: Contour plots and optimal plots of average enrichment factors (a), (c) and (e)
and optimal plot of average enrichment factors (b), (d) and (f) for the pairing of SLM carrier
composition and AP HCI concentration of emtricitabine, tenofovir disoproxil and efavirenz,

FTESPECEIVEIY . ..ot e 258

xviii



Abbreviations

AP — Acceptor phase

MeCN — Acetonitrile

ARVDs — Antiretroviral drugs

DEHPA - di-2-(ethylhexyl)phosphoric acid

DHE — Dihexyl ether

DICLO - Diclofenac

DP — Donor phase

EFV - Efavirenz

FTC - Emtricitabine

EF — Enrichment factor

FENO - Fenoprofen

FA — Formic acid

HPLC — High performance liquid chromatography

HF — Hollow fiber

HCI — Hydrochloric acid

HF-LPME — Hollow fiber liquid phase microextraction

IBU - Ibuprofen

Xix



LC — Liquid chromatography

NAP - Naproxen

MAE — Microwave assisted extraction

MS — Mass spectrometry

PDA — Photodiode array

SLM — Supported liquid membrane

STR - Single tablet regimen

TD — Tenofovir disoproxil

UHPLC-HRMS — Ultra high pressure — high resolution mass spectrometry

WWTP — Wastewater treatment plant

XX



1. CHAPTER ONE: INTRODUCTION




1.1 BACKGROUND

Many South African citizens especially those residing in informal settlements and rural areas
are without access to clean water. As stipulated in South African constitution, every individual
needs access to clean and healthy water, as water is a basic human right (Glaweski and
Devenish, 2001). Due to unceasing increase in the population growth, people diagnosed with
various diseases also increases, hence, industries formulate more pharmaceuticals which
therefore lead to amplified consumption rates. These pharmaceuticals make their way to the
water systems through direct disposal of unused or expired drugs (Ruhoy and Daughton,
2007), defecation (Jelic et al., 2012) and disposal of empty pill containers which contain
pharmaceutical residues (Musson and Townsend, 2009). Since water is a necessity for aquatic
nature and in human lives, this has led to various attempts to try to remove these
pharmaceuticals from water. It has been previously reported that wastewater treatment plants
(WWTPs) are the core contributors of pharmaceuticals and their metabolites to the
environment which is due to that they are partially removed during the treatment process and
hence discharged with the effluent to the rivers. The main sources of pharmaceuticals in
wastewater treatment plants include hospitals, households and effluent from pharmaceutical
formulating industries (Cardoso et al., 2014; Daughton and Ternes, 1999) as shown in Figure
1.1. Sewage effluent from households is documented as a key source of various
pharmaceuticals, inflowing into the aquatic environment (Gaw et al., 2014). The use of
effluent and sludge from WWTP for crop irrigation as well as the manure are the other ways
in which pharmaceuticals can be transferred from the treatment plants to the environment,

where they can reach rivers via runoff and can end up in drinking water.
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Figure 1.1: Sources of pharmaceuticals in wastewater treatment plants. Adapted from

(Sophia and Lima, 2018) with permission from Elsevier.

Pharmaceuticals are regarded as recalcitrant in nature and are easily transported from
wastewater to other water-based matrices (de Wilt, 2018). As a result, removal rates for
pharmaceuticals in WWTPs array from less than 10 to almost 100% (Barfi et al., 2015;
Madikizela and Chimuka, 2017; Patrolecco et al., 2013). The removal rates are largely
dependent on type of treatment technology used and the physicochemical properties of the

pharmaceuticals (Kummer, 2009).

To date, various classes of pharmaceuticals have been detected in environmental waters
around the world. These classes include ARVDs (Abafe et al., 2018; K’oreje et al., 2016,
2012; Mosekiemang et al., 2019; Mtolo et al., 2019; Ngumba et al., 2016; Ramaswamy and

Arul Gnana Dhas, 2014; Schoeman et al., 2015; Wood et al., 2015; Wooding et al., 2017),

3



NSAIDs (Feng et al., 2013; Gilart et al., 2013; Gumbi et al., 2017; Madikizela et al., 2017;
Radke et al., 2010; Shanmugam et al., 2014; Vergeynst et al., 2015; Wang and Wang, 2016),
antibiotics (Balakrishna et al., 2017; Lapworth et al., 2012; Yang et al., 2017) and steroid
hormones (Aris et al., 2014; Yang et al., 2017). Several review articles discussing various
pharmaceuticals detected in the environment have been published (Feng et al., 2013; Leal et
al., 2010; Madikizela et al., 2017; Modi et al., 2012; Rivera-Utrilla et al., 2013; Sophia and
Lima, 2018). Pharmaceuticals that have been detected in South African water bodies are given

in Table 1.1.



Table 1.1: Selected pharmaceuticals detected in South African water bodies.

Pharmaceutical Detected compounds Method used Target samples City Reference
class
NSAIDs Naproxen, diclofenac, fenoprofen, ibuprofen and SPE using Oasis HLB Wastewater, river Durban, (Madikizela et al., 2017; Madikizela et al.,
ketoprofen and MAX cartridges as  water Ladysmith 2014; Madikizela and Chimuka, 2017a, 2017b;
well as MIPs Madikizela and Chimuka, 2016)
Fenoprofen SPE using MIP Wastewater Durban (Mbhele et al., 2018)
Naproxen, diclofenac, ibuprofen SPE using Oasis HLB  Surface water and Durban (Sibeko et al., 2019)
cartridges and sonication  aquatic plants
SPE using Oasis HLB Durban (Gumbi et al., 2017b, 2017a)
cartridges, sonication
Naproxen, ibuprofen POCIS followed by SPE, Wastewater Johannesburg (Amdany et al., 2014, 2015)
HF-LPME
ARVDs" Emtricitabine, efavirenz SPE using Strata SDB-L ~ Wastewater Cape Town (Mosekiemang et al., 2019)

cartridges




Antibiotics

Tenofovir

Efavirenz

Efavirenz

Efavirenz, tenofovir

Efavirenz

Efavirenz

Nalidixic acid, ciprofloxacin, ampicillin

Sulfamethoxazole, Ciprofloxacin, ampicillin,

streptomycin, erythromycin, chloramphenicol,

tylosin tartrate, tetracycline, nalidixic acid

SPE using Oasis HLB

cartridges

Direct sorption

SPE using Oasis HLB

cartridges

SPE using Bond Elute

Plexa cartridges

SPE using MIP

SPE using Bond Elute

cartridges, sonication

Sonication, SPE using

Oasis HLB cartridges

SPE using Oasis HLB

Surface water

Surface water

Wastewater

Surface water

Wastewater

Wastewater

Wastewater and

surface water

Surface water

Johannesburg

Johannesburg

Durban

Johannesburg

Durban

Johannesburg

Durban

Durban

(Wood et al., 2015)

(Wooding et al., 2017)

(Abafe et al., 2018)

(Rimayi et al., 2018)

(Mtolo et al., 2019)

(Schoeman et al., 2015)

(Agunbiade and Moodley, 2016)

(Agunbiade and Moodley, 2014)




Sulfamethoxazole, sulfamethazine, trimethoprim Sonication, SPE using Wastewater Durban (Matongo et al., 2015a, 2015b)

Oasis HLB cartridges

*ARVDs given in the Table are those selected for investigation in this study, POCIS — Polar Organic Chemical Integrative sampler



These include those that belong to the classes of NSAIDs, ARVDs and antibiotics. Among
these pharmaceuticals, ARVDs are regarded as the least monitored in the world. This is due
to that ARVDs were only introduced into the human population in 1987 with zidovudine
administered as the first ARVD (Warnke et al., 2007). A concern with this is that as of 2018
there was over 20 million people consuming ARVDs with Ncube et al. (2018) predicting that
in 2016 alone, there was 21.1 tons of Atripla consumed worldwide (Ncube et al., 2018).
Studies have shown that these ARVDs are released into the environment as part of sewerage
from domestic wastewater. The environmental fate of these drugs is still not well understood.
There is a growing interest to monitor the occurrence of ARVDs in the aquatic environment.
Thus far, some ARVDs have been detected in surface water from two African countries which
are South Africa (Wood et al., 2015; Wooding et al., 2017) and Kenya (K’oreje et al., 2018,
2016, 2012; Ngumba et al., 2016). ARVDs have been detected in South Africa and has been
observed in the provinces of Gauteng, Western Cape and KwaZulu-Natal. However, unlike
other groups of pharmaceuticals, the interest to monitor ARVDs in South African water

resources started recently (in the last five years).

Statistics South Africa has reported an increase in the number of its citizens infected with the
human immune virus (HIV) in the year 2018 (Mid-year population estimates, 2018). The
number has surpassed 7 million people in 2018 with over 3 million people on the antiretroviral
program. This is of environmental concern because all the ARVDs used in these programs
have the potential to enter the environment as surface run-off and through sewerage into

WWTPs.

ARVDs have pKa values at the basic nitrogen ranging from -1.5 to 3.74 and 1.35 to 14.29 at

their acidic oxygen with low water solubility at 25°C (Table 1.2). However, their polar



functionalities lead to the failure of WWTPs to completely remove them during the water
purification process. This introduces ARVDs as part of WWTP effluents into the surface
water (Halling-Sgrensen et al., 1998). Direct disposal of ARVDs to the environment lead to
the contamination of water resources. As a result, several ARVDs have been found present in

in different WWTPs of Durban, KwaZulu-Natal (Abafe et al., 2018).



Table 1.2: Molecular structures and physicochemical properties of the selected antiretroviral drugs

Molecular Water  solubility pKa
weight (g molY)  (mg mL™?)
Compound Class Structure Strongest Strongest Human health side effects
Acidic Basic
Emtricitabine Nucleoside reverse - NH2 247.248 112 14.29 -3.1 Nephrogenic diabetes insipidus, Fanconi
transcriptase \f‘\ JN syndrome, nephrotoxicity and renal failure

inhibitor
-

OH
Tenofovir disoproxil ~ Nucleoside reverse {N;)”\(NHZ 519.443 13.12 18.59 4.13 Nephrogenic diabetes insipidus, Fanconi
transcriptase 0)0 N\V‘N syndrome, nephrotoxicity, renal failure and
1]
inhibitor OﬁO*cT’) bone loss
70/(0 )
| o
02\‘07
Efavirenz Non-nucleoside F_F 315.675 0.00855P 12.52 -15 Lipoatrophy, central nervous system
reverse P O\fo adverse effects, hypertriglyceridemia, rash
=
transcriptase NH and hepatotoxicity
inhibitor ct

2as a disoproxil fumarate salt. ® practically insoluble in water.
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Various techniques have been reported for the analysis of both ARVDs and NSAIDs as shown
in Table 1.1. It is noted that solid phase extraction (SPE) is the most common. Despite the
high extraction efficiencies reported for this technique, there is still no method accepted
universally. Generally, SPE using HLB cartridges is known to be non-selective (Dias and
Poole, 2002) extracting both hydrophilic and lipophilic compounds. The end result is
unfavourable detection limits. It is also noted that most studies have mentioned environmental
water samples. Thus, in this study the idea was to investigate the applicability of HF-LPME
as an extraction technique that can offer better selectivity and sensitivity in analysis of both
ARVDs and NSAIDs in complex matrices. The technique was also applied for the extraction
of both ARVDs and NSAIDs. The idea was also to investigate if aquatic plants have the
potential to accumulate these pharmaceuticals from polluted water sources. The potential of
this technique has been reported in the analysis of other polar analytes including muscimol in
human urine (Ncube et al., 2016), phenolic compounds from water samples and soil extracts
(Dolatto et al., 2016) as well as triazine herbicides in sea and transition water (Sime et al.,

2019).

While studies have reported which pharmaceuticals are quantified in surface water bodies,
possible strategies that can be used as remediation tools remain limited. We have published a
review article in the Journal of Environmental and Chemical Engineering (Paper 1, Section
4.1) in which we identified strategies that can be used for the removal of organic pollutants
such as NSAIDs whereby adsorbents have the potential of reducing contaminants in water
bodies. With synthesis of adsorbents rather proving a main challenge, natural approaches such
as phytoremediation also known as botanical bioremediation might be a solution. One of the
major points mentioned in the review is that the initiative to apply plant species such as Typha

spp and Scirpus validus in constructed wetlands for removal of NSAIDs from contaminated
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water has yielded promising results. However, this approach has been mostly investigated for
single analytes, whereas, in most cases, NSAIDs are simultaneously detected in water bodies.
The review further states that future studies should focus on the application of various plant
species for the simultaneous uptake of NSAID group from water. Using a variety of plants
enables for the understanding of the accumulation of the compounds as it differs significantly
with each species based on their anatomical, morphological, physiological and genetic
features (Lone et al., 2008). A review by Madikizela et al 2018 has given a better evaluation
of the uptake of pharmaceuticals by plants from water and soil. Their graphical abstract which
summarizes their findings (Fig 1.2) shows that plants that grow naturally in water bodies can
be used as phytoremediators of pharmaceuticals. In this study, the potential of Eichhornia
crassipes (known as the water hyacinth) to bioaccumulate the target compounds was

investigated.

Wastewater | Water Phyto-

effluent

Human
toxicity

<r { (] % —
& PN,
‘ | [_Direct disposal > &=

2208 Plant
rilg toxicity

Wastewater
sludge

Landfills

Figure 1.2: Disposal of pharmaceuticals into the environment and their transportation.

Adapted from (Madikizela et al., 2018a) with permission from Elsevier.
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1.2 TARGET PHARMACEUTICALS
1.2.1 Antiretroviral drugs
Highly active antiretroviral therapy has brought new hope for those individuals who are HIV
infected and has been proven to be the best combination in combating the multiplication of
HIV (Ncube et al., 2018). These antiviral drugs work by inhibiting the ability of the HIV virus
to replicate. This study focused on the analysis of emtricitabine, tenofovir disoproxil and
efavirenz in environmental samples. The three ARVDs form part of Atripla, a single-dose
combination pill recommended by WHO to be given to anyone diagnosed with HIV. Usually,
a person receiving HIV treatment takes two or more tablets every day, each drug attacks the
virus differently, and the combination is key. A single tablet regimen (STR) has several
advantages. The STR is easy to take and keep track as it is taken once daily at the same time
which works well for patient taking the pill. The lower pill burden and great adherence is
associated with better virological suppression, and STR can improve patient satisfaction. The
patient can take the pill anywhere without worrying about incorrectly counting the pills before
the intake which thus creates consistency in the intake of the pill (Hodder et al., 2010; Nachega
et al., 2014). The relevant physicochemical properties of the three ARVDs are summarized in

Table 1.2.

Emtricitabine (FTC) is a nucleoside reverse transcriptase inhibitor (NRTI) with a chemical
name of 5-fluoro-1-(2R, 5S)-[2-(hydroxymethyl)-1,3-oxathiolan-5-ylcytosine] corresponding
to the molecular formula CgH10FN3O3S. FTC is an equivalent of cytidine which differs from
other cytidine correspondents, since fluorine is in 5" position (Venkatesan and Kannappan,
2014). FTC is freely soluble in water and methanol with its physicochemical properties

outlined in Table 1.2.
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Tenofovir disoproxil (TD) is a pro-drug of tenofovir which is used in combination with FTC
and FTC/TD/EFV. TD is also an NRTI with a chemical name and molecular formula
C19H30NsO10P. TD is an active ingredient against chronic hepatitis B virus amongst its ability
to HIV. Chemically it is [[(2R)-1-(6-aminopurin-9-yl)propan-2-ylJoxymethyl-(propan-2-
yloxycarbonyloxymethoxy)phosphorylJoxymethyl propan-2-yl carbonate (Martindale,

2002).

Efavirenz belongs to a class known as the non-nucleoside reverse transcriptase inhibitors
(NNRTIs). Drugs in the NNRTI class block HIV from replicating within cells by binding near
reverse transcriptase active site and inhibiting polymerase activity. It is chemically described
as (S)-6-chloro-(cyclopropylethynyl)-1,4-dihydro-4-(trifluoromethyl)-2H-3,1-benzoxazin-2-
one, with a chemical formula C14HoCIF3NO? (Staff, 2008). EFV is practically insoluble in

water as shown in Table 1.2.

1.2.2 Non-steroidal anti-inflammatory drugs

NSAIDs are the most extensively used drugs that can be purchased over the counter for
remedial purposes. Hence they are responsible for approximately 5-10% of all medications
prescribed yearly (Onder et al., 2004). These drugs are used to treat and ease pain as well as
inflammation in different post-operative and arthritic situations. They are known for their
three main therapeutic actions which can be described as either anti-inflammatory, antipyretic
or analgesic (Kress et al., 2016; Modi et al., 2012; Smith, 2014). Naproxen, fenoprofen,
diclofenac and ibuprofen are classified as weak organic acids (Table 1.3) with acid

dissociation constants (pKa) extending from 4.15 to 4.91 (Lindqvist et al., 2005), with their
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octanol-water partition coefficients (Kow) ranging between 0.7 and 3.97 (Behera et al., 2011).
The properties of these compounds include their polar nature and high water solubility at
neutral pH which could possibly cause a strain in their removal efficiency in the sewage

treatment processes (Dahane et al., 2013; Koutsouba et al., 2003; Larsson et al., 2009).

NSAIDs act by inhibiting a cyclooxygenase (COX) trail through hindering the making of the
prostaglandins. Two of three existing Amongst the three existing COX enzymes two are
associated to the biological activity of NSAIDs. COX-1 enzyme in this case plays a role in
production of prostaglandins that act as the intestine protector and stomach lining. COX-2
enzyme is correlated to the production of prostaglandins that are linked with inflammation.
COX-2 is consequently induced by endotoxins, cytokines and mitogens (Manrique-Moreno
et al., 2016). Like any other pharmaceuticals, NSAIDs exhibits several side effects after long
term exposure or incorrect usage. Common side effects of NSAIDs include stomach pain,
heart burn, stomach ulcers, headaches and dizziness (Auriel et al., 2014). To some extent,
tendency to bleed and liver or kidney problem (Horl, 2010). Each NSAID has its own common

side effects as documented in the following paragraphs.

Naproxen (NAP) is in the propionic acid class and is sold under the brand name Naprosyn
among others. It is was patented in 1967 and was approved for medical use in the United
States in 1976. NAP was approved for over the counter medication in 1994 and is widely used
for the treatment of menstrual cramps, rheumatoid arthritis, pain and inflammation and fever
(Brutzkus and Varacallo, 2018). Off label uses of NAP include first abortive medication for
the treatment of acute migraines (Schafer, 1999), NAP is a non-selective COX-inhibitor

(Manrique-Moreno et al., 2009).
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Fenoprofen (FENO)is a propionic acid nonsteroidal anti-inflammatory agent. Its effectiveness
is similar to other NSAIDs, although it may be more nephrotoxic. Since fenoprofen displays
significant antiplatelet activity, it may be of value in lessening the incidence of temporary
ischemic attacks. The calcium salt is used clinically for the management of mild to moderate

pain, and for relief of inflammatory disorders such as arthritis (Brogden et al., 1977).

Diclofenac (DICLO) is the most widely prescribed NSAID worldwide and was first
formulated in 1973 with a number of new diclofenac-containing drugs. (Altman et al., 2015;
McGettigan and Henry, 2013). DICLO, similar to other NSAIDs, is associated with an
increased risk of serious dose-related gastro intestinal, speech impediment and renal side

effects.

Ibuprofen (IBU) is chemically known as (2RS)-1[4-(2-methyl propyl) phenyl] propionic acid.
Ibuprofen was the first in propionic acid derivatives to be introduced in 1969 as a better
substitute to Aspirin. Gastric uneasiness, vomiting and nausea, even though its strength is less
than aspirin or indomethacin, they are still the most shared side effects. Ibuprofen is one of
the mostly used and frequently prescribed NSAID. It is also a non-selective inhibitor of COX-
1 and COX-2. Even though its anti-inflammatory properties may well be weaker than those
of some other NSAIDs, it has a prominent antipyretic and analgesic role (Abraham et al.,

2005; Manrique-Moreno et al., 2016).

The physicochemical properties of non-steroidal anti-inflammatory drugs are summarized in

Table 1.3.
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Table 1.3 Molecular structures and physicochemical properties of the selected non-steroidal

anti-inflammatory drugs.

Compound  Structure Water solubility @ pKa xlogP3 log Kow
25°C (mg LY
Ibuprofen CHj; 58 491 35 35
CH3 OH
e}
HsC
Naproxen CHs 44 4.15 3.3 3.18
0
e ST T
Diclofenac Cl 10 4.15 44 451
; )
Cl H OH
|
O
Fenoprofe 45 3.3 -

n

OH 81
i: ~ Hgo
(0]
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1.3 HOLLOW FIBER LIQUID PHASE EXTRACTION

1.3.1 Principle of the hollow fiber liquid phase microextraction technique

The HF-LPME technique encompasses the transfer of analytes from a donor phase (DP)
which is the aqueous sample, where they are in their neutral forms across a liquid membrane
on the pores of a hollow fiber. An acceptor phase (AP) is placed inside the lumen of the fiber
which therefore accepts the analytes through dissemination and ionisation processes
(Chimuka et al., 2010). In this context, supported liquid membrane extraction (SLME) was
employed in this study as this is the widely used type of a three-phase membrane-based
extraction in analytical chemistry (Larsson et al., 2009; Lee et al., 2008; Mtibe et al., 2012).
SLME involves the use of three different phases, which is the DP, AP, and the supported
liquid membrane (SLM) which is an organic solvent. After the extraction process, the extract
is either diluted or directly injected into an analytical instrument mostly chromatographic
techniques which separate the extracted compounds, followed by their identification and
quantification. Trapping the analytes in the acceptor solution is vital for the three-phase liquid
membrane extraction process. It is also vital to optimize the acceptor conditions and then to

obtain the desired selectivity and high enrichments for target compounds.

1.3.2 Advantages of the HF-LPME

Chemists around the globe are striving to perform greener, time-effective, inexpensive,
sensitive, convenient and accurate analytical methods. In this regard, HF-LPME is viewed as
one of the sample preparation techniques that are rapid as it could be done without any further
sample clean-up or pre-concentration step (Nomngongo et al., 2014). Furthermore, this
technique is recognised as a greener sample preparation method as it uses trace amounts of

organic solvents (Bello-Lopez et al., 2012; Payén et al., 2011). During the extraction process,
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the AP and the DP do not mix up thus minimal solvent volumes are required. In HF-LPME
process, the enrichment factors are improved due to the ratio of the sample to acceptor-volume
which is increased with the DP volume ranging from 50 pL to 1 L while the AP is usually
less than 30 uL (Hadjmohammadi and Ghambari, 2012; Larsson et al., 2009; Ncube et al.,
2016; Saleh et al., 2011). Since this is a pre-concentration step, this therefore affords

enhancement in sensitivity of the analytical methods.

1.3.3 Supported liquid membrane extraction- a three-phase carrier mediated

extraction

In SLM extractions, the barrier between AP and DP is the fixed organic solvent embedded in
pores of the hollow fiber (Figure 1.3). The organic solvents used must be immiscible in the
acceptor and donor phases to prevent mixing of the two phases during the extraction process.
The most commonly employed solvents are hydrocarbons with long chains such as n-
undecane and less polar compounds comparable to dihexyl ether (DHE) (Al Azzam et al.,
2010; Saaid et al., 2009). The analytes must exist in both non-ionic and ionic form on the DP
and the AP, correspondingly. So, SLM extraction is appropriate for ionizable compounds and
providing selective enrichments (Chimuka et al., 2010; Ncube et al., 2016). The selectivity

can be modified by fine-tuning the settings in the three phases as seen in Figure 1.3.
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Figure 1.3: Hollow fiber supported liquid membrane extraction.

Enrichment factors in the HF-LPME technique which represent extraction efficiency (E) can

be described using Equation 1.1;

E=Ca/Cp (1.1)

The extraction efficiency of HF-LPME technique can also be defined using Equation 1.2;

E= (ma/mp)*100% - (Ca*Va/(Cp*Vp))*100% = E* (Va/Vp)*100% (1.2)

where, Ca and ma represents the concentration and mass of the analyte at equilibrium in the
acceptor phase, respectively. Cp and mp represents the concentration and analyte mass at
mitial stage in the donor phase, respectively. va and vp are the volumes of AP and DP,

respectively (Es’hagi and Fasihi-Rad, 2016).
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1.3.4 Critical parameters of HF-LPME

Since sample preparation is reliant on analyte and matrix effects, an appropriate optimization
procedure on preparation parameters is essential. A proper understanding of the desired
extraction sequence during a HF-LPME process allows one to focus on optimizing essential
parameters that lead to a successful extraction. Chimuka et al. 2010 clearly scrutinized the
parameters that are deemed critical and need to be optimized when analysing ionizable
compounds using an SLM extraction technique. The parameters are derived from the mass
transfer kinetics associated with HF-LPME (Chimuka et al., 2010). The aqueous phase pH
needs to be optimized so that the analyte preserves its electrical neutrality in the DP and be
present as an ionized compound in the AP to avoid back-extraction (Chimuka et al., 2010;
Ebrahimzadeh et al., 2011; Hadjmohammadi and Ghambari, 2012; Ptotka-Wasylka et al.,
2016). To maintain the neutrality of a basic compound that ionizes at low pH, its solubility
within the DP is reduced and the DP pH is thus attuned to basic conditions (Chimuka et al.,
2011; Lee et al., 2008; Payan et al., 2011). The latter is applied for acidic compounds where
the DP must be acidic while the AP is basic. If the pKa value of the analyte is known, the pH
value of the AP that presents the maximum extraction can be estimated. Similarly, the pH
value of the DP that improves transfer to the AP can also be predicted (Chimuka et al., 2011;

Runfola et al., 2018)

For efficient extraction of acidic analytes, the AP pH should be kept well above (3.3 units
higher) the least pKa value, causing the analytes to be deprotonated. This will enforce only
neutral species to diffuse through the membrane and become trapped as well as enriched in
the AP (Ncube et al., 2016). The pH of the sample (DP) must be adjusted to 2.2 units below

of the most acidic compound and 2.2 units above the pKa of the most basic compound
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(Chimuka et al., 2010). These predictions allow for a focussed optimization that is merely

meant to formally verify the best pH of the DP and AP.

The nature of supported liquid phase is also essential in HF-LPME depending on the polarity
of the analyte and thinness of the supporting membrane. The embedded solvent must be
immiscible in the DP, have low solubility in water and the AP and be easily immobilized in
the HF pores. Most studies have used dihexyl ether (Al Azzam et al., 2010; Ncube et al., 2016;
Saaid et al., 2009) and n-decane (Al Azzam et al., 2010; Alguacil et al., 2009; Gonzéalez et al.,
2018) as a solvent of choice for efficiency extraction. Also, Chimuka et al. 2010 outlined
these solvents as the most effective SLM (Chimuka et al., 2010). Stirring of the aqueous
solution has shown to increase the extraction efficiency and reduce the extraction time by
continuously exposing the extraction and diffusion surfaces of the membrane to fresh aqueous
sample in the DP and the small volume of the AP, respectively. The sample solution is
continually stirred for a specific time in order to initiate the mass transfer of analytes.
Whereas, an increase in the stirring speed is attributed to fast diffusion of analytes. However
excess vigorous shaking can lower extraction efficiencies because of loss of the SLM, solvent
evaporation or creation of air bubbles that accumulate on fiber surface (Al Azzam et al., 2010;
Chimuka et al., 2010; Pena-Pereira et al., 2010). Extraction can also be affected by several
non-vital factors which include salting out effect and extraction temperature (Bello-Lopez et
al., 2012; Chimuka et al., 2010; Saaid et al., 2009). Overall, for efficient extraction the
optimization of several parameters is carried out. This can be done by optimizing one
parameter at a time while other experimental conditions are kept constant. Also, a multivariate
approach (applied in this study and discussed in the following section) has been applied for
several analytes (Alsharif et al., 2019; Ncube et al., 2016; Nomngongo et al., 2014; Tajabadi

etal., 2016).
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1.4 MULTIVARIATE DESIGN OF EXPERIMENTS

Multivariate statistical techniques allow the simultaneous study of several experimental
variables and the development of mathematical models that allow the evaluation of the
relevance and statistical significance of factors being studied (Abulhassani et al., 2010). Also,
multivariate experiments minimize the amount of work a researcher has to conduct by
learning and predicting the interrelation of the variables that might affect the process output
(Nomngongo et al., 2014). Unlike one-factor-at-a-time optimization approach, which
involves optimizing only a single factor while keeping the other factors constant, multivariate
approach allows for interaction between two or more factors using a trial and error tactic

(Ncube et al., 2016).

A multivariate strategy involves two important steps: initial screening of all factors and
optimization of significant factors. In this study, Minitab 17; a universal purpose statistical

analysis tool was used for experimental design and analysis.

1.4.1 Factorial and Fractional designs

A factorial design is used to determine the simultaneous interaction of numerous factors and
their combined effect on the outcome of the experiment, an initial screening is conducted
using factorial design (Atkinson et al., 2007; Franceschini and Macchietto, 2008). Fractional
design aim to evaluate the significance of each factor on the outcome of the experiment. The
researcher can either choose to run a full factorial or rather a fraction of the factorial designs.
A full factorial design is a design where the response of all combinations of the factor levels
are measured by the researcher (Chadly et al., 2019). Minitab offers two types of full factorial

designs, a 2-level factorial design denoted by 2%, where k is the number of factors. For
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example, when a number of factors to be measured equals 7 that requires 128 runs. Whereas
a half-fraction, a half-factorial would require half of those runs. A fractional design conducts
only a selected fraction of the runs in the full factorial design. This design saves time and also
should be the primary choice when there are limited resources because it uses fewer runs. In
a fractional factorial design, some of the main factor effects and 2-way interactions are
confounded thus cannot be separated from effects of higher order interactions (Sahu et al.,
2018; Tajabadi et al., 2016). In this study, the focus was on the 2-level half-fractional factorial
design where each factor has only two levels. The 2-level factorial designs provide useful
information about the factor effects and also can identify major trends for relatively fewer
runs and thus gives space for any additional experiments that might be needed (Sahu et al.,

2018).

In this regard, experimental variables and their levels in chemometric design are predicted
according to literature or the nature of the optimized method. These levels are denoted by (-
and +) which are lower and upper value, respectively for a two-level design. Another design
known as a three-level design includes, (-, 0 and +) which are upper, central and lower value,
respectively. The limits are investigated by the researcher during preliminary studies. For
example, the investigation of effect of time in a 2-level design could be 60 and 180; whereas

a three-level would be 60, 120 and 180.

1.4.2 Design generators for 2-level designs and resolution in a factorial design

The design generators control just how the fraction (or subset of runs) is carefully chosen
from the full set of runs in a fractional factorial design. Usually, when a researcher does a
fractional factorial design, some of the factors are confounded as such they cannot be
estimated separately from each other. Therefore, a highest possible design resolution for the
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amount of fractionation is required. A design resolution describes how much the effects in a
fractional factorial design can be effectively predicted with other effects. Usually, a fractional
factorial design with the highest possible resolution for the amount of fractionation is
required. So, a design where the main effects are confounded with 3-way interactions
(Resolution V) instead of a design where main effects are confounded (meaning, they cannot
be estimated separately from each other) with 2-way interactions (Resolution I1) is mostly
utilised (Sahu et al., 2018) whereas Resolution V has no main effects but 2-factor interactions
which are aliased with 3-factor interactions . The most common resolutions are 111, IV and V

(Nageeb El-Helaly et al., 2018).

1.4.3 Optimization of main factors using response surface designs

To better understand and optimize the responses, a response surface design (RSD) is used in
this regard. RSD is an advanced design of experiments that are often used to refine models
after vital factors have been determined during screening (Myers et al., 2016). The difference
between equations of the RSD and factorial design is the addition of the quadratic term that
allow for modelling of the curvature in the response. This makes them useful for
understanding the region of the surface response and thus how changes in variables affects
the response of interest (Bezerra et al., 2008; Carley et al., 2004). Also, the curvature in the
response allows for selection of the operating conditions for each factor to meet specifications

and finding the levels of factors that optimize a response.

There are two main types of RSD, the central composite designs (CCD) and the Box-Behnken
designs. CCD is the mostly used design as it can fit a full quadratic model up to 5 levels per
factor (Veljkovi¢ et al., 2018). A CCD needs to be rotatable and spherical. This is vital

because, if the level points are equidistant from the centre of the design and thus the axial
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points then the rotatability of the responses from levels becomes constant. The number of
levels per variable depends solely on an alpha (o) value (Mertler and Reinhart, 2018). The
alpha value represents positions of some star (or axial) points on both axis of the design as
shown in Figure 1.4. Rotatability requires that o > 1 while sphericity is defined by Equation
1.3; @ = 'k, where k is the number of vital factors (Atkinson et al., 2007). For example, when
there are 4 factors, a =4 = +2. This therefore gives factor level of 5 per factor at -2, -1, 0,
1 and 2 with zero the mid-range value. This implies that if time was set to have a lower and
upper limit of 20 and 60, then the level would be 20,30,40,50 and 60. The same approach is

used for all factors.

The CCD is investigated experimentally by allowing for the pairing of vital factors according
to the extent of their response or effect (Alsharif et al., 2019). The interaction of effects
between these factors is investigated using response surface models. In order to visualize the
response surface, contour plots, optimization plots and surface plots are used. Therefore,
estimation of the optimum factor values for each paired factor plots are thus predicted using

the empirical quadratic response surface by computing Equation 1.4.

y = bO + b1x1 + bzxz + blle + bszzZ + b12X1x2 + & (14)

where y is the average enrichment factor, bo the intercept parameter, b; are the regression
parameters for linear factor effects, b1z are the regression parameters for interaction factor
effects, b1 and by, are the regression parameters for quadratic factor effects, x; and x, are

the paired factors and ¢ is the residual linked to the experiments (Sahoo and Gupta, 2012).
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Figure 1.4: Star points for a 22 factorial as given by +a on the axial lines. Modified from

https://onlinecourses.science.psu.edu/stat503/node/59

The point of curvature shows the optimum value of the effects and can be considered as a
; ; ial derivatives 0Y1/. = 0. 9Y2 6yis  _
stationary point where the partial derivatives /(le =0, /(sz ......... ‘/le_ = 0. The

optimum response can be a saddle point, a minimum point or a maximum point as given away

in Figure 1.5.

Figure 1.5: Mesh contour plots showing a saddle point (a), a minimum point (b) and a

maximum point (c). Modified from https://onlinecourses.science.psu.edu/stat503/node/59
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1.4.4 Desirability functions

A desirability function is a utility function that is used to determine the accuracy of the
response. Also, the model is designed to measure how the optimized factor value satisfies the
targeted response. In desirability studies, a response output is assigned a desirability function
denoted by di yi where y; is the i response. The di yi values range from zero to one. A di yi
value of one denotes an ideal situation while zero implies unacceptable settings. This range is
dependent on setting a lower limit and a target value, or a target value and an upper limit, or

both for the i response depending on the goal of the method as shown in Figure 1.6.

Figure 1.6: Plots of desirability functions when the goal is to maximize the set response
value (a), the goal is to minimize the set response value (b) or the goal is to set a target value

for the response (c).

Each plot has its own mathematical definition. When the goal is to maximize the response

and the desirability was defined as shown in Equation 1.5.

diyi = {2 [y = /(T = ° Yi<L L<yi<Tandyi>T (L5)
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Here, T is the target value, L the set lower limit, yi the i response and o the weight of the
factor. For a vital factor, o is set to one and the d; yi function is linear. Almost all optimizations
follow the w<I route where emphasis is on getting a value close to the optimum. The w>1
approach requires that the target be achieved at all costs. In cases where di yi, the response i
is below the set limit. Most desirability values are acceptable when di yi. A desirability
function in which the effectiveness of an optimum point of two vital points is evaluated is
called an individual desirability function because a single response is affected. A problem
arises where the effect of several factors and factor levels on multiple responses are to be

investigated.

Each response output will have its own optimum factor values different from the optimum
values for the other responses. This creates a practical concern as what is optimum for
extraction of one compound cannot be optimum for the other compounds. This leads to a
conflict of optimum settings considering that the aim of this research was to simultaneously
optimize extraction of three compounds with different physicochemical properties. A
balanced scenery that would give the most appropriate response values for all the analytes has
to be found. The composite desirability approach is used to compromise the factor values in

order to satisfy an optimized response output.

A composite desirability function, D(Y) evaluates how the overall universal settings affect a
set of responses. It gives an estimate of having a single factor value on multiple responses. It
is therefore a function of the responses under a single compromised value. The choice of
universal main factor levels is dependent on the importance of each response and the purpose
of the design experiment. The acceptability of the universal experimental conditions is
confirmed by using a compound desirability function calculated as a geometric mean of the

individual desirabilities (Equation 1.6).
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D(Y) = (d1 y1.d2 y....dm Ym)"™ (1.6)

Where D(Y) is the compound desirability, d;y; is the individual desirability as the optimum

factor value is changed and m is the number of responses.

1.5 PROBLEM STATEMENT AND MOTIVATION

There is currently an excessive disposal of pharmaceuticals that include ARVDs and NSAIDs
into water resources. As shown in Figure 1.2, pharmaceuticals are transported into various
forms of water bodies such as wastewater, surface water, etc. Unlike other organic pollutants
of emerging concern, ARVDs are least monitored in the aquatic environment with few cases
reported on their presence in South African water resources compared to other
pharmaceuticals such as NSAIDs (Abafe et al., 2018; Mosekiemang et al., 2019; Mtolo et al.,
2019; Rimayi et al., 2018; Schoeman et al., 2017, 2015; Wood et al., 2015; Wooding et al.,
2017). It is of importance for more monitoring of ARVDs in the South African environment
as this is a country with the largest antiretroviral treatment program in the world (Ncube et
al., 2018). Furthermore, South African rivers receive high loads of pharmaceuticals that are
discharged as part of effluents from WWTPs (Madikizela et al., 2017; Schoeman et al., 2017;

Zunngu et al., 2017).

In literature, pharmaceuticals have been described as a group of compounds that can be easily
taken up by plants including vegetables through the application of contaminated water for
irrigation or the plantation of crops using sludge as the fertilizer (Muchuweti et al., 2006;
Rahube et al., 2016). This poses health risks to humans and animals that consume these crops.
The plant uptake of pharmaceuticals from contaminated water shows the potential of using

plants for the reduction of water pollutants through the process of phytoremediation. In a
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review article presented by Madikizela et al. (2018), plant species that have the ability to take-
up pharmaceuticals from water bodies have been discussed. The review article also presented
the various pharmaceuticals that have been reported in literature to be taken-up by plant
species. In the context of South African water resources, water hyacinth which is scientifically
known as Eichhornia crassipes has been reported to be capable of reducing NSAIDs
(ibuprofen, naproxen and diclofenac) from contaminated water (Sibeko et al., 2019). Water
hyacinth is a plant species that is invading several water resources in South Africa. The plant
grows quickly with its roots floating freely in water and covers several dams and rivers in the
country, thereby, blocking out sunlight and cause stress in most aquatic animals. Thus far,
there is only one South African study available in literature which reported the plant uptake
of NSAIDs from contaminated rivers in KwaZulu-Natal (Sibeko et al., 2019). Therefore, due
to recent reports that indicated the occurrence of ARVDs in KwaZulu-Natal environmental
waters (Abafe et al., 2018; Rimayi et al., 2018), there is a strong need to investigate the ability

of water hyacinth to reduce the quantity of ARVDs in the aquatic environment.

The development and application of sensitive analytical procedures is required in order to
accurately monitor the occurrence of ARVDs in aquatic environments and plants. This is
important as the concentrations of ARVDs in the environment is low, which requires their
isolation and pre-concentration prior to the identification and quantitation on a suitable
analytical technique. This was addressed in the current study by isolating ARVDs from
aquatic plants using microwave assisted extraction technique. ARVDs were then pre-
concentrated using HF-LPME prior to their quantitation on LC-MS. Accordingly, ARVDs
were extracted and enriched from water samples using HF-LPME. Thereafter, LC-MS
analysis was performed for chromatographic separation, identification and quantitation of

ARVDs and NSAIDs present in environmental samples.

31



References

(EMA), E.M.A., 2017. Assessment report, Committee for Medicinal Products for Human Use

(CHMP).

Abafe, O.A., Spath, J., Fick, J., Jansson, S., Buckley, C., Stark, A., Pietruschka, B.,
Martincigh, B.S., 2018. LC-MS/MS determination of antiretroviral drugs in influents
and effluents from wastewater treatment plants in KwaZulu-Natal, South Africa.

Chemosphere 200, 660-670. https://doi.org/10.1016/j.chemosphere.2018.02.105

Abraham, P., Indirani, K., Desigamani, K., 2005. Nitro-arginine methyl ester, a non-selective
inhibitor of nitric oxide synthase reduces ibuprofen-induced gastric mucosal injury in the

rat. Dig. Dis. Sci. 50, 1632-1640. https://doi.org/10.1007/s10620-005-2908-y

Abulhassani, J., Manzoori, J.L., Amjadi, M., 2010. Hollow fiber based-liquid phase
microextraction using ionic liquid solvent for preconcentration of lead and nickel from
environmental and biological samples prior to determination by electrothermal atomic
absorption spectrometry. J. Hazard. Mater. 176, 481-486.

https://doi.org/10.1016/J.JHAZMAT.2009.11.054

Adityosulindro, S., Barthe, L., Gonzalez-Labrada, K., Jauregui Haza, U.J., Delmas, H.,
Julcour, C., 2017. Sonolysis and sono-Fenton oxidation for removal of ibuprofen in
(waste)water. Ultrason. Sonochem. 39, 889-896.

https://doi.org/10.1016/j.ultsonch.2017.06.008

Adityosulindro, S., Julcour, C., Barthe, L., 2018. Heterogeneous Fenton oxidation using Fe-
ZSMb5 catalyst for removal of ibuprofen in wastewater. J. Environ. Chem. Eng. 6, 5920

5928. https://doi.org/10.1016/j.jece.2018.09.007

32



Agunbiade, F.O., Moodley, B., 2016. Occurrence and distribution pattern of acidic
pharmaceuticals in surface water, wastewater, and sediment of the Msunduzi River,
Kwazulu-Natal, South  Africa. Environ. Toxicol. Chem. 35, 36-46.

https://doi.org/10.1002/etc.3144

Agunbiade, F.O., Moodley, B., 2014. Pharmaceuticals as emerging contaminants in Umgeni
River water system, KwaZulu-Natal, South Africa. Environ. Monit. Assess. 186, 7273—

7291. https://doi.org/https://doi.org/10.1007/s10661-014-3926-z

Ahmed, M.B., Zhou, J.L., Ngo, H.H., Guo, W., Thomaidis, N.S., Xu, J., 2017. Progress in the
biological and chemical treatment technologies for emerging contaminant removal from
wastewater: A critical review. J. Hazard. Mater. 323, 274-298.

https://doi.org/10.1016/j.jhazmat.2016.04.045

Ahmed, M.J., 2017. Adsorption of non-steroidal anti-inflammatory drugs from aqueous
solution using activated carbons: Review. J. Environ. Manage. 190, 274-282.

https://doi.org/10.1016/j.jenvman.2016.12.073

Akkari, M., Aranda, P., Belver, C., Bedia, J., Ben Haj Amara, A., Ruiz-Hitzky, E., 2018.
ZnO/sepiolite heterostructured materials for solar photocatalytic degradation of
pharmaceuticals in  wastewater.  Appl. Clay Sci. 156, 104-109.

https://doi.org/10.1016/J.CLAY.2018.01.021

Al-Hamadani, Y.A.J., Jung, C., Im, J.K., Boateng, L.K., Flora, J.R.V., Jang, M., Heo, J., Park,
C.M., Yoon, Y., 2017. Sonocatalytic degradation coupled with single-walled carbon
nanotubes for removal of ibuprofen and sulfamethoxazole. Chem. Eng. Sci. 162, 300

308. https://doi.org/10.1016/j.ces.2017.01.011

33



Al-Hamadani, Y.A.J., Lee, G., Kim, S., Min, C., Jang, M., Her, N., Han, J., Kim, D., Yoon,
Y., 2018. Sonocatalytic degradation of carbamazepine and diclofenac in the presence of
graphene  oxides in aqueous solution. Chemosphere 205, 719-727.

https://doi.org/10.1016/j.chemosphere.2018.04.129

Al-Khateeb, L.A., Hakami, W., Salam, M.A., 2017. Removal of non-steroidal anti-
inflammatory drugs from water using high surface area nanographene: Kinetic and
thermodynamic studies. J. Mol. Liq. 241, 733-741.

https://doi.org/10.1016/j.molliq.2017.06.068

Al Azzam, K.M., Makahleah, A., Saad, B., Mansor, S.M., 2010. Hollow fiber liquid-phase
microextraction for the determination of trace amounts of rosiglitazone (anti-diabetic
drug) in biological fluids using capillary electrophoresis and high performance liquid
chromatographic methods. J. Chromatogr. A 1217, 3654-3659.

https://doi.org/10.1016/j.chroma.2010.03.055

Alguacil, F.J., Alonso, M., Lopez, F.A., Lopez-Delgado, A., 2009. Application of pseudo-
emulsion based hollow fiber strip dispersion (PEHFSD) for recovery of Cr(lll) from
alkaline solutions. Sep. Purif. Technol. 66, 586-590.

https://doi.org/10.1016/J.SEPPUR.2009.01.012

Ali, 1., Al-Othman, Z.A., Alwarthan, A., 2016. Synthesis of composite iron nano adsorbent
and removal of ibuprofen drug residue from water. J. Mol. Lig. 219, 858-864.

https://doi.org/10.1016/j.mollig.2016.04.031

Ali, S.N.F., Al-busa, S., Al-lawati, H.A.J., 2019. Adsorption of chlorpheniramine and
ibuprofen on surface functionalized activated carbons from deionized water and spiked
hospital wastewater. J. Environ. Chem. Eng. 7, 102860.

34



https://doi.org/10.1016/j.jece.2018.102860

Alsharif, AM.A., Choo, Y.M., Tan, G.H., Abdulra’uf, L.B., 2019. Determination of
Mycotoxins Using Hollow Fiber Dispersive Liquid-Liquid—Microextraction (HF-
DLLME) Prior to High-Performance Liquid Chromatography-Tandem Mass
Spectrometry  (HPLC - MS/MS). Anal. Lett. 52, 1976-1990.

https://doi.org/10.1080/00032719.2019.1587766

Altman, R., Bosch, B., Brune, K., Patrignani, P., Young, C., 2015. Advances in NSAID
development: Evolution of diclofenac products using pharmaceutical technology. Drugs

75, 859-877. https://doi.org/10.1007/s40265-015-0392-z

Altmann, J., Ruhl, A.S., Zietzschmann, F., Jekel, M., 2014. Direct comparison of ozonation
and adsorption onto powdered activated carbon for micropollutant removal in advanced
wastewater treatment. Water Res. 55, 185-193.

https://doi.org/10.1016/j.watres.2014.02.025

Amdany, R., Chimuka, L., Cukrowska, E., 2014. Determination of naproxen, ibuprofen and
triclosan in wastewater using the polar organic chemical integrative sampler (POCIS): A
laboratory calibration and field application. Water SA 40, 407-414.

https://doi.org/10.4314/wsa.v40i3.3

Amdany, R., Moya, A., Cukrowska, E., Chimuka, L., 2015. Optimization of the Temperature
for the Extraction of Pharmaceuticals from Wastewater by a Hollow Fiber Silicone

Membrane. Anal. Lett. 48, 2343-2356. https://doi.org/10.1080/00032719.2015.1033722

Andrea, M., Franco, E. De, Carvalho, C.B. De, Bonetto, M.M., Soares, R.D.P., F, L.A., 2018.

Diclofenac removal from water by adsorption using activated carbon in batch mode and

35



fi xed-bed column : Isotherms , thermodynamic study and breakthrough curves modeling

181. https://doi.org/10.1016/j.jclepro.2018.01.138

Ansari, S., Karimi, M., 2017. Novel developments and trends of analytical methods for drug
analysis in biological and environmental samples by molecularly imprinted polymers.

TrAC - Trends Anal. Chem. 89, 146-162. https://doi.org/10.1016/j.trac.2017.02.002

Apriceno, A., Luisa, M., Girelli, A.M., Scuto, F.R., 2019. Chemosphere A new laccase-
mediator system facing the biodegradation challenge : Insight into the NSAIDs removal

215, 535-542. https://doi.org/10.1016/j.chemosphere.2018.10.086

Aris, A.Z., Shamsuddin, A.S., Praveena, S.M., 2014. Occurrence of 17a-ethynylestradiol
(EE2) in the environment and effect on exposed biota: a review. Environ. Int. 69, 104—

119. https://doi.org/10.1016/J.ENVINT.2014.04.011

Arora, D.S., Sharma, R.K., 2010. Ligninolytic fungal laccases and their biotechnological
applications. Appl. Biochem. Biotechnol. 160, 1760-1788.

https://doi.org/10.1007/s12010-009-8676-y

Asif, M.B., Hai, F.l., Singh, L., Price, W.E., Nghiem, L.D., 2017. Degradation of
Pharmaceuticals and Personal Care Products by White-Rot Fungi—a Critical Review.

Curr. Pollut. Reports 3, 88-103. https://doi.org/10.1007/s40726-017-0049-5

Atkinson, A.C., Donev, A.N., Tobias, R.D., 2007. Optimum Experimental Designs, with

SAS, Oxford University Press. https://doi.org/10.2307/2533349

Auriel, E., Regev, K., Korczyn, A.D., 2014. Chapter 38 - Nonsteroidal anti-inflammatory
drugs exposure and the central nervous system, in: Biller, J., Ferro, J.M.B.T.-H. of C.N.

(Eds.), Neurologic Aspects of Systemic Disease Part I. Elsevier, pp. 577-584.

36



https://doi.org/https://doi.org/10.1016/B978-0-7020-4086-3.00038-2

Avila, C., Garcia, J., 2015. Pharmaceuticals and Personal Care Products (PPCPs) in the
Environment and Their Removal from Wastewater through Constructed Wetlands,
Comprehensive Analytical Chemistry. Elsevier. https://doi.org/10.1016/B978-0-444-

63299-9.00006-5

Avila, C., Pedescoll, A., Matamoros, V., Bayona, J.M., Garcia, J., 2010. Capacity of a
horizontal subsurface flow constructed wetland system for the removal of emerging
pollutants:  An  injection  experiment. = Chemosphere 81,  1137-1142.

https://doi.org/10.1016/J.CHEMOSPHERE.2010.08.006

Avila, C., Reyes, C., Bayona, J.M., Garcia, J., 2013. Emerging organic contaminant removal
depending on primary treatment and operational strategy in horizontal subsurface flow
constructed  wetlands:  Influence of redox. Water Res. 47, 315-325.

https://doi.org/10.1016/j.watres.2012.10.005

Azzouz, A., Ballesteros, E., 2012. Combined microwave-assisted extraction and continuous
solid-phase extraction prior to gas chromatography — mass spectrometry determination
of pharmaceuticals , personal care products and hormones in soils , sediments and sludge.

Sci. Total Environ. 419, 208-215. https://doi.org/10.1016/j.scitotenv.2011.12.058

Baccar, R., Sarra, M., Bouzid, J., Feki, M., Blanquez, P., 2012. Removal of pharmaceutical
compounds by activated carbon prepared from agricultural by-product. Chem. Eng. J.

211-212, 310-317. https://doi.org/10.1016/j.cej.2012.09.099

Bahamon, D., Carro, L., Guri, S., Vega, L.F., 2017. Computational study of ibuprofen

removal from water by adsorption in realistic activated carbons. J. Colloid Interface Sci.

37



498, 323-334. https://doi.org/10.1016/j.jcis.2017.03.068

Balakrishna, K., Rath, A., Praveenkumarreddy, Y., Guruge, K.S., Subedi, B., 2017. A review
of the occurrence of pharmaceuticals and personal care products in Indian water bodies.
Ecotoxicol. Environ. Saf. 137, 113-120.

https://doi.org/10.1016/J.ECOENV.2016.11.014

Banerjee, P., Das, P., Zaman, A., Das, P., 2016. Application of graphene oxide nanoplatelets
for adsorption of Ibuprofen from aqueous solutions: Evaluation of process kinetics and
thermodynamics. Process Saf. Environ. Prot. 101, 45-53.

https://doi.org/10.1016/j.psep.2016.01.021

Baranowska, ., Kowalski, B., 2012. A rapid UHPLC method for the simultaneous
determination of drugs from different therapeutic groups in surface water and
wastewater. Bull. Environ. Contam. Toxicol. 89, 8-14. https://doi.org/10.1007/s00128-

012-0634-7

Baranowska, 1., Wilczek, A., Michat, K., Baranowski, J., 2013. Development and validation
of RP-HPLC-DAD method for determination of nine drugs and their eleven metabolites
in plasma and urine: Plasma samples measurements. J. Lig. Chromatogr. Relat. Technol.

36, 1597-1615. https://doi.org/10.1080/10826076.2012.695309

Barfi, B., Asghari, A., Rajabi, M., Goochani Moghadam, A., Mirkhani, N., Ahmadi, F., 2015.
Comparison of ultrasound-enhanced air-assisted liquid-liquid microextraction and low-
density solvent-based dispersive liquid-liquid microextraction methods for
determination of nonsteroidal anti-inflammatory drugs in human urine samples. J.

Pharm. Biomed. Anal. 111, 297-305. https://doi.org/10.1016/j.jpba.2015.03.034

38



Bartrons, M., Pefiuelas, J., 2017. Pharmaceuticals and Personal-Care Products in Plants.

Trends Plant Sci. 22, 194-203. https://doi.org/10.1016/j.tplants.2016.12.010

Bean, T.G., Rattner, B.A., 2018. Environmental Contaminants of Health-Care Origin :
Exposure and Potential Effects in Wildlife, 1st ed, Health Care and Environmental

Contamination. Elsevier B.V. https://doi.org/10.1016/B978-0-444-63857-1.00006-1

Behera, S.K., Kim, H.W., Oh, J.E., Park, H.S., 2011. Occurrence and removal of antibiotics,
hormones and several other pharmaceuticals in wastewater treatment plants of the largest
industrial  city of Korea. Sci. Total Environ. 409, 4351-4360.

https://doi.org/10.1016/j.scitotenv.2011.07.015

Behera, S.K., Oh, S.., Park, H.S., 2012. Sorptive removal of ibuprofen from water using
selected soil minerals and activated carbon. Int. J. Environ. Sci. Technol. 9, 85-94.

https://doi.org/10.1007/s13762-011-0020-8

Bello-Lopez, M.A., Ramos-Payan, M., Ocafia-Gonzalez, J.A., Fernandez-Torres, R.,
Callejon-Mochon, M., 2012. Analytical Applications of Hollow Fiber Liquid Phase
Microextraction  (HF-LPME): A  Review. Anal. Lett. 45, 804-830.

https://doi.org/10.1080/00032719.2012.655676

Bellomo, R.G., Carmignano, S.M., Palermo, T., Cosenza, L., 2017. Nonsteroidal Anti-
inflammatory Drugs: Integrated Approach to Physical Medicine and Rehabilitation.

IntechOpen, pp. 68-100. https://doi.org/http://dx.doi.org/10.5772/intechopen.69257

Ben, W., Zhu, B., Yuan, X., Zhang, Y., Yang, M., Qiang, Z., 2018. Occurrence, removal and
risk of organic micropollutants in wastewater treatment plants across China: Comparison

of wastewater treatment processes. Water Res. 130, 38-46.

39



https://doi.org/10.1016/J. WATRES.2017.11.057

Bendz, D., Paxéus, N.A., Ginn, T.R., Loge, F.J., 2005. Occurrence and fate of
pharmaceutically active compounds in the environment, a case study: Hoje River in

Sweden. J. Hazard. Mater. 122, 195-204. https://doi.org/10.1016/j.jhazmat.2005.03.012

Bezerra, M.A., Santelli, R.E., Oliveira, E.P., Villar, L.S., Escaleira, L.A., 2008. Response
surface methodology (RSM) as a tool for optimization in analytical chemistry. Talanta

76, 965977.

Bhadra, B.N., Ahmed, I., Kim, S., Jhung, S.H., 2017. Adsorptive removal of ibuprofen and
diclofenac from water using metal-organic framework-derived porous carbon. Chem.

Eng. J. 314, 50-58. https://doi.org/10.1016/j.cej.2016.12.127

Bilgin Simsek, E., 2017. Solvothermal synthesized boron doped TiOZ2catalysts:
Photocatalytic degradation of endocrine disrupting compounds and pharmaceuticals
under visible light irradiation. Appl. Catal. B Environ. 200, 309-322.

https://doi.org/10.1016/j.apcatb.2016.07.016

Bilgin Simsek, E., Kilic, B., Asgin, M., Akan, A., 2018. Graphene oxide based heterojunction
TiO2-ZnO catalysts with outstanding photocatalytic performance for bisphenol-A,
ibuprofen  and  flurbiprofen. J.  Ind. Eng. Chem. 59, 115-126.

https://doi.org/10.1016/j.jiec.2017.10.014

Bojnourd, F.M., Pakizeh, M., 2018. Applied Clay Science Preparation and characterization
of a nanoclay / PVA / PSf nanocomposite membrane for removal of pharmaceuticals

from water. Appl. Clay Sci. 162, 326-338. https://doi.org/10.1016/j.clay.2018.06.029

Broder, S., 2010. The development of antiretroviral therapy and its impact on the HIV-1/AIDS

40



pandemic. Antiviral Res. 85, 1-18. https://doi.org/10.1016/j.antiviral.2009.10.002

Brogden, R., Pinder, R., Speight, T., Avery, G., 1977. Fenoprofen: A review of its
pharmacological properties and therapeutic efficacy in rheumatic diseases. Drugs 13,

241-265. https://doi.org/10.1016/B978-008055232-3.61743-X

Brutzkus, J.C., Varacallo, M., 2018. Naproxen, in: Naproxen. pp. 1-5.

Camel, V., 2001. Recent extraction techniques for solid matrices - Supercritical fluid
extraction, pressurized fluid extraction and microwave-assisted extraction: Their

potential and pitfalls. Analyst 126, 1182—-1193. https://doi.org/10.1039/b008243k

Cardoso, O., Porcher, J.M., Sanchez, W., 2014. Factory-discharged pharmaceuticals could be
a relevant source of aquatic environment contamination: Review of evidence and need
for knowledge. Chemosphere 115, 20-30.

https://doi.org/10.1016/j.chemosphere.2014.02.004

Carley, K.M., Kamneva, N.Y., Reminga, J., 2004. DTIC Document, in: Response Surface

Methodology.

Carmona, E., Andreu, V., Pico, Y., 2014. Occurrence of acidic pharmaceuticals and personal
care products in Turia River Basin: From waste to drinking water. Sci. Total Environ.

484, 53-63. https://doi.org/10.1016/j.scitotenv.2014.02.085

Caro, E., Marcé, R.M., Cormack, P.A.G., Sherrington, D.C., Borrull, F., 2005. Selective
enrichment of anti-inflammatory drugs from river water samples by solid-phase
extraction with a molecularly imprinted polymer. J. Sep. Sci. 28, 2080-2085.

https://doi.org/10.1002/jssc.200500027

41



Caro, E., Marcé, R.M., Cormack, P.A.G., Sherrington, D.C., Borrull, F., 2004. A new
molecularly imprinted polymer for the selective extraction of naproxen from urine
samples by solid-phase extraction. J. Chromatogr. B Anal. Technol. Biomed. Life Sci.

813, 137-143. https://doi.org/10.1016/j.jchromb.2004.09.019

Chadly, D.M., Oleksijew, A.M., Coots, K.S., Fernandez, J.J., Kobayashi, S., Kessler, J.A.,
Matsuoka, A.J., 2019. Full Factorial Microfluidic Designs and Devices for Parallelizing
Human Pluripotent Stem Cell Differentiation. SLAS Technol. 24, 41-54.

https://doi.org/10.1177/2472630318783497

Chakraborty, P., Show, S., Banerjee, S., Halder, G., 2018. Journal of Environmental Chemical
Engineering Mechanistic insight into sorptive elimination of ibuprofen employing bi-
directional activated biochar from sugarcane bagasse : Performance evaluation and cost
estimation. J. Environ. Chem. Eng. 6, 5287-5300.

https://doi.org/10.1016/j.jece.2018.08.017

Chang, C.F., Chen, T.Y., Chin, CJ.M., Kuo, Y.T., 2017. Enhanced electrochemical
degradation of ibuprofen in aqueous solution by PtRu alloy catalyst. Chemosphere 175,

76-84. https://doi.org/10.1016/j.chemosphere.2017.02.021

Chimuka, L., Cukrowska, E., Michel, M., Buszewski, B., 2011. Advances in sample
preparation using membrane-based liquid-phase microextraction techniques. TrAC

Trends Anal. Chem. 30, 1781-1792. https://doi.org/10.1016/J.TRAC.2011.05.008

Chimuka, L., Msagati, T.A.M., Cukrowska, E., Tutu, H., 2010. Critical parameters in a
supported liquid membrane extraction technique for ionizable organic compounds with
a stagnant acceptor phase. J. Chromatogr. A 1217, 2318-2325.
https://doi.org/10.1016/j.chroma.2010.01.004

42



Chu, K.H., Al-hamadani, Y.A.J., Park, C.M., Lee, G., Jang, M., Jang, A., Her, N., Son, A,
Yoon, Y. 2017. Ultrasonic treatment of endocrine disrupting compounds |,

pharmaceuticals , and personal care products in water : A review. Chem. Eng. J. 327,

629-647. https://doi.org/10.1016/j.cej.2017.06.137

Clara, M., Strenn, B., Kreuzinger, N., 2004. Carbamazepine as a possible anthropogenic
marker in the aquatic environment: investigations on the behaviour of Carbamazepine in
wastewater treatment and during groundwater infiltration. Water Res. 38, 947-954.

https://doi.org/10.1016/J.WATRES.2003.10.058

Cuerda-Correa, E.M., Dominguez-Vargas, J.R., Olivares-Marin, F.J., de Heredia, J.B., 2010.
On the use of carbon blacks as potential low-cost adsorbents for the removal of non-
steroidal anti-inflammatory drugs from river water. J. Hazard. Mater. 177, 1046-1053.

https://doi.org/10.1016/j.jhazmat.2010.01.026

Dahane, S., Gil Garcia, M.D., Martinez Bueno, M.J., Uclés Moreno, A., Martinez Galera, M.,
Derdour, A., 2013. Determination of drugs in river and wastewaters using solid-phase
extraction by packed multi-walled carbon nanotubes and liquid chromatography-
quadrupole-linear ion trap-mass spectrometry. J. Chromatogr. A 1297, 17-28.

https://doi.org/10.1016/j.chroma.2013.05.002

Dai, C.M., Zhang, J., Zhang, Y.L., Zhou, X.F., Duan, Y.P., Liu, S.G., 2012. Selective removal
of acidic pharmaceuticals from contaminated lake water using multi-templates
molecularly  imprinted polymer. Chem. Eng. J. 211-212, 302-309.

https://doi.org/10.1016/j.cej.2012.09.090

Dai, C.M., Zhou, X.F., Zhang, Y.L., Liu, S.G., Zhang, J., 2011. Synthesis by precipitation
polymerization of molecularly imprinted polymer for the selective extraction of

43



diclofenac from  water samples. J. Hazard. Mater. 198, 175-181.

https://doi.org/10.1016/j.jhazmat.2011.10.027

Daughton, C.G., 2003. Cradle-to-cradle stewardship of drugs for minimizing their
environmental disposition while promoting human health. Il. Rational for and avenues
toward a green pharmacy. Environ. Health Perspect. 111, 757-774.

https://doi.org/10.1289/ehp.5948

Daughton, C.G., Ternes, T.A., 1999. Pharmaceuticals and personal care products in the

environment: agents of subtle change? Environ. Health Perspect. 106, 907-938.

de Escobar, C.C., Ruiz, Y.P.M., dos Santos, J.H.Z., Ye, L., 2018. Molecularly imprinted TiO
2 photocatalysts for degradation of diclofenac in water. Colloids Surfaces A 538, 729-

738. https://doi.org/10.1016/j.colsurfa.2017.11.044

de Wilt, H.A., 2018. Pharmaceutical Removal: Synergy between Biological and Chemical
Processes for Wastewater Treatment Henrik Arnoud de Wilt Thesis. Thesis. Wageningen

University, Wageningen. https://doi.org/10.18174/426133

Dias, N.C., Poole, C.F., 2002. Mechanistic study of the sorption properties of Oasis® HLB
and its wuse in solid-phase extraction. Chromatographia 56, 269-275.

https://doi.org/10.1007/BF02491931

Djouadi, L., Khalaf, H., Boukhatem, H., Boutoumi, H., Kezzime, A., Santaballa, J.A., Canle,
M., 2018. Degradation of aqueous ketoprofen by heterogeneous photocatalysis using Bi
2 S 3/TiO 2 — Montmorillonite nanocomposites under simulated solar irradiation. Appl.

Clay Sci. 166, 27-37. https://doi.org/10.1016/j.clay.2018.09.008

Dodgen, L.K., Li, J., Parker, D., Gan, J.J., 2013. Uptake and accumulation of four

44



PPCP/EDCs in two leafy vegetables. Environ. Pollut. 182, 150-156.

https://doi.org/10.1016/j.envpol.2013.06.038

Dolatto, R.G., Messerschmidt, I., Fraga Pereira, B., Martinazzo, R., Abate, G., 2016.
Preconcentration of polar phenolic compounds from water samples and soil extract by
liquid-phase microextraction and determination via liquid chromatography with
ultraviolet detection. Talanta 148, 292-300.

https://doi.org/10.1016/J. TALANTA.2015.11.004

Dordio, A. V., Estévao Candeias, A.J., Pinto, A.P., Teixeira da Costa, C., Palace Carvalho,
A.J., 2009. Preliminary media screening for application in the removal of clofibric acid,
carbamazepine and ibuprofen by SSF-constructed wetlands. Ecol. Eng. 35, 290-302.

https://doi.org/10.1016/j.ecoleng.2008.02.014

Ebrahimzadeh, H., Asgharinezhad, A.A., Abedi, H., Kamarei, F., 2011. Optimization of
carrier-mediated three-phase hollow fiber microextraction combined with HPLC-UV for
determination of propylthiouracil in biological samples. Talanta 85, 1043-1049.

https://doi.org/10.1016/j.talanta.2011.05.015

Ensano, B.M.B., Borea, L., Naddeo, V., Belgiorno, V., de Luna, M.D.G., Ballesteros, F.C.,
2017. Removal of pharmaceuticals from wastewater by intermittent electrocoagulation.

Water (Switzerland) 9, 1-15. https://doi.org/10.3390/w9020085

Es’hagi, Z., Fasihi-Rad, Z., 2016. Pseudo stir bar sorptive microextraction fiber using
nanoparticles reinforcedsol-gel for the determination of Co(ll) and Cd(Il) ions in
wastewaters. Sep. Sci. Technol. 51, 575-584.

https://doi.org/10.1080/01496395.2015.1115070

45



Escher, B.l., Baumgartner, R., Koller, M., Treyer, K., Lienert, J., McArdell, C.S., 2011.
Environmental toxicology and risk assessment of pharmaceuticals from hospital

wastewater. Water Res. 45, 75-92. https://doi.org/10.1016/j.watres.2010.08.019

Eslami, A., Amini, M.M., Yazdanbakhsh, A.R., Rastkari, N., Mohseni-Bandpei, A., Nasseri,
S., Piroti, E., Asadi, A., 2015. Occurrence of non-steroidal anti-inflammatory drugs in
Tehran source water, municipal and hospital wastewaters, and their ecotoxicological risk
assessment. Environ. Monit. Assess. 187, 1-15. https://doi.org/10.1007/s10661-015-

4952-1

Eslami, A., Amini, M.M., Yazdanbakhsh, A.R., Safari, A., Asadi, A., 2016. N , S co-doped
TiO 2 nanoparticles and nanosheets in simulated solar light for photocatalytic
degradation of non-steroidal anti-inflammatory drugs in water : a comparative study. J.

Chem. Technol. Biotechnol. 2693-2704. https://doi.org/10.1002/jctb.4877

Feng, L., van Hullebusch, E.D., Rodrigo, M.A., Esposito, G., Oturan, M.A., 2013. Removal
of residual anti-inflammatory and analgesic pharmaceuticals from aqueous systems by
electrochemical advanced oxidation processes. A review. Chem. Eng. J. 228, 944-964.

https://doi.org/10.1016/j.cej.2013.05.061

Fernandez, A.M., Bermejo, A.M., Lorenzo, R.A., Carro, A.M., 2013. Optimization of
microwave-assisted extraction of analgesic and anti-inflammatory drugs from human
plasma and urine using response surface experimental designs. Sep. Sci. 36, 1446-1454.

https://doi.org/10.1002/jssc.201201105

Franceschini, G., Macchietto, S., 2008. Model-based design of experiments for parameter
precision: State of the art. Chem. Eng. Sci. 63, 4846-4872.
https://doi.org/10.1016/J.CES.2007.11.034

46



Fu, Y., Gao, X., Geng, J., Li, S., Wu, G., Ren, H., 2019. Degradation of three nonsteroidal
anti-inflammatory drugs by UV / persulfate : Degradation mechanisms, efficiency in e

ffluents disposal 356, 1032—-1041. https://doi.org/10.1016/j.cej.2018.08.013

Fujimaki, C.M.O., Bernardo, R.R., 2017. Occurrence of Ibuprofen in the Waters of the Bengal
River in Nova Friburgo. J. Environ. Sci. Eng. 6, 443-448. https://doi.org/10.17265/2162-

5263/2017.09.001

Gao, J., Huang, J., Chen, W., Wang, B., Wang, Y., Deng, S., Yu, G., 2016. Fate and removal
of typical pharmaceutical and personal care products in a wastewater treatment plant
from Beijing: a mass balance study. Front. Environ. Sci. Eng. 10, 491-501.

https://doi.org/10.1007/s11783-016-0837-y

Gaw, S., Thomas, K., Hutchinson, T.H., 2014. Sources of pharmaceuticals in the marine and
coastal environment. Philos. Trans. R. Soc. London B Biol. Sci. 369, 20130572-

20130583.

Gawande, M.B., Bonifacio, V.D.B., Luque, R., Branco, P.S., Varma, R.S., 2014. Solvent-free
and catalysts-free chemistry: A benign pathway to sustainability. ChemSusChem 7, 24—

44. https://doi.org/10.1002/cssc.201300485

Geissen, V., Mol, H., Klumpp, E., Umlauf, G., Nadal, M., van der Ploeg, M., van de Zee,
S.E.A.T.M., Ritsema, C.J., 2015. Emerging pollutants in the environment: A challenge
for water resource management. Int. Soil Water Conserv. Res. 3, 57-65.

https://doi.org/10.1016/j.iswcr.2015.03.002

Gil, A., Santamaria, L., Korili, S.A., 2018. Removal of Ca ff eine and Diclofenac from

Aqueous Solution by Adsorption on Multiwalled Carbon Nanotubes. Colloid Interface

47



Sci. Commun. 22, 25-28. https://doi.org/10.1016/j.colcom.2017.11.007

Gilart, N., Marcé, R.M., Fontanals, N., Borrull, F., 2013. A rapid determination of acidic
pharmaceuticals in environmental waters by molecularly imprinted solid-phase
extraction coupled to tandem mass spectrometry without chromatography. Talanta 110,

196-201. https://doi.org/10.1016/j.talanta.2013.02.039

Gimeno, O., Garcia-Araya, J.F., Beltran, F.J., Rivas, F.J., Espejo, A., 2016. Removal of
emerging contaminants from a primary effluent of municipal wastewater by means of
sequential biological degradation-solar photocatalytic oxidation processes. Chem. Eng.

J. 290, 12-20. htps://doi.org/10.1016/j.cej.2016.01.022

Glaweski, J., Devenish, G., 2001. 3rd Economic and Social Rights Report - Chapter Eight the
Right To Sufficient Water, in: Glaweski, J., Devenish, G. (Eds.), Constitution of the

Republic of South Africa, Act 108 of 1996. South Africa, pp. 297-322.

Gogoi, A., Mazumder, P., Tyagi, V.K., Tushara Chaminda, G.G., An, A.K., Kumar, M., 2018.
Occurrence and fate of emerging contaminants in water environment: A review.

Groundw. Sustain. Dev. 6, 169-180. https://doi.org/10.1016/j.9sd.2017.12.009

Gonzalez, J.L., Pell, A., Lépez-Mesas, M., Valiente, M., 2018. Hollow fibre supported liquid
membrane extraction for BTEX metabolites analysis in human teeth as biomarkers. Sci.

Total Environ. 630, 323-330. https://doi.org/10.1016/j.scitotenv.2018.02.195

Gracia-Lor, E., Sancho, J. V, Serrano, R., Herndndez, F., 2012. Occurence and removal of
pharmaceuticals in wastewater treatment plants at the Spanish Mediterranean area of
Valencia. Chemosphere 87, 453-462.

https://doi.org/10.1016/j.chemosphere.2011.12.025

48



Gumbi, B.P., Moodley, B., Birungi, G., Ndungu, P.G., 2017a. Assessment of nonsteroidal
anti-inflammatory drugs by ultrasonic-assisted extraction and GC-MS in Mgeni and
Msunduzi river sediments, KwaZulu-Natal, South Africa. Environ. Sci. Pollut. Res. 24,

20015-20028. https://doi.org/10.1007/s11356-017-9653-6

Gumbi, B.P., Moodley, B., Birungi, G., Ndungu, P.G., 2017b. Detection and quantification
of acidic drug residues in South African surface water using gas chromatography-mass
spectrometry. Chemosphere 168, 1042-1050.

https://doi.org/10.1016/j.chemosphere.2016.10.105

Gundogdu-Hizliates, C., Alyuruk, H., Gocmenturk, M., Ergun, Y., Cavas, L., 2014. Synthesis
of new ibuprofen derivatives with their in silico and in vitro cyclooxygenase-2

inhibitions. Bioorg. Chem. 52, 8-15. https://doi.org/10.1016/j.bioorg.2013.10.002

Hadjmohammadi, M., Ghambari, H., 2012. Three-phase hollow fiber liquid phase
microextraction of warfarin from human plasma and its determination by high-
performance liquid chromatography. J. Pharm. Biomed. Anal. 61, 44-49.

https://doi.org/10.1016/j.jpba.2011.11.019

Haginaka, J., Sanbe, H., Takehira, H., 1999. Uniform-sized molecularly imprinted polymer
for (S)-ibuprofen - Retention properties in aqueous mobile phases. J. Chromatogr. A 857,

117-125. https://doi.org/10.1016/s0021-9673(99)00764-5

Halling-Sgrensen, B., Nors Nielsen, S., Lanzky, P.F., Ingerslev, F., Holten Lutzhgft, H.C.,
Jorgensen, S.E., 1998. Occurrence, fate and effects of pharmaceutical substances in the
environment- A review. Chemosphere 36, 357-393.

https://doi.org/https://doi.org/10.1016/S0045-6535(97)00354-8

49



Hama Aziz, K.H., Miessner, H., Mueller, S., Kalass, D., Moeller, D., Khorshid, 1., Rashid,
M.A.M., 2017. Degradation of pharmaceutical diclofenac and ibuprofen in aqueous
solution, a direct comparison of ozonation, photocatalysis, and non-thermal plasma.

Chem. Eng. J. 313, 1033-1041. https://doi.org/10.1016/j.cej.2016.10.137

Han, D., Row, K.H., 2010. Recent Applications of lonic Liquids in Separation Technology

2405-2426. https://doi.org/10.3390/molecules15042405

Hasan, Z., Choi, E.J., Jhung, S.H., 2013. Adsorption of naproxen and clofibric acid over a
metal-organic framework MIL-101 functionalized with acidic and basic groups. Chem.

Eng. J. 219, 537-544. https://doi.org/10.1016/j.cej.2013.01.002

Herklotz, P.A., Gurung, P., Vanden Heuvel, B., Kinney, C.A., 2010. Uptake of human
pharmaceuticals by plants grown under hydroponic conditions. Chemosphere 78, 1416—

1421. https://doi.org/10.1016/j.chemosphere.2009.12.048

Hiew, B.Y.Z., Lee, L.Y., Lee, X.J., Thangalazhy-Gopakumar, S., Gan, S., Lim, S.S., Pan, G.-
T., Yang, T.C.-K., Chiu, W.S., Khiew, P.S., 2018. Review on synthesis of 3D graphene-
based configurations and their adsorption performance for hazardous water pollutants.

Process Saf. Environ. Prot. 116, 262—-286. https://doi.org/10.1016/J.PSEP.2018.02.010

Hodder, S.L., Mounzer, K., DelJesus, E., Ebrahimi, R., Grimm, K., Esker, S., Ecker, J.,
Farajallah, A., Flaherty, J.F., 2010. Patient-reported outcomes in virologically
suppressed, HIV-1-infected subjects after switching to a simplified, single-tablet
regimen of Efavirenz, Emtricitabine, and Tenofovir DF. AIDS Patient Care STDS 24,

87-96.

Horl, W.H., 2010. Nonsteroidal anti-inflammatory drugs and the kidney. Pharmaceuticals 3,

50



2291-2321. https://doi.org/10.3390/ph3072291

Huang, Q., Liu, M., Chen, J., Wan, Q., Tian, J., Huang, L., Jiang, R., Wen, Y., Zhang, X.,
Wei, Y., 2017a. Facile preparation of MoS2 based polymer composites via mussel
inspired chemistry and their high efficiency for removal of organic dyes. Appl. Surf. Sci.

419, 35-44. https://doi.org/10.1016/j.apsusc.2017.05.006

Huang, Q., Liu, M., Mao, L., Xu, D., Zeng, G., Huang, H., Jiang, R., Deng, F., Zhang, X.,
Wei, Y., 2017b. Surface functionalized SiO2 nanoparticles with cationic polymers via
the combination of mussel inspired chemistry and surface initiated atom transfer radical
polymerization: Characterization and enhanced removal of organic dye. J. Colloid

Interface Sci. 499, 170-179. https://doi.org/10.1016/j.jcis.2017.03.102

Huber, C., Bartha, B., Schroder, P., 2012. Metabolism of diclofenac in plants — Hydroxylation
is followed by glucose conjugation. J. Hazard. Mater. 243, 250-256.

https://doi.org/10.1016/j.jhazmat.2012.10.023

Husk, B., Sanchez, J.S., Leduc, R., Takser, L., Savary, O., Cabana, H., 2019. Pharmaceuticals
and pesticides in rural community drinking waters of Quebec, Canada — a regional study
on the susceptibility to source contamination. Water Qual. Res. J. 54, 88-103.

https://doi.org/10.2166/wqrj.2019.038

Ikhlag, A., Brown, D.R., Kasprzyk-Hordern, B., 2015. Catalytic ozonation for the removal of
organic contaminants in water on alumina. Appl. Catal. B Environ. 165, 408-418.

https://doi.org/10.1016/j.apcatbh.2014.10.010

Ikhlag, A., Brown, D.R., Kasprzyk-Hordern, B., 2014. Catalytic ozonation for the removal of

organic contaminants in water on ZSM-5 zeolites. Appl. Catal. B Environ. 154-155,

51



110-122. https://doi.org/10.1016/j.apcath.2014.02.010

lllés, E., Szabo, E., Takécs, E., Wojnarovits, L., Dombi, A., Gajda-Schrantz, K., 2014.
Ketoprofen removal by O3and O3/UV processes: Kinetics, transformation products and
ecotoxicity. Sci. Total Environ. 472, 178-184.

https://doi.org/10.1016/j.scitotenv.2013.10.119

Ince, N.H., 2018. Ultrasound-assisted advanced oxidation processes for water
decontamination. Ultrason. Sonochem. 40, 97-103.

https://doi.org/10.1016/J.ULTSONCH.2017.04.009

Jafari, N., 2010. Ecological and socio-economic utilization of water hyacinth (Eichhornia

crassipes Mart Solms). J. Appl. Sci. Environ. Manag. 14, 43-49.

Jallouli, N., Pastrana-Martinez, L.M., Ribeiro, A.R., Moreira, N.F.F., Faria, J.L., Hentati, O.,
Silva, A.M.T., Ksibi, M., 2018. Heterogeneous photocatalytic degradation of ibuprofen
in ultrapure water, municipal and pharmaceutical industry wastewaters using a
TiO2/UV-LED system. Chem. Eng. J. 334, 976-984.

https://doi.org/10.1016/j.cej.2017.10.045

Jelic, A., Gros, M., Ginebreda, A., Cespedes-Sanchez, R., Ventura, F., Petrovic, M., Barcelo,
D., 2011. Occurrence, partition and removal of pharmaceuticals in sewage water and
sludge  during  wastewater  treatment. @ Water Res. 45,  1165-1176.

https://doi.org/10.1016/j.watres.2010.11.010

Jelic, A., Gros, M., Petrovic, M., Ginebreda, A., Damia’, B., 2012. Occurrence and
Elimination of Pharmaceuticals During Conventional Wastewater Treatment. Environ.

Chem. 19, 1-24. https://doi.org/10.1007/978-3-642-25722-3

52



Jin, Q., Liang, F., Zhang, H., Zhao, L., Huan, Y., Dagian Song, 1999. Application of
microwave techniques in analytical chemistry. TrAC - Trends Anal. Chem. 18, 479-484.

https://doi.org/10.1016/S0165-9936(99)00110-7

Jothinathan, L., Hu, J., 2018. Kinetic evaluation of graphene oxide based heterogenous
catalytic ozonation for the removal of ibuprofen. Water Res. 134, 63-73.

https://doi.org/10.1016/j.watres.2018.01.033

Jung, C., Boateng, L.K., Flora, J.R.V., Oh, J., Braswell, M.C., Son, A., Yoon, Y., 2015.
Competitive adsorption of selected non-steroidal anti-inflammatory drugs on activated
biochars: Experimental and molecular modeling study. Chem. Eng. J. 264, 1-9.

https://doi.org/10.1016/j.cej.2014.11.076

K’oreje, K.O., Demeestere, K., De Wispelaere, P., Vergeynst, L., Dewulf, J., Van
Langenhove, H., 2012. From multi-residue screening to target analysis of
pharmaceuticals in water: Development of a new approach based on magnetic sector
mass spectrometry and application in the Nairobi River basin, Kenya. Sci. Total Environ.

437, 153-164. https://doi.org/10.1016/j.scitotenv.2012.07.052

K’oreje, K.O., Kandie, F.J., Vergeynst, L., Abira, M.A., Van Langenhove, H., Okoth, M.,
Demeestere, K., 2018. Occurrence, fate and removal of pharmaceuticals, personal care
products and pesticides in wastewater stabilization ponds and receiving rivers in the
Nzoia Basin, Kenya. Sci. Total Environ. 637-638, 336-348.

https://doi.org/10.1016/j.scitotenv.2018.04.331

K’oreje, K.O., Vergeynst, L., Ombaka, D., De Wispelaere, P., Okoth, M., Van Langenhove,
H., Demeestere, K., 2016. Occurrence patterns of pharmaceutical residues in wastewater,
surface water and groundwater of Nairobi and Kisumu city, Kenya. Chemosphere 149,

53



238-244. https://doi.org/10.1016/j.chemosphere.2016.01.095

Kadlec, R.H., Wallace, S.D., 2009. Treatment Wetlands, Second Edition, Treatment

Wetlands, Second Edition. https://doi.org/10.1201/9781420012514

Kanakaraju, D., Glass, B.D., Oelgem, M., 2018. Advanced oxidation process-mediated

removal of pharmaceuticals from water : A review. J. Environ. Manage. 219, 189-207.

https://doi.org/10.1016/j.jenvman.2018.04.103

Kanama, K.M., Daso, A.P., Mpenyana-Monyatsi, L., Coetzee, M.A.A., 2018. Assessment of
pharmaceuticals, personal care products, and hormones in wastewater treatment plants
receiving inflows from health facilities in North West Province, South Africa. J. Toxicol.

2018, 1-15.

Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2009. The removal of pharmaceuticals,
personal care products, endocrine disruptors and illicit drugs during wastewater
treatment and its impact on the quality of receiving waters. Water Res. 43, 363-380.

https://doi.org/10.1016/j.watres.2008.10.047

Katsigiannis, A., Noutsopoulos, C., Mantziaras, J., Gioldasi, M., 2015. Removal of emerging
pollutants through Granular Activated Carbon. Chem. Eng. J. 280, 49-57.

https://doi.org/10.1016/j.cej.2015.05.109

Kaur, A., Umar, A., Kansal, S.K., 2016. Heterogeneous photocatalytic studies of analgesic
and non-steroidal anti-inflammatory drugs. Appl. Catal. A Gen. 510, 134-155.

https://doi.org/10.1016/j.apcata.2015.11.008

Kebede, T.G., Dube, S., Nindi, M.M., 2018. Journal of Environmental Chemical Engineering

Removal of non-steroidal anti-in fl ammatory drugs ( NSAIDs ) and carbamazepine from

54



wastewater using water-soluble protein extracted from Moringa stenopetala seeds. J.

Environ. Chem. Eng. 6, 3095-3103. https://doi.org/10.1016/j.jece.2018.04.066

Kermia, A.E.B., Fouial-Djebbar, D., Trari, M., 2016. Occurrence, fate and removal
efficiencies of pharmaceuticals in wastewater treatment plants (WWTPs) discharging in
the coastal environment of Algiers. Comptes Rendus Chim. 19, 963-970.

https://doi.org/10.1016/j.crci.2016.05.005

Kdck-Schulmeyer, M., Villagrasa, M., Lopez de Alda, M., Céspedes-Sanchez, R., Ventura,
F., Barcelo, D., 2013. Occurrence and behavior of pesticides in wastewater treatment
plants and their environmental impact. Sci. Total Environ.

https://doi.org/10.1016/j.scitotenv.2013.04.010

Kolodzik, J.M., Eilers, M.A., Angelos, M.G., 1990. Nonsteroidal anti-inflammatory drugs
and coma: A case report of fenoprofen overdose. Ann. Emerg. Med. 19, 378-381.

https://doi.org/10.1016/S0196-0644(05)82339-X

Kosma, C.1I., Lambropoulou, D.A., Albanis, T.A., 2014. Investigation of PPCPs in wastewater
treatment plants in Greece: Occurrence, removal and environmental risk assessment. Sci.

Total Environ. 466-467, 421-438. https://doi.org/10.1016/j.scitotenv.2013.07.044

Koutsouba, V., Heberer, T., Fuhrmann, B., Schmidt-Baumler, K., Tsipi, D., Hiskia, A., 2003.
Determination of polar pharmaceuticals in sewage water of Greece by gas
chromatography-mass spectrometry. Chemosphere 51, 69-75.

https://doi.org/10.1016/S0045-6535(02)00819-6

Kress, H.G., Baltov, A., Basinski, A., Berghea, F., Castellsague, J., Codreanu, C., Copaciu,

E., Giamberardino, M.A., Hakl, M., Hrazdira, L., Kokavec, M., Lejcko, J., Nachtnebl,

55



L., Stan¢ik, R., Svec, A., Téth, T., Vlaskovska, M.V., Woron, J., 2016. Acute pain: a
multifaceted challenge — the role of nimesulide. Curr. Med. Res. Opin. 32, 23-36.

https://doi.org/10.1185/03007995.2015.1100986

Kummer, K., 2009. Antibiotics in the aquatic environment: a review. I. Chemosphere 75,

417-434. https://doi.org/10.1016/j.chemosphere.2008.11.086

Lapworth, D.J., Baran, N., Stuart, M.E., Ward, R.S., 2012. Emerging organic contaminants
in groundwater: A review of sources, fate and occurrence. Environ. Pollut. 163, 287—

303. https://doi.org/10.1016/J.ENVPOL.2011.12.034

Larous, S., Meniai, A., 2016. Adsorption of Diclofenac from aqueous solution using activated
carbon prepared from olive stones. Int. J. Hydrogen Energy 41, 10380-10390.

https://doi.org/10.1016/j.ijhydene.2016.01.096

Larsson, N., Petersson, E., Rylander, M., Jénsson, J.A., 2009. Continuous flow hollow fiber
liquid-phase microextraction and monitoring of NSAID pharmaceuticals in a sewage

treatment plant effluent. Anal. Methods 1, 59. https://doi.org/10.1039/b9ay00015a

Leal, J.E., Thompson, A.N., Brzezinski, W.A., 2010. Pharmaceuticals in drinking water:
Local analysis of the problem and finding a solution through awareness. J. Am. Pharm.

Assoc. 50, 600-603. https://doi.org/10.1331/JAPhA.2010.09186

Lee, J., Lee, H.K., Rasmussen, K.E., Pedersen-Bjergaard, S., 2008. Environmental and
bioanalytical applications of hollow fiber membrane liquid-phase microextraction: A

review. Anal. Chim. Acta 624, 253-268. https://doi.org/10.1016/J.ACA.2008.06.050

Li, Y.-M., Elson, M., Zhang, D., Sicher, R.C., Li, H., Meinhardt, L.W., Baligar, V., 2013.

Physiological Traits and Metabolites of Cacao Seedlings Influenced by Potassium in

56



Growth Medium. Am. J. Plant Sci. 4, 1074-1080.

https://doi.org/10.4236/ajps.2013.45133

Lin, S., Zhao, Y., Yun, Y., 2018. Highly E ff ective Removal of Nonsteroidal Anti-in fl
ammatory Pharmaceuticals from Water by Zr (1V) -Based Metal — Organic Framework :

Adsorption Performance and Mechanisms. https://doi.org/10.1021/acsami.8b08596

Lin, Y.-L., Li, B., 2016. Removal of pharmaceuticals and personal care products by
Eichhornia crassipe and Pistia stratiotes. J. Taiwan Inst. Chem. Eng. 58, 318-323.

https://doi.org/10.1016/j.jtice.2015.06.007

Lindqvist, N., Tuhkanen, T., Kronberg, L., 2005. Occurrence of acidic pharmaceuticals in raw
and treated sewages and in receiving waters. Water Res. 39, 2219-2228.

https://doi.org/10.1016/j.watres.2005.04.003

Liu, J.N., Chen, Z., Wu, Q.Y., Li, A., Hu, H.Y., Yang, C., 2016. Ozone/graphene oxide
catalytic oxidation: A novel method to degrade emerging organic contaminant N, N-

diethyl-m-toluamide (DEET). Sci. Rep. 6, 1-9. https://doi.org/10.1038/srep31405

Lone, M.1., He, Z., Stoffella, P.J., Yang, X., 2008. Phytoremediation of heavy metal polluted
soils and water: Progresses and perspectives. J. Zhejiang Univ. Sci. B 9, 210-220.

https://doi.org/10.1631/jzus.b0710633

Lopez-Avila, V., Young, R., Kim, R., 1995. Accelerated Extraction of Organic Pollutants
Using Microwave Energy. J. Chromatogr. Sci.

https://doi.org/10.1016/j.cub.2015.10.018

Luo, Y., Guo, W., Ngo, H.H., Nghiem, L.D., Hai, F.1., Zhang, J., Liang, S., Wang, X.C., 2014.

A review on the occurrence of micropollutants in the aquatic environment and their fate

57



and removal during wastewater treatment. Sci. Total Environ. 473-474, 619-641.

https://doi.org/10.1016/j.scitotenv.2013.12.065

Madej, K., 2009. Microwave-assisted and cloud-point extraction in determination of drugs
and other bioactive compounds. TrAC - Trends Anal. Chem. 28, 436-446.

https://doi.org/10.1016/j.trac.2009.02.002

Madikizela, L.M., Chimuka, L., 2017a. Occurrence of naproxen, ibuprofen, and diclofenac
residues in wastewater and river water of KwaZulu-Natal Province in South Africa.

Environ. Monit. Assess. 189, 348-359. https://doi.org/10.1007/s10661-017-6069-1

Madikizela, L.M., Chimuka, L., 2017b. Simultaneous determination of naproxen, ibuprofen
and diclofenac in wastewater using solid-phase extraction with high performance liquid

chromatography. Water SA 43, 264-274. https://doi.org/10.4314/wsa.v43i2.10

Madikizela, L.M., Chimuka, L., 2016a. Determination of ibuprofen, naproxen and diclofenac
in agueous samples using a multi-template molecularly imprinted polymer as selective
adsorbent  for solid-phase extraction. J. Pharm. Biomed. Anal. 128.

https://doi.org/10.1016/j.jpba.2016.05.037

Madikizela, L.M., Chimuka, L., 2016b. Synthesis, adsorption and selectivity studies of a
polymer imprinted with naproxen, ibuprofen and diclofenac. J. Environ. Chem. Eng. 4.

https://doi.org/10.1016/j.jece.2016.09.012

Madikizela, L.M., Mdluli, P.S., Chimuka, L., 2017. An initial assessment of naproxen,
ibuprofen and diclofenac in Ladysmith water resources in South Africa using
molecularly imprinted solid-phase extraction followed by high performance liquid

chromatography-photodiode array detection. South African J. Chem. 70, 145-153.

58



https://doi.org/10.17159/0379-4350/2017/v70a21

Madikizela, L.M., Muthwa, S.F., Chimuka, L., 2014. Determination of Triclosan and
Ketoprofen in River Water and Wastewater by Solid Phase Extraction and High

Performance Liquid Chromatography. South African J. Chem. 67, 143-150.

Madikizela, L.M., Ncube, S., Chimuka, L., 2018. Uptake of pharmaceuticals by plants grown
under hydroponic conditions and natural occurring plant species: A review. Sci. Total

Environ. 636, 477-486. https://doi.org/10.1016/j.scitotenv.2018.04.297

Madikizela, L.M., Tavengwa, N.T., Chimuka, L., 2018a. Applications of molecularly
imprinted polymers for solid-phase extraction of non-steroidal anti-inflammatory drugs
and analgesics from environmental waters and biological samples. J. Pharm. Biomed.

Anal. 147, 624-633. https://doi.org/10.1016/j.jpba.2017.04.010

Madikizela, L.M., Tavengwa, N.T., Chimuka, L., 2017. Status of pharmaceuticals in African
water bodies: Occurrence, removal and analytical methods. J. Environ. Manage. 193,

211-220. https://doi.org/10.1016/j.jenvman.2017.02.022

Madikizela, L.M., Zunngu, S.S., Mlunguza, N.Y., Tavengwa, N.T., Mdluli, P.S., Chimuka,
L., 2018b. Application of molecularly imprinted polymer designed for the selective
extraction  of  ketoprofen  from  wastewater. Water SA 44,  406.

https://doi.org/10.4314/wsa.v44i3.08

Mahkam, M., Poorgholy, N., 2011. Imprinted polymers as drug delivery vehicles for anti-

inflammatory drugs. Nat. Sci. 9, 163-168.

Manrique-Moreno, M., Garidel, P., Suwalsky, M., Howe, J., Brandenburg, K., 2009. The

membrane-activity of Ibuprofen, Diclofenac, and Naproxen: A physico-chemical study

59



with lecithin phospholipids. Biochim. Biophys. Acta - Biomembr. 1788, 1296-1303.

https://doi.org/10.1016/j.bbamem.2009.01.016

Manrique-Moreno, M., Heinbockel, L., Suwalsky, M., Garidel, P., Brandenburg, K., 2016.
Biophysical study of the non-steroidal anti-inflammatory drugs (NSAID) ibuprofen,
naproxen and diclofenac with phosphatidylserine bilayer membranes. Biochim. Biophys.

Acta - Biomembr. 1858, 2123-2131. https://doi.org/10.1016/j.bbamem.2016.06.009

Markovi¢, M., Jovi¢, M., Stankovi¢, D., Kovacevi¢, V., Rogli¢, G., Gojgi¢-Cvijovi¢, G.,
Manojlovi¢, D., 2015. Application of non-thermal plasma reactor and Fenton reaction
for degradation of ibuprofen. Sci. Total Environ. 505, 1148-1155.

https://doi.org/10.1016/j.scitotenv.2014.11.017

Martin, J., Camacho-Mufioz, D., Santos, J.L., Aparicio, I., Alonso, E., 2012. Occurrence of
pharmaceutical compounds in wastewater and sludge from wastewater treatment plants:
Removal and ecotoxicological impact of wastewater discharges and sludge disposal. J.

Hazard. Mater. 239-240, 40-47. https://doi.org/10.1016/j.jhazmat.2012.04.068

Martindale, 2002. The Complete Drug Reference, 33rd ed, Pharmaceutical Press. London.

Matamoros, V., Nguyen, L.X., Arias, C.A., Salvadd, V., Brix, H., 2012. Evaluation of aquatic
plants for removing polar microcontaminants: A microcosm experiment. Chemosphere

88, 1257-1264. https://doi.org/10.1016/j.chemosphere.2012.04.004

Matongo, S., Birungi, G., Moodley, B., Ndungu, P., 2015a. Pharmaceutical residues in water
and sediment of Msunduzi River , KwaZulu-Natal, South Africa. Chemosphere 134,

133-140. https://doi.org/10.1016/j.chemosphere.2015.03.093

Matongo, S., Birungi, G., Moodley, B., Ndungu, P., 2015b. Occurrence of selected

60



pharmaceuticals in water and sediment of Umgeni River , KwaZulu-Natal , South Africa.

Environ. Sci. Pollut. Res. 10298-10308. https://doi.org/10.1007/s11356-015-4217-0

Mbhele, Z.E., Ncube, S., Madikizela, L.M., 2018. Synthesis of a molecularly imprinted
polymer and its application in selective extraction of fenoprofen from wastewater.

Environ. Sci. Pollut. Res. 25, 36724-36735. https://doi.org/10.1007/s11356-018-3602-x

McGettigan, P., Henry, D., 2013. Use of Non-Steroidal Anti-Inflammatory Drugs That
Elevate Cardiovascular Risk: An Examination of Sales and Essential Medicines Lists in

Low-, Middle-, and High-Income Countries. PLoS Med. 10.

https://doi.org/10.1371/journal.pmed.1001388

Meintjes, G., Moohouse, M.A., Carmona, S., Davies, N., Dlamini, S., van Vuuren, C.,
Manzini, T., Mathe, M., Moosa, Y., Nash, J., Nel, J., Pakade, Y., Woods, J., Van Zyl,

G., Conradie, F., Venter, F., 2017. Adult antiretroviral therapy guidelines 2017. South
African J. HIV Med. 18, 1-24.

Méndez-Arriaga, F., Esplugas, S., Giménez, J., 2008. Photocatalytic degradation of non-
steroidal anti-inflammatory drugs with TiO2and simulated solar irradiation. Water Res.

42, 585-594. https://doi.org/10.1016/j.watres.2007.08.002

Méndez-Arriaga, F., Torres-Palma, R.A., Pétrier, C., Esplugas, S., Gimenez, J., Pulgarin, C.,
2008. Ultrasonic treatment of water contaminated with ibuprofen. Water Res. 42, 4243—

4248. https://doi.org/10.1016/j.watres.2008.05.033

Mertler, C.A., Reinhart, R.V., 2018. Advanced and Multivariate Statistical Methods, Sixth

Edit. ed, Advanced and Multivariate Statistical Methods. Taylor & Francis, New York.

https://doi.org/10.4324/9781315266978

61



Mestre, A.S., Pires, J., Nogueira, J.M.F., Carvalho, A.P., 2007. Activated carbons for the
adsorption of ibuprofen. Carbon N. Y. 45, 1979-1988.

https://doi.org/10.1016/j.carbon.2007.06.005

Mid-year population estimates, 2018. , Statistics South Africa. https://doi.org/Statistical

release P0302

Miller, E.L., Nason, S.L., Karthikeyan, K.G., Pedersen, J.A., 2016. Root Uptake of
Pharmaceuticals and Personal Care Product Ingredients. Environ. Sci. Technol. 50, 525—

541. https://doi.org/10.1021/acs.est.5b01546

Modi, C.M., Mody, S.K., Patel, H.B., Dudhatra, G.B., Kumar, A., Avale, M., 2012.
Toxicopathological overview of analgesic and anti-inflammatory drugs in animals. J.

Appl. Pharm. Sci. 2, 149-157.

Moreira, F.C., Boaventura, R.A.R., Brillas, E., Vilar, V.J.P., 2017. Electrochemical advanced
oxidation processes: A review on their application to synthetic and real wastewaters.

Appl. Catal. B Environ. 202, 217-261. https://doi.org/10.1016/j.apcatb.2016.08.037

Mosekiemang, T.T., Stander, M.A., de Villiers, A., 2019. Simultaneous quantification of
commonly prescribed antiretroviral drugs and their selected metabolites in aqueous
environmental samples by direct injection and solid phase extraction liquid
chromatography - tandem mass spectrometry 220, 983-992.

https://doi.org/10.1016/j.chemosphere.2018.12.205

Msagati, T., Chimuka, L., Cukrowska, E., 2008. Sample preparation using liquid membrane

extraction techniques. Water SA 34, 421-427.

Mtibe, A., Msagati, T.A.M., Mishra, A.K., Mamba, B.B., 2012. Determination of phthalate

62



ester plasticizers in the aquatic environment using hollow fibre supported liquid
membranes.  Phys.  Chem.  Earth, Parts A/B/C  50-52, 239-242.

https://doi.org/10.1016/J.PCE.2012.08.019

Mtolo, S., Mahlambi, P.N., Madikizela, L.M., 2019. Synthesis and application of a
molecularly imprinted polymer in selective solid-phase extraction of efavirenz from

water. Water Sci. Technol. 79, 356-365. https://doi.org/10.2166/wst.2019.054

Muchuweti, M., Birkett, J.W., Chinyanga, E., Zvauya, R., Scrimshaw, M.D., Lester, J.N.,
2006. Heavy metal content of vegetables irrigated with mixtures of wastewater and
sewage sludge in Zimbabwe: Implications for human health. Agric. Ecosyst. Environ.

112, 41-48. https://doi.org/10.1016/j.agee.2005.04.028

Murugananthan, M., Latha, S.S., Bhaskar Raju, G., Yoshihara, S., 2010. Anodic oxidation of
ketoprofen-An anti-inflammatory drug using boron doped diamond and platinum
electrodes. J. Hazard. Mater. 180, 753-758.

https://doi.org/10.1016/j.jhazmat.2010.05.007

Musson, S.E., Townsend, T.G., 2009. Pharmaceutical compound content of municipal solid

waste. J. Hazard. Mater. 162, 730—735. https://doi.org/10.1016/j.jhazmat.2008.05.089

Myers, R.H., Montgomery, D.C., Anderson-Cook, C.M., 2016. Response surface
methodology: process and product optimization using designed experiments. John Wiley

& Sons.

Nachega, J.B., Parienti, J.-J., Uthman, O.A., Gross, R., Dowdy, D.W., Sax, P.E., Gallant, J.E.,
Mugavero, M.J., Mills, E.J., Giordano, T.P., 2014. Lower pill burden and once-daily

antiretroviral treatment regimens for HIV infection: a meta-analysis of randomized

63



controlled trials. Clin. Infect. Dis. 58, 1297-1307.

Nadais, H., Li, X., Alves, N., Couras, C., Andersen, H.R., Angelidaki, 1., Zhang, Y., 2018.
Bio-electro-Fenton process for the degradation of Non-Steroidal Anti-Inflammatory
Drugs in wastewater. Chem. Eng. J. 338, 401-410.

https://doi.org/10.1016/j.cej.2018.01.014

Nageeb El-Helaly, S., Habib, B.A., Abd EI-Rahman, M.K., 2018. Resolution V fractional
factorial design for screening of factors affecting weakly basic drugs liposomal systems.
Eur. J. Pharm. Sci. 119, 249-258.

https://doi.org/https://doi.org/10.1016/j.ejps.2018.04.028

Naghdi, M., Taheran, M., Brar, S.K., Kermanshahi-pour, A., Verma, M., Surampalli, R.Y .,
2018. Removal of pharmaceutical compounds in water and wastewater using fungal
oxidoreductase enzymes. Environ. Pollut. 234, 190-213.

https://doi.org/10.1016/j.envpol.2017.11.060

Nam, S., Jung, C., Li, H., Yu, M., Flora, J.R. V, Boateng, L.K., Her, N., Zoh, K., Yoon, Y.,
2015. Adsorption characteristics of diclofenac and sulfamethoxazole to graphene oxide
in aqueous solution. Chemosphere 136, 20-26.

https://doi.org/10.1016/j.chemosphere.2015.03.061

Nam, S.W., Choi, D.J., Kim, S.K., Her, N., Zoh, K.D., 2014. Adsorption characteristics of
selected hydrophilic and hydrophobic micropollutants in water using activated carbon.

J. Hazard. Mater. 270, 144-152. https://doi.org/10.1016/j.jhazmat.2014.01.037

Narsinghani, T., Sharma, R., 2014. Lead Optimization on Conventional Non-Steroidal Anti-

Inflammatory Drugs: An Approach to Reduce Gastrointestinal Toxicity. Chem. Biol.

64



Drug Des. 84, 1-23. https://doi.org/10.1111/cbdd.12292

Ncube, S., Madikizela, L.M., Chimuka, L., Nindi, M.M., 2018. Environmental fate and
ecotoxicological effects of antiretrovirals: A current global status and future

perspectives. Water Res. 145, 231-247. https://doi.org/10.1016/j.watres.2018.08.017

Ncube, S., Poliwoda, A., Tutu, H., Wieczorek, P., Chimuka, L., 2016. Multivariate
optimization of the hollow fibre liquid phase microextraction of muscimol in human
urine samples. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1033-1034, 372-381.

https://doi.org/10.1016/j.jchromb.2016.09.008

Ngubane, N.P., Naicker, D., Ncube, S., Chimuka, L., Madikizela, L.M., 2019. Determination
of naproxen , diclofenac and ibuprofen in Umgeni estuary and seawater: A case of
northern Durban in KwaZulu — Natal Province of South Africa. Reg. Stud. Mar. Sci. 29,

100675-100682. https://doi.org/10.1016/j.rsma.2019.100675

Ngumba, E., Gachanja, A., Tuhkanen, T., 2016. Occurrence of selected antibiotics and
antiretroviral drugs in Nairobi River Basin, Kenya. Sci. Total Environ. 539, 206-213.

https://doi.org/10.1016/j.scitotenv.2015.08.139

Nodeh, M.K.M., Radfard, M., Zardari, L.A., Nodeh, H.R., 2018. Enhanced removal of
naproxen from wastewater using silica magnetic nanoparticles decorated onto graphene
oxide; parametric and equilibrium study. Sep. Sci. Technol. 53, 2476-2485.

https://doi.org/10.1080/01496395.2018.1457054

Nomngongo, P.N., Ngila, J.C., Msagati, T.A.M., Moodley, B., 2014. Chemometric
optimization of hollow fiber-liquid phase microextraction for preconcentration of trace

elements in diesel and gasoline prior to their ICP-OES determination. Microchem. J.

65



114, 141-147. https://doi.org/10.1016/j.microc.2013.12.013

Norgren, M., Edlund, H., 2014. Lignin: Recent advances and emerging applications. Curr.

Opin. Colloid Interface Sci. 19, 409-416. https://doi.org/10.1016/j.cocis.2014.08.004

Nourmoradi, H., Farokhi, K., Jafari, A., Kamarehie, B., 2018. Removal of acetaminophen and
ibuprofen from aqueous solutions by activated carbon derived from Quercus Brantii
(Oak) acorn as a low-cost biosorbent. J. Environ. Chem. Eng. 6, 6807-6815.

https://doi.org/10.1016/j.jece.2018.10.047

Oaks, J.L., Gilbert, M., Virani, M.Z., Watson, R.T., Meteyer, C.U., Rideout, B.A.,
Shivaprasad, H.L., Ahmed, S., Chaudhry, M.J.l., Arshad, M., Mahmood, S., Ali, A,
Khan, A.A., 2004. Diclofenac residues as thecause of vulture populationdecline in

Pakistan. Nature 247, 630—-633.

Ocampo-Perez, R., Padilla-ortega, E., Medellin-castillo, N.A., Coronado-oyarvide, P.,
Aguilar-madera, C.G., 2019. Science of the Total Environment Synthesis of biochar
from chili seeds and its application to remove ibuprofen from water . Equilibrium and

3D modeling 655, 1397-1408. https://doi.org/10.1016/j.scitotenv.2018.11.283

Ohtani, B., Prieto-Mahaney, O.0., Li, D., Abe, R., 2010. What is Degussa (Evonic) P25?
Crystalline composition analysis, reconstruction from isolated pure particles and
photocatalytic activity test. J. Photochem. Photobiol. A Chem. 216, 179-182.

https://doi.org/10.1016/j.jphotochem.2010.07.024

Olcer, Y.A., Demirkurt, M., Demir, M.M., Eroglu, A.E., 2017. Development of molecularly
imprinted polymers (MIPs) as a solid phase extraction (SPE) sorbent for the

determination of ibuprofen in water., RSC Adv. 7, 31441-31447.

66



https://doi.org/10.1039/C7TRA05254E

Onder, G., Pellicciotti, F., Gambassi, G., Bernabei, R., 2004. NSAID-related psychiatric

adverse events. Drugs 64, 2619-2627.

Patrolecco, L., Ademollo, N., Grenni, P., Tolomei, A., Barra Caracciolo, A., Capri, S., 2013.
Simultaneous determination of human pharmaceuticals in water samples by solid phase
extraction and HPLC with UV-fluorescence detection. Microchem. J. 107, 165-171.

https://doi.org/10.1016/j.microc.2012.05.035

Payan, M.R., L6pez, M.A.B., Fernandez-Torres, R., Gonzélez, J.A.O., Mochon, M.C., 2011.
Hollow fiber-based liquid phase microextraction ( HF-LPME ) as a new approach for the
HPLC determination of fluoroquinolones in biological and environmental matrices. J.

Pharm. Biomed. Anal. 55, 332-341. https://doi.org/10.1016/j.jpba.2011.01.037

Pena-Pereira, F., Lavilla, 1., Bendicho, C., 2010. Liquid-phase microextraction techniques
within the framework of green chemistry. TrAC - Trends Anal. Chem. 29, 617-628.

https://doi.org/10.1016/j.trac.2010.02.016

Peng, F.J., Pan, C.G., Zhang, M., Zhang, N.S., Windfeld, R., Salvito, D., Selck, H., Van den
Brink, P.J., Ying, G.G., 2017. Occurrence and ecological risk assessment of emerging
organic chemicals in urban rivers: Guangzhou as a case study in China. Sci. Total

Environ. 589, 46-55. https://doi.org/10.1016/j.scitotenv.2017.02.200

Pereira, A.M.P.T., Silva, L.J.G., Laranjeiro, C.S.M., Meisel, L.M., Lino, C.M., Pena, A.,
2017. Human pharmaceuticals in Portuguese rivers: The impact of water scarcity in the
environmental risk. Sci. Total Environ. 609, 1182-1191.

https://doi.org/10.1016/j.scitotenv.2017.07.200

67



Petrie, B., McAdam, E.J., Lester, J.N., Cartmell, E., 2014. Obtaining process mass balances
of pharmaceuticals and triclosan to determine their fate during wastewater treatment. Sci.

Total Environ. 497-498, 553-560. https://doi.org/10.1016/j.scitotenv.2014.08.003

Petrie, B., Mcadam, E.J., Scrimshaw, M.D., Lester, J.N., Cartmell, E., 2013. Trends in
Analytical chemistry Fate of drugs during wastewater treatment. Trends Anal. Chem. 49,

145-159. https://doi.org/10.1016/j.trac.2013.05.007

Petrie, B., Smith, B.D., Youdan, J., Barden, R., Kasprzyk-Hordern, B., 2017. Multi-residue
determination of micropollutants in Phragmites australis from constructed wetlands
using microwave assisted extraction and ultra-high-performance liquid chromatography
tandem mass spectrometry. Anal. Chim. Acta 959, 91-101.

https://doi.org/10.1016/j.aca.2016.12.042

Pi, N., Ng, J.Z., Kelly, B.C., 2017. Bioaccumulation of pharmaceutically active compounds
and endocrine disrupting chemicals in aquatic macrophytes: Results of hydroponic
experiments with Echinodorus horemanii and Eichhornia crassipes. Sci. Total Environ.

601-602, 812-820. https://doi.org/10.1016/j.scitotenv.2017.05.137

Pichon, V., 2007. Selective sample treatment using molecularly imprinted polymers. J.

Chromatogr. A 1152, 41-53. https://doi.org/10.1016/j.chroma.2007.02.109

Plotka-Wasylka, J., Owczarek, K., Namiesnik, J., 2016. Modern solutions in the field of
microextraction using liquid as a medium of extraction. TrAC Trends Anal. Chem. 85,

46-64. https://doi.org/10.1016/J.TRAC.2016.08.010

Quintana, J.B., Weiss, S., Reemtsma, T., 2005. Pathways and metabolites of microbial

degradation of selected acidic pharmaceutical and their occurrence in municipal

68



wastewater treated by a membrane bioreactor. Water Res. 39, 2654-2664.

https://doi.org/10.1016/j.watres.2005.04.068

Radke, M., Ulrich, H., Wurm, C., Kunkel, U., 2010. Dynamics and Attenuation of Acidic
Pharmaceuticals along a River Stretch. Environ. Sci. Technol. 44, 2968-2974.

https://doi.org/10.1021/es903091z

Rafati, L., Ehrampoush, M.H., Rafati, A., Mokhtari, M., Mahvi, A., 2018. Removal of
ibuprofen from aqueous solution by functionalized strong nano-clay composite
adsorbent : kinetic and equilibrium isotherm studies. Int. J. Environ. Sci. Technol. 15,

513-524. https://doi.org/10.1007/s13762-017-1393-0

Rahube, T.O., Marti, R., Scott, A., Tien, Y.-C., Murray, R., Sabourin, L., Duenk, P., Lapen,
D.R., Topp, E., 2016. Persistence of antibiotic resistance and plasmid-associated genes
in soil following application of sewage sludge and abundance on vegetables at harvest.

Can. J. Microbiol. 62, 600-607. https://doi.org/10.1139/cjm-2016-0034

Ramaswamy, A., Arul Gnana Dhas, A.S., 2014. Development and validation of analytical
method for quantitation of Emtricitabine, Tenofovir, Efavirenz based on HPLC. Arab. J.

Chem. 11, 275-281. https://doi.org/10.1016/j.arabjc.2014.08.007

Ramos, M., Angel, M., Lopez, B., Fernandez-torres, R., Callejon, M., Luis, J., Ariza, G.,
2010. Application of hollow fiber-based liquid-phase microextraction (HF-LPME) for
the determination of acidic pharmaceuticals in wastewaters. Talanta 82, 854-858.

https://doi.org/10.1016/j.talanta.2010.05.022

Ratola, N., Cincinelli, A., Alves, A., Katsoyiannis, A., 2012. Occurrence of organic

microcontaminants in the wastewater treatment process. A mini review. J. Hazard.

69



Mater. 239-240, 1-18. https://doi.org/10.1016/j.jhazmat.2012.05.040

Riafio, S., Lucena, R., 2012. Determination of non-steroidal anti-inflammatory drugs in urine
by the combination of stir membrane liquid — liquid — liquid microextraction and liquid
chromatography. Anal. Bioanal. Chem. 403, 2583-2589.

https://doi.org/10.1007/s00216-012-6051-2

Rigobello, E.S., Dantas, A.D.B., Di Bernardo, L., Vieira, E.M., 2013. Removal of diclofenac
by conventional drinking water treatment processes and granular activated carbon
filtration. Chemosphere 92, 184-191.

https://doi.org/10.1016/j.chemosphere.2013.03.010

Rimayi, C., Odusanya, D., Weiss, J.M., Boer, J. De, Chimuka, L., 2018. Contaminants of
emerging concern in the Hartbeespoort Dam catchment and the uMngeni River estuary
2016 pollution incident, South Africa. Sci. Total Environ. 627, 1008-1017.

https://doi.org/10.1016/j.scitotenv.2018.01.263

Rivera-Utrilla, J., Sanchez-Polo, M., Ferro-Garcia, M.A., Prados-Joya, G., Ocampo-Pérez,
R., 2013. Pharmaceuticals as emerging contaminants and their removal from water. A
review. Chemosphere 93, 1268-1287.

https://doi.org/10.1016/j.chemosphere.2013.07.059

Rostvall, A., Zhang, W., Durig, W., Renman, G., Wiberg, K., Ahrens, L., Gago-ferrero, P.,
2018a. Removal of pharmaceuticals, perfluoroalkyl substances and other
micropollutants from wastewater using lignite, Xylit, sand, granular activated carbon
(GAC) and GAC + Polonite ® in column tests - Role of physicochemical properties.

Water Res. 137, 97-106. https://doi.org/10.1016/j.watres.2018.03.008

70



Rostvall, A., Zhang, W., Durig, W., Renman, G., Wiberg, K., Ahrens, L., Gago-Ferrero, P.,
2018b. Removal of pharmaceuticals, perfluoroalkyl substances and other
micropollutants from wastewater using lignite, Xylit, sand, granular activated carbon
(GAC) and GAC+Polonite® in column tests — Role of physicochemical properties.

Water Res. 137, 97-106. https://doi.org/10.1016/J.WATRES.2018.03.008

Routray, W., Orsat, V., 2012. Microwave-Assisted Extraction of Flavonoids: A Review.

Food Bioprocess Technol. 5, 409-424. https://doi.org/10.1007/s11947-011-0573-z

Ruhoy, L.S., Daughton, C.G., 2007. Types and quantities of leftover drugs entering the
environment via disposal to sewage - Revealed by coroner records. Sci. Total Environ.

388, 137-148. https://doi.org/10.1016/j.scitotenv.2007.08.013

Runfola, M., Lima, D.L.D., Fonseca, A.P., Barbosa, Z., 2018. Optimization of a dispersive
liquid—liquid microextraction method followed by UHPLC analysis for fluoxetine
quantification in environmental water resources. J. Sep. Sci. 41, 4246-4252.

https://doi.org/10.1002/jssc.201800727

Saaid, M., Saad, B., Ali, A.S.M., Saleh, M.l., Basheer, C., Lee, H.K., 2009. In situ
derivatization hollow fibre liquid-phase microextraction for the determination of
biogenic amines in food samples. J. Chromatogr. A 1216, 5165-5170.

https://doi.org/10.1016/j.chroma.2009.04.091

Sacher, F., Ehmann, M., Gabriel, S., Graf, C., Brauch, H.-J., 2008. Pharmaceutical residues
in the river Rhine—results of a one-decade monitoring programme. J. Environ. Monit.

10, 664. https://doi.org/10.1039/b800701b

Saeid, S., Tolvanen, P., Kumar, N., Erdnen, K., Peltonen, J., Peurla, M., Mikkola, J., Franz,

71



A., Salmi, T., 2018. Environmental advanced oxidation process for the removal of
ibuprofen from aqueous solution: A non-catalytic and catalytic ozonation study in a
semi-batch reactor. Appl. Catal. B Environ. 230, 77-90.

https://doi.org/10.1016/j.apcath.2018.02.021

Sahoo, C., Gupta, A.K., 2012. Optimization of photocatalytic degradation of methyl blue
using silver ion doped titanium dioxide by combination of experimental design and
response  surface  approach. J. Hazard. Mater. 215-216, 302-310.

https://doi.org/10.1016/J.JHAZMAT.2012.02.072

Sahu, P.K., Ramisetti, N.R., Cecchi, T., Swain, S., Patro, C.S., Panda, J., 2018. An overview
of experimental designs in HPLC method development and validation. J. Pharm.

Biomed. Anal. 147, 590-611. https://doi.org/10.1016/J.JPBA.2017.05.006

Saleh, A., Larsson, E., Yamini, Y., Ake, J., 2011. Hollow fiber liquid phase microextraction
as a preconcentration and clean-up step after pressurized hot water extraction for the
determination of non-steroidal anti-inflammatory drugs in sewage sludge. J.

Chromatogr. A 1218, 1331-1339. https://doi.org/10.1016/j.chroma.2011.01.011

Saloni, J., Lipkowski, P., Dasary, S.S.R., Anjaneyulu, Y., Yu, H., Hill, G., 2011. Theoretical
study of molecular interactions of TNT, acrylic acid, and ethylene glycol dimethacrylate
- Elements of molecularly imprinted polymer modeling process. Polymer (Guildf). 52,

1206-1216. https://doi.org/10.1016/j.polymer.2010.11.057

Samah, N.A., Sanchez-Martin, M.-J., Sebastian, R.M., Valiente, M., Lopez-Mesas, M., 2018.
Molecularly imprinted polymer for the removal of diclofenac from water: Synthesis and
characterization. Sci. Total Environ. 631-632, 1534-1543.
https://doi.org/10.1016/J.SCITOTENV.2018.03.087

72



Sarafraz-Yazdi, A., Razavi, N., 2015. Application of molecularly-imprinted polymers in
solid-phase microextraction techniques. TrAC - Trends Anal. Chem. 73, 81-90.

https://doi.org/10.1016/j.trac.2015.05.004

Sari, S., Ozdemir, G., Yangin-Gomec, C., Zengin, G.E., Topuz, E., Aydin, E., Pehlivanoglu-
Mantas, E., Okutman Tas, D., 2014. Seasonal variation of diclofenac concentration and
its relation with wastewater characteristics at two municipal wastewater treatment plants
in Turkey. J. Hazard. Mater. 272, 155-164.

https://doi.org/10.1016/j.jhazmat.2014.03.015

Sarker, M., Song, J.Y., Jhung, S.H., 2018. Adsorptive removal of anti-inflammatory drugs
from water using graphene oxide/metal-organic framework composites. Chem. Eng. J.

335, 74-81. https://doi.org/10.1016/j.cej.2017.10.138

Schafer, A.l., 1999. Effects of nonsteroidal anti-inflammatory therapy on platelets. Am. J.

Med. 106, 25S-36S. https://doi.org/10.1016/S0002-9343(99)00114-X

Schoeman, C., Dlamini, M., Okonkwo, O.J., 2017. The impact of a Wastewater Treatment
Works in Southern Gauteng, South Africa on efavirenz and nevirapine discharges into
the aquatic environment. Emerg. Contam. 3, 95-106.

https://doi.org/10.1016/j.emcon.2017.09.001

Schoeman, C., Mashiane, M., Okonkwo, O.J., 2015. Quantification of Selected Antiretroviral
Drugs in a Wastewater Treatment Works in South Africa Using GC-TOFMS. J.

Chromatogr. Sep. Tech. 06, 1-7. https://doi.org/10.4172/2157-7064.1000272

Shanmugam, G., Sampath, S., Selvaraj, K.K., Larsson, D.G.J., Ramaswamy, B.R., 2014. Non-

steroidal anti-inflammatory drugs in Indian rivers. Environ. Sci. Pollut. Res. 21, 921

73



931. https://doi.org/10.1007/s11356-013-1957-6

Shraim, A., Diab, A., Alsuhaimi, A., Niazy, E., Metwally, M., Amad, M., Sioud, S., Dawoud,
A., 2017. Analysis of some pharmaceuticals in municipal wastewater of Almadinah
Almunawarah. Arab. J. Chem. 10, S719-S7209.

https://doi.org/10.1016/j.arabjc.2012.11.014

Sibeko, P.A., Naicker, D., Mdluli, P.S., Madikizela, L.M., 2019. Naproxen, ibuprofen, and
diclofenac residues in river water, sediments and Eichhornia crassipes of Mbokodweni
river in South Africa: An initial screening. Environ. Forensics 20, 129-138.

https://doi.org/10.1080/15275922.2019.1597780

Sime, S., Megersa, N., Gure, A., 2019. Hollow fiber based liquid phase microextraction
method for the determination of three triazine herbicides from locally brewed Ethiopian

beverages. Iran. J. Chem. 6, 1-9. https://doi.org/10.30473/ijac.2019.41755.1134

Smith, H.S., 2014. Nonsteroidal Anti-Inflammatory Drugs; Acetaminophen, Encyclopedia of

the Neurological Sciences. https://doi.org/10.1016/B978-0-12-385157-4.00214-1

Snyder, S.A., Adham, S., Redding, A.M., Cannon, F.S., DeCarolis, J., Oppenheimer, J., Wert,
E.C., Yoon, Y., 2007. Role of membranes and activated carbon in the removal of
endocrine  disruptors and  pharmaceuticals.  Desalination 202, 156-181.

https://doi.org/10.1016/j.desal.2005.12.052

Sochacki, A., Felis, E., Bajkacz, S., Nowrotek, M., Miksch, K., 2018. Removal and
transformations of diclofenac and sulfamethoxazole in a two- stage constructed wetland

system. Ecol. Eng. 122, 159-168. https://doi.org/10.1016/j.ecoleng.2018.07.039

Sophia, A.., Lima, E.C., 2018. Removal of emerging contaminants from the environment by

74



adsorption. Ecotoxicol. Environ. Saf. 150, 1-17.

https://doi.org/10.1016/j.ecoenv.2017.12.026

Sophia A., C., Lima, E.C., 2018. Removal of emerging contaminants from the environment
by adsorption. Ecotoxicol. Environ. Saf. 150, 1-17.

https://doi.org/10.1016/j.ecoenv.2017.12.026

Sophia, C.A., Lima, E.C., Allaudeen, N., Rajan, S., 2016. Application of graphene based
materials for adsorption of pharmaceutical traces from water and wastewater- a review.

Desalin. Water Treat. 3994, 1-14. https://doi.org/10.1080/19443994.2016.1172989

Springer, V., Barreiros, L., Avena, M., Segundo, M.A., 2018. Nickel ferrite nanoparticles for
removal of polar pharmaceuticals from water samples with multi-purpose features.

Adsorption 24, 431-441. https://doi.org/10.1007/s10450-018-9953-2

Srogi, K., 2006. A review: Application of microwave technigues for environmental analytical

chemistry. Anal. Lett. 39, 1261-1288. https://doi.org/10.1080/00032710600666289

Stadlmair, L.F., Letzel, T., Drewes, J.E., Grassmann, J., 2018. Enzymes in removal of

pharmaceuticals from wastewater : A critical review of challenges , applications and

screening. Chemosphere. https://doi.org/10.1016/j.chemosphere.2018.04.142

Staff, P.D.R., 2008. Physician’s Desk Refence, in: Physician’s Desk Refence. Thompson

Healthcare Inc., Montvale, NJ, p. 924.

Strbac, D., Aggelopoulos, C.A., Strbac, G., Dimitropoulos, M., Novakovic, M., lveti, T.,
Yannopoulos, S.N., 2018. Photocatalytic degradation of Naproxen and methylene blue :
Comparison between ZnO , TiO2 3, 174-183.

https://doi.org/10.1016/j.psep.2017.10.007

75



Sui, Q., Huang, J., Deng, S., Yu, G. Fan, Q., 2010. Occurrence and removal of
pharmaceuticals, caffeine and DEET in wastewater treatment plants of Beijing, China.

Water Res. 44, 417-426. https://doi.org/10.1016/j.watres.2009.07.010

Sun, J., Luo, Q., Wang, D., Wang, Z., 2015. Occurrences of pharmaceuticals in drinking water
sources of major river watersheds, China. Ecotoxicol. Environ. Saf. 117, 132-140.

https://doi.org/10.1016/j.ecoenv.2015.03.032

Sun, Q., Li, M., Ma, C., Chen, X., Xie, X., Yu, C.-P., 2016. Seasonal and spatial variations of
PPCP occurrence, removal and mass loading in three wastewater treatment plants located
in different urbanization areas in Xiamen, China. Environ. Pollut. 208, 371-381.

https://doi.org/10.1016/J.ENVPOL.2015.10.003

Sun, Z., Schussler, W., Sengl, M., Niessner, R., Knopp, D., 2008. Selective trace analysis of
diclofenac in surface and wastewater samples using solid-phase extraction with a new
molecularly  imprinted  polymer.  Anal. Chim. Acta 620, 73-81.

https://doi.org/10.1016/j.aca.2008.05.020

Swanepoel, C., Bouwman, H., Pieters, R., Bezuidenhout, C., 2015. Presence, concentrations
and potential implications of HIV-ARVs in selected water sources in South Africa.

Water Res. Commision 1-49. https://doi.org/10.13140/RG.2.2.20637.51688

Szymonik, A., Lach, J., Malinska, K., 2017. Fate and removal of pharmaceuticals and illegal
drugs present in drinking water and wastewater. Ecol. Chem. Eng. S 24, 65-85.

https://doi.org/10.1515/eces-2017-0006

Taggart, M.A., Cuthbert, R., Das, D., Sashikumar, C., Pain, D.J., Green, R.E., Feltrer, Y.,

Shultz, S., Cunningham, A.A., Meharg, A.A., 2007. Diclofenac disposition in Indian

76



cow and goat with reference to Gyps vulture population declines. Environ. Pollut. 147,

60-65. https://doi.org/10.1016/j.envpol.2006.08.017

Taheran, M., Naghdi, M., Brar, S.K., Knystautas, E.J., Verma, M., Surampalli, R.Y., 2017.
Covalent Immobilization of Laccase onto Nanofibrous Membrane for Degradation of
Pharmaceutical Residues in Water. ACS Sustain. Chem. Eng. 5, 10430-10438.

https://doi.org/10.1021/acssuschemeng.7b02465

Tajabadi, F., Ghambarian, M., Yamini, Y., Yazdanfar, N., 2016. Combination of hollow fiber
liquid phase microextraction followed by HPLC-DAD and multivariate curve resolution
to determine antibacterial residues in foods of animal origin. Talanta 160, 400-4009.

https://doi.org/10.1016/J. TALANTA.2016.07.035

Tak, V., Pardasani, D., Kanaujia, P.K., Dubey, D.K., 2009. Liquid — liquid — liquid
microextraction of degradation products of nerve agents followed by liquid
chromatography -  tandem mass  spectrometry 1216, 4319-4328.

https://doi.org/10.1016/j.chroma.2009.03.039

Thiebault, T., Boussafir, M., Le Milbeau, C., 2017. Occurrence and removal efficiency of
pharmaceuticals in an urban wastewater treatment plant: Mass balance, fate and
consumption  assessment. J.  Environ. Chem. Eng. 5,  2894-2902.

https://doi.org/10.1016/j.jece.2017.05.039

Tran, N.H., Reinhard, M., Gin, K.Y.H., 2018. Occurrence and fate of emerging contaminants
in municipal wastewater treatment plants from different geographical regions-a review.

Water Res. 133, 182—-207. https://doi.org/10.1016/j.watres.2017.12.029

Tran, N.H., Urase, T., Kusakabe, O., 2010. Biodegradation characteristics of pharmaceutical

77



substances by whole fungal culture Trametes versicolor and its laccase. J. Water Environ.

Technol. 8, 125-140. https://doi.org/10.2965/jwet.2010.125

Varga, M., Dobor, J., Helenkar, A., Jurecska, L., Yao, J., Zaray, G., 2010. Investigation of
acidic pharmaceuticals in river water and sediment by microwave-assisted extraction and
gas chromatography — mass spectrometry. Microchem. J. 95, 353-358.

https://doi.org/10.1016/j.microc.2010.02.010

Vasiliadou, I.A., Sanchez-Vazquez, R., Martinez, F., Molina, R., Melero, J.A., Bautista, L.F.,
Iglesias, J., Morales, G., 2016. Biological removal of pharmaceutical compounds using
white-rot fungi with concomitant FAME production of the residual biomass. J. Environ.

Manage. 180, 228-237. https://doi.org/10.1016/j.jenvman.2016.05.035

Veljkovi¢, V.B., Velickovi¢, A. V., Avramovi¢, J.M., Stamenkovi¢, O.S., 2018. Modeling of
biodiesel production: Performance comparison of Box—Behnken, face central composite
and full factorial design. Chinese J. Chem. Eng. Article in.

https://doi.org/10.1016/J.CJCHE.2018.08.002

Venkatesan, S., Kannappan, N., 2014. Simultaneous Spectrophotometric Method for
Determination of Emtricitabine and Tenofovir Disoproxil Fumarate in Three-
Component Tablet Formulation Containing Rilpivirine Hydrochloride. Int. Sch. Res.

Not. 2014, 1-8. https://doi.org/http://dx.doi.org/10.1155/2014/541727 Research

Vergeynst, L., Haeck, A., De Wispelaere, P., Van Langenhove, H., Demeestere, K., 2015.
Multi-residue analysis of pharmaceuticals in wastewater by liquid chromatography-
magnetic sector mass spectrometry: Method quality assessment and application in a
Belgian case study. Chemosphere 119, S2-S8.
https://doi.org/10.1016/j.chemosphere.2014.03.069

78



Villar-Navarro, M., Ramos-Payan, M., Fernandez-Torres, Callejon-Mochon, M., Bello-
Lopez, M.A., 2013. A novel application of three phase hollow fi ber based liquid phase
microextraction (HF-LPME) for the HPLC determination of two endocrine disrupting
compounds (EDC ), n-octylphenol and n-nonylphenol , in environmental waters. Sci.

Total Environ. 443, 1-6. https://doi.org/10.1016/j.scitotenv.2012.10.071

Vymazal, J., 2011. Constructed wetlands for wastewater treatment: Five decades of

experience. Environ. Sci. Technol. 45, 61-69. https://doi.org/10.1021/es101403q

Vystavna, Y., Frkova, Z., Marchand, L., Vergeles, Y., Stolberg, F., 2017. Removal efficiency
of pharmaceuticals in a full scale constructed wetland in East Ukraine. Ecol. Eng. 108,

50-58. https://doi.org/10.1016/j.ecoleng.2017.08.009

Wang, J., Wang, S., 2016. Removal of pharmaceuticals and personal care products (PPCPs)
from wastewater: A review. J. Environ. Manage. 620—-640.

https://doi.org/10.1016/J.JENVMAN.2016.07.049

Warnke, D., Barreto, J., Temesgen, Z., 2007. Antiretroviral Drugs 1570-1579.

https://doi.org/10.1177/0091270007308034

Wood, T.P., Duvenage, C.S.J., Rohwer, E., 2015. The occurrence of anti-retroviral
compounds used for HIV treatment in South African surface water. Environ. Pollut. 199,

235-243. https://doi.org/10.1016/j.envpol.2015.01.030

Wooding, M., Rohwer, E.R., Naudé, Y., 2017. Determination of endocrine disrupting
chemicals and antiretroviral compounds in surface water: A disposable sorptive sampler
with comprehensive gas chromatography — Time-of-flight mass spectrometry and large

volume injection with ultra-high performance. J. Chromatogr. A 1496, 122-132.

79



https://doi.org/10.1016/j.chroma.2017.03.057

Wu, X., Dodgen, L.K., Conkle, J.L., Gan, J., 2015. Plant uptake of pharmaceutical and
personal care products from recycled water and biosolids: A review. Sci. Total Environ.

536, 655-666. https://doi.org/10.1016/j.scitotenv.2015.07.129

Xiao, J., Xie, Y., Cao, H., 2015. Organic pollutants removal in wastewater by heterogeneous
photocatalytic ozonation. Chemosphere 121, 1-17.

https://doi.org/10.1016/j.chemosphere.2014.10.072

Xiong, J., Hu, B., 2008. Comparison of hollow fiber liquid phase microextraction and
dispersive liquid — liquid microextraction for the determination of organosulfur
pesticides in environmental and beverage samples by gas chromatography with flame

photometric detection 1193, 7-18. https://doi.org/10.1016/j.chroma.2008.03.072

Yang, Y., Ok, Y.S., Kim, K.H., Kwon, E.E., Tsang, Y.F., 2017. Occurrences and removal of
pharmaceuticals and personal care products (PPCPs) in drinking water and water/sewage
treatment plants: A review. Sci. Total Environ. 596-597, 303-320.

https://doi.org/10.1016/j.scitotenv.2017.04.102

Yin, R., Sun, J., Xiang, Y., Shang, C., 2018. Recycling and reuse of rusted iron particles
containing core-shell Fe-FeOOH for ibuprofen removal: Adsorption and persulfate-
based advanced oxidation. J. Clean. Prod. 178, 441-448.

https://doi.org/10.1016/j.jclepro.2018.01.005

Yu, Z., Peldszus, S., Huck, P.M., 2008. Adsorption characteristics of selected pharmaceuticals
and an endocrine disrupting compound-Naproxen, carbamazepine and nonylphenol-on

activated carbon. Water Res. 42, 2873-2882.

80



https://doi.org/10.1016/j.watres.2008.02.020

Zambianchi, M., Durso, M., Liscio, A., Treossi, E., Bettini, C., Capobianco, M.L., Aluigi, A.,
Kovtun, A., Ruani, G., Corticelli, F., Brucale, M., Palermo, V., Navacchia, M.L.,
Melucci, M., 2017. Graphene oxide doped polysulfone membrane adsorbers for the
removal of organic contaminants from water. Chem. Eng. J. 326, 130-140.

https://doi.org/10.1016/j.cej.2017.05.143

Zeng, J., Yang, B., Wang, X., Li, Z., Zhang, X., Lei, L., 2015. Degradation of pharmaceutical
contaminant ibuprofen in aqueous solution by cylindrical wetted-wall corona discharge.

Chem. Eng. J. 267, 282-288. https://doi.org/10.1016/j.cej.2015.01.030

Zhang, D.Q., HUa, T., Gersberg, R.M., Hu, J.Z., Ng, W.J., Tan, S.K., 2012. Fate of diclofenac
in wetland mesocosms planted with Scirpus validus. Ecol. Eng. 49, 59-64.

https://doi.org/https://doi.org/10.1016/j.ecoleng.2012.08.018

Zhang, D.Q., Hua, T., Gersberg, R.M., Zhu, J., Ng, W.J., Tan, S.K., 2013. Carbamazepine
and naproxen: Fate in wetland mesocosms planted with Scirpus validus. Chemosphere

91, 14-21. https://doi.org/10.1016/j.chemosphere.2012.11.018

Zhang, D.Q., Tan, S.K., Gersberg, R.M., Sadreddini, S., Zhu, J., Tuan, N.A., 2011. Removal
of pharmaceutical compounds in tropical constructed wetlands. Ecol. Eng. 37, 460-464.

https://doi.org/10.1016/j.ecoleng.2010.11.002

Zhang, S., Dong, Y., Yang, Z., Yang, W., Wu, J., Dong, C., 2016. Adsorption of
pharmaceuticals on chitosan-based magnetic composite particles with core-brush

topology. Chem. Eng. J. 304, 325-334. https://doi.org/10.1016/j.cej.2016.06.087

Zhang, X., Huang, Q., Deng, F., Huang, H., Wan, Q., Liu, M., Wei, Y., 2017. Mussel-inspired

81



fabrication of functional materials and their environmental applications: Progress and

prospects. Appl. Mater. Today 7, 222—-238. https://doi.org/10.1016/j.apmt.2017.04.001

Zhang, X., Huang, Q., Liu, M., Tian, J., Zeng, G., 2015. Preparation of amine functionalized
carbon nanotubes via a bioinspired strategy and their application in Cu2+ removal. Appl.

Surf. Sci. 343, 19-27. https://doi.org/10.1016/j.apsusc.2015.03.081

Zhang, Y., GeiRBen, S.U., Gal, C., 2008. Carbamazepine and diclofenac: Removal in
wastewater treatment plants and occurrence in water bodies. Chemosphere 73, 1151

1161. https://doi.org/10.1016/j.chemosphere.2008.07.086

Zorita, S., Martensson, L., Mathiasson, L., 2009. Occurrence and removal of pharmaceuticals
in a municipal sewage treatment system in the south of Sweden. Sci. Total Environ. 407,

2760-2770. https://doi.org/10.1016/j.scitotenv.2008.12.030

Zunngu, S.S., Madikizela, L.M., Chimuka, L., Mdluli, P.S., 2017. Synthesis and application
of a molecularly imprinted polymer in the solid-phase extraction of ketoprofen from
wastewater. Comptes Rendus Chim. 20, 585-591.

https://doi.org/10.1016/j.crci.2016.09.006

82



2. CHAPTER TWO: AIMS AND OBJECTIVES

83



2.1 AIM OF THE STUDY

The aim of this study was to develop and optimize an analytical technique for analysis of

selected ARVDs and NSAIDs in water samples and aquatic plants.

2.2 SPECIFIC OBJECTIVES

The objectives of the study are as follows:

» To develop a HF-LPME technique for the isolation and preconcentration of ARVDs
and NSAIDs in aqueous samples and aquatic plants.

» To optimize a HF-LPME technique for efficient isolation and enrichment of selected
ARVDs from aqueous samples using fractional designs and surface response methods.

» To apply the optimized HF-LPME technique in combination with LC-MS for analysis
of target compounds in wastewater samples obtained from Durban, KwaZulu Natal
and surface water samples obtained from Hartbeespoort dam, North of Johannesburg.

» To optimize a MAE technique for extraction of target analytes from Eichhornia
crassipes followed by isolation and preconcentration using HF-LPME.

> To apply the optimized MAE-HF-LPME technique for extraction and pre-
concentration of target analytes in Eichhornia crassipes of Hartbeespoort dam,

Mbokodweni River and Springfield followed by quantitation using LC-MS.

2.3 RESEARCH STRUCTURE

This research expedition started with a literature search on ARVDs and NSAIDs to identify
all the research studies that have been done. With various studies reported in literature and
quite a number of reviews available, our approach was to write a review on adsorbents and
removal strategies of NSAIDs in water resources. This has been published in Journal of
Environmental Chemical Engineering and is given in this dissertation as Paper 1 in Section
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3.1. This was followed by development of a hollow fiber-based liquid phase microextraction
technique for analysis of the selected ARVDs and NSAIDs in various matrices. The
optimization and application of HF-LPME and MAE-HF-LPME for analysis of ARVDs in
both surface water and hyacinth plants is presented as Paper 2 in Section 3.2. This manuscript
has been accepted by the Journal of Hazardous Materials. Paper 3 in Section 3.3 presents the
preconcentration of NSAIDs in wastewater samples and aquatic plant materials. This
manuscript has been submitted to in a peer review journal with impact factor. All the papers
have been formatted to maintain a continuous structure of the dissertation. Each paper except
for the review article (Paper 1), has its own introduction, chemicals and materials, sample
collection and pre-treatment methods, extraction techniques, method optimization, results and

discussion and lastly, conclusion then references.
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3. CHAPTER THREE: RESEARCH PAPERS
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3.1 PAPER 1

This paper summarizes the data on the different adsorbents and removal strategies of NSAIDs
in contaminated water bodies around the world. In this review, the toxicity of NSAIDs after
long term exposure in both human and animals have been outlined. Their occurrence in
various water resources such as WWTPs and constructed wetlands has been carefully looked
at. This has led for major investigation on the adsorbents that have been reported for their
ability to remove pollutants from contaminated water at a laboratory scale. In addition,
advanced oxidation processes (AOPs) which includes sonochemical and electrochemical
advanced oxidation processes have been carefully discussed as they have the ability to remove
pollutants from contaminated water. AOPs are categorized by the formation of non-selective
and highly reactive hydroxyl radicals which are able to mineralize almost all organic
compounds. This review highlights the ability of different adsorbents to remove NSAIDs for

contaminated water.
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Abstract

In the past few decades, there has been a rapid growth in the number of published articles that have
focused on the environmental monitoring of non-steroidal anti-inflammatory drugs (NSAIDSs).
This is due to their extensive usage for the treatment of various diseases such as arthritis, musculo-
skeletal pain and other various acute pains, because of their availability without a medical
prescription. NSAIDs consumption is followed by excretion through fecal matter and urine which
increases their concentration in the aquatic environment. Review articles focusing on the fate,
occurrence and removal of pharmaceuticals in the water environment have been reported. This
review focusses on adsorbents and various ways of NSAIDs reduction in the environment that
include activated carbon, ligninolytic enzymes, graphene-based adsorbents, molecularly imprinted
polymers, electrochemical methods, sonochemical processes and photocatalytic degradation. The
applicability of each adsorbent in removing NSAIDs from environmental surface water are
deliberated in this review. Generally, it is observed that many adsorbents and processes are yet to
be investigated for removal of NSAIDs in the large scale such as wastewater treatment plants.
Other remedial approaches such as constructed wetlands have shown great potential for
elimination of NSAIDs in wastewater effluent and are also discussed in this review. Also, the
attainments and challenges, as well as views for future studies, are outlined and discussed in the

current review.

Keywords

Non-steroidal anti-inflammatory drugs; wastewater; adsorbents; removal efficiency; adsorption

capacity
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3.1.1 Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are an extensive range of medication used to
treat and alleviate pain as well as inflammation in different arthritic and post-operative situations.
Their three main therapeutic actions can be described as either anti-inflammatory, analgesic or
antipyretic (Kress et al., 2016; Modi et al., 2012; Smith, 2014). NSAIDs can be purchased over
the counter, without medical prescription from healthcare professionals. Therefore, tons of these
pharmaceuticals are used gradually and consumed daily due to the increasing number of the
general population and moreover invention of new drugs with better therapeutic efficacy
(Daughton, 2003). As shown in Figure 3.1.1, after consumption these pharmaceutically active
compounds leave the body as intact substances or metabolites through urine and feces. These
metabolites or unmetabolized form of the parent compounds make way to the wastewater treatment
plants (WWTPs) and raw sewerage after excretion (Jelic et al., 2012). It has been reported that
extreme disposal of expired drugs in trash cans and sewers leads to NSAIDs being continuously
released to the environment in large quantities (Escher et al., 2011). NSAIDs undergo several
processes during the wastewater treatment of which they are not completely removed from water.
Hence, several studies have reported their occurrence in WWTP effluents which is an indication
of their incomplete elimination during the wastewater treatment process (Ben et al., 2018; Kermia
et al., 2016; Li et al., 2013; Petrie et al., 2014; Shraim et al., 2017; Tran et al., 2018). This
contributes to the occurrence of high levels of NSAIDs in aquatic environments reaching as high
as pg Lt concentrations at multiple locations worldwide (Jelic et al., 2011; Luo et al., 2014; Sun
etal., 2016; Tran et al., 2018; Wang and Wang, 2016). Poor control of NSAIDs in the environment

can result in their uptake by crops through farming activities as indicated in Figure 3.1.1.
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Figure 3.1.1. Sources of pharmaceuticals in the environment. Adapted from Madikizela et al.

(2018) (Madikizela et al., 2018a) with permission from Elsevier.

Based on literature, the removal efficiency of NSAIDs from WWTPs varies from -174 to 99%
(Kermia et al., 2016; Zorita et al., 2009). Gao et al. (2016) evidenced that some pharmaceuticals
are acknowledged as highly refractory and stable pollutants in WWTPs. After sewerage treatment,
their concentrations are increased instead of being reduced which results in negative removal
efficiency (Gao et al., 2016). Other possible explanations for the negative removal rates is the
influent-effluent mismatching, or the creation of conjugated compounds during the wastewater
treatment steps (Ratola et al., 2012). The negative removal efficiency can also be explained by the
fact that some pharmaceuticals are excreted with feces and remain bounded in fecal particles in
the raw influent wastewater and become released during wastewater treatment which makes them
more concentrated in the effluent. In addition, the day-to-day concentration instabilities during the

sampling period, the analytical uncertainty, and desorption of molecules from sludge and
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suspended particulate matter has been ascribed to the negative removal efficiency (Clara et al.,

2004; Kock-Schulmeyer et al., 2013).

Some review papers have focused on the occurrence and removal of a variety of pharmaceuticals
from drinking water and WWTPs (Gogoi et al., 2018; Kanakaraju et al., 2018; Madikizela et al.,
2017; Sophia et al., 2016; Yang et al., 2017; Zhang et al., 2008). However, NSAIDs being a group
of pharmaceuticals that are predominantly identified in water bodies across the world, this review
paper focuses specifically on NSAIDs, their removal from contaminated water resources which
include WWTPs, drinking water, river water, dam and lake water. Several studies have provided
evidence of presence of NSAIDs in water bodies implying that the drugs could be consumed un-
intentionally through the consumption of drinking water and food sources (Gumbi et al., 2017a;
Husk et al., 2019; Madikizela and Chimuka, 2017a; Shanmugam et al., 2014). The current review
will therefore look at remedial strategies that have been applied to alleviate the presence and
impact of NSAIDs in contaminated water resources that include WWTPs, rivers, dams, lakes and
drinking water. The focus is on adsorbents and some remedial processes such as constructed
wetlands; that involve electrolysis of the parent compounds to by-products with less
ecotoxicological and human health effects. Constructed wetlands have an advantage of the sorption
and oxidation potential which provides remedial opportunities for any size of WWTP effluent.
Application of constructed wetlands can be as a stand-alone mechanism or as a polishing step
following both conventional or advanced treatment technologies (Avila and Garcia, 2015). Other
adsorbents and processes that were critically reviewed in this work are activated carbon,
ligninolytic enzymes, graphene-based adsorbents, molecularly imprinted polymers,

electrochemical methods, sonochemical processes and photocatalytic degradation.
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3.1.2 Toxicity of non-steroidal anti-inflammatory drugs in the environment

NSAIDs produce their therapeutic effects in humans by precluding various prostaglandin
substances involved in the development of pain and inflammation as well as control of body
temperature (Bellomo et al., 2017; Modi et al., 2012). NSAIDs taken in high dosages for longer
periods may result in disruption of the body’s endocrine system leading to toxicity and unpleasant
effects (Sacher et al., 2008). The health effects summarized in Table 1 show that the effects may
be rapid and fatal. For example, it has been reported that the consumption of 24 - 36 g of fenoprofen
can lead to metabolic acidosis, hypotension, coma, and respiratory depression within 4 hours after
its oral consumption (Kolodzik et al., 1990). Furthermore, it has been projected that 1 in 5 chronic
users of NSAIDs will develop gastric impairment (Modi et al., 2012). Moreover, NSAIDs such as
diclofenac have been linked to the deterioration of vulture population in Asia (Oaks et al., 2004;

Taggart et al., 2007)
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Table 3.1.1. Chemical structures, physicochemical properties and health effects of NSAIDs.

NSAID Chemical structure Log Kow pKa Water solubility (mg LY)  Health effects
Naproxen s o 3.18 4.19 44 Drowsiness, heartburn, indigestion, nausea, and

HCL OO o vomiting.
Diclofenac QCI 451 4.00 10 Loss of consciousness increased intracranial pressure

N
o h [ oH and aspiration pneumonitis.
[e]
Ibuprofen CHs 3.97 491 58 Peripheral edema and fluid retention.
CHs OH
0]

HsC
Ketoprofen i (s on 3.12 4.45 51 Gastro intestinal tract, abdominal pain, constipation and

O O © flatulence in greater than 3% of patients.
Fenoprofen " 4.05 4.50 81 Gastrointestinal and central nervous systems.
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Information on this table was acquired from the literature cited in this document and drugbank website (https://www.drugbank.ca/) assessed in the period between March and April

2018.
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3.1.3 Physicochemical properties of non-steroidal anti-inflammatory drugs

NSAIDs are weak organic acids with a carboxylate moiety present in them (Gundogdu-Hizliates
et al., 2014; Narsinghani and Sharma, 2014). Their acid dissociation constants (pKa) range from
4.00 to 4.91 while their octanol-water partition coefficients (Kow) range from 1.10 to 3.97,
implying that NSAIDs exist as dissolved neutral species under normal environmental conditions
(Behera et al., 2011; Lindgvist et al., 2005). Their physicochemical properties relevant to their
existence in water bodies are given in Table 3.1.2. Their high water solubility and polar nature
could lead to difficulty in their removal efficiency in WWTPs (Dahane et al., 2013; Koutsouba et
al., 2003; Larsson et al., 2009). To date, there are several adsorbents and procedures that have been

proposed for the effective removal of NSAIDs from the aquatic environment.

3.1.4 Occurrence of non-steroidal anti-inflammatory drugs in water bodies

NSAIDs are regarded as emerging pollutants in water bodies and they are among the most
detectable organic pollutants in the aquatic environment. Emerging pollutants are chemicals that
have been found globally in drinking water supplies at trace levels and for which the hazard to the
aquatic environment and human health is not yet understood. While these contaminants have been
present in our drinking water for as long as people have been using them, advances in analytical
technology and instrumentation have only recently made it possible to detect them (Geissen et al.,
2015; Sun et al., 2015). It has been reported that NSAIDs find their way into drinking water
through surface run-off and WWTP effluents (Carmona et al., 2014; Leal et al., 2010; Szymonik
et al., 2017). Effluents from WWTPs that have an effect on receiving water bodies make up the

main source of pharmaceuticals in surface waters which may possibly be used for drinking water
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supply. Also, the discharge of pharmaceuticals to groundwater from sources such as pipes and
sewerage leaks could contribute to NSAIDs found in drinking water. A large number of articles
have focused on the occurrence of NSAIDs in water bodies. This is important as it provides
awareness on the status of pollution in the aquatic environment which could lead to un-monitored
consumption of NSAIDs by humans. In Spain, the average concentrations detected for naproxen,
diclofenac and ibuprofen in tap water were 11, 39 and 18 ng L, respectively (Carmona et al.,
2014). In Iran, the maximum detected concentrations in tap water for ibuprofen, diclofenac and
naproxen were 39, 47 and 24 ng L, respectively (Eslami et al., 2015). The problem with the
occurrence of pharmaceuticals in drinking water may be associated with adverse effects on human
health due to long-term exposure. According to Madikizela et al. (2017), the mean concentrations
of naproxen detected in African wastewater influent and effluent, as well as surface water ranged
from 1.1 -55 ug L, 0.33 — 20.4 ug Lt and non-detection to 0.68 g L™, respectively (Madikizela
and Chimuka, 2017c). The amounts reported in the African continent are summarized in Table 2.
In their review paper, it is presented that the maximum concentration of ibuprofen that has been
detected in wastewater influent from South Africa was 221 pg L. In comparison with well-
developed countries such as Europe, the amounts of NSAIDs detected in their water systems are
lower. For example, diclofenac concentration detected in WWTPs located in Turkey did not
exceed 1.4 pg L (Sari et al., 2014), while as shown in Table 2, the maximum concentration of
diclofenac reported in South African WWTP influent was 104 pg L™ (Madikizela and Chimuka,
2016Db). The variations in NSAIDs levels in the environment across different countries could be
explained by differences in the sanitation systems. For example, the lack of proper infrastructure
in many African countries leads to the direct disposal of NSAIDs into surface water. Hence, the

concentration of the most widely used NSAID, ibuprofen in the African continent reached a
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maximum of 85 ug Lt in surface water (Matongo et al., 2015a). Whereas, in studies conducted in
Brazil and China, the maximum ibuprofen concentrations in surface water were 20 pg L%
(Fujimaki and Bernardo, 2017) and 5.4 pg L, respectively (Peng et al., 2017). In a study
conducted by Pereira et al. (2017), ibuprofen was not detected in Portuguese rivers (Pereira et al.,

2017).
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Table 3.1.2. Mean concentrations of NSAIDs found in various water matrices from Africa.

Adapted from Madikizela et al. (2017) (Madikizela et al., 2017) with permission from Elsevier.

Sample Compound  Mean concentrations or concentration ranges (ug L)

Influent Naproxen  9.6% 1.23 55P, 52° 1.1¢, 2.3¢, 1.22-39.6", 2.2k

Ibuprofen 1.6% 8.6%, 39.8°, 111.9% 5.2¢, 7.2, 62.8', 5.8, 6.02-221", 6.46-10.6/, 1.36*

Diclofenac  2.3%,0.99%, 22.34, 3.72-104", 0.93-1.51J, 0.85*

Ketoprofen 0.572 3.15¢% 1.7-6.4¢, 0.31k

Effluent Naproxen  0.33% 13.5° 20.4° 0.4¢, 0.8, <LOQ-5.34", 0.098¥

Ibuprofen 0.34%,0.43% 12.6°, 24.6% 1.1°, 1.6, 58.7f, 12.99, 3.87-67.9", nd-2.1J, ndX

Diclofenac ~ 1.6? 2.7%, 19.0%, <LOQ-20.8", 0.03-0.06/, 0.74*

Ketoprofen  1.0? 0.909, 1.2-4.3¢, 0.16¥

Surface water  Naproxen  <LOQ-0.68" 0.02-0.03!, nd- < LOQk

Ibuprofen 0.31%, 85',0.23-6.29, <LOQ-11.4", 0.04-8.84', nd- 17.4), nd- < LOQX

Diclofenac  nd?, 12.49, 0.03-0.27', nd- 0.73}, nd-0.036

Ketoprofen 0.272, 0.38%, <0.26-2.0¢, ndk
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Reference/Country/Sampling month and year -2Kermia etal., 2016/Algeria/November 2014; "Amdany et al.,

2014/South  Africa/August and September 2012; ‘Amdany etal., 2015/South Africa/August and October

2012; 9Agunbiade and Moodley, 2016/South Africa; ®Madikizela etal., 2014/South Africa/August—October

2013; 'Matongo et al., 2015a/South Africa/September 2013; 9Matongo et al., 2015b/South Africa/September

2013; "Madikizela and Chimuka, 2016a/South Africa/January—March 2016; ‘Olarinmoye et al., 2016/Nigeria/August—

September 2013; IK'oreje et al., 2016/Kenya/September 2012 and July 2013; ¥Dahane et al., 2013/Spain.

nd-the compound was not detected; <LOQ — the concentration of the compound was below the quantification limit.
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3.1.5 Removal of non-steroidal anti-inflammatory drugs from water during purification

In most countries, wastewater treatment systems such as WWTPs and constructed wetlands were
not originally designed to entirely prevent NSAIDs from entering the aquatic environment. High
pharmaceutical loads together with other organic pollutants enter the water treatment facilities
through sewage discharge from households, hospitals and other sources. Depending on the design
of the treatment facility and the properties of NSAIDs, several compounds are removed efficiently
from contaminated water using the conventional water treatment facilities. In this study, the
removal efficiencies of NSAIDs from contaminated water achieved in WWTPs and constructed

wetlands are examined.

3.1.5.1 Wastewater treatment plants

The removal of compounds from WWTPs can be determined based on the concentrations detected

in both influent and effluent by using Equation (3.1.1).

R = (Cins1 — Cepf1)/ Cingr X 100 (3.1.1)

where Cinri and Cesr are the concentrations measured in the WWTP influent and the effluent,
respectively. As shown in Table 3, the removal efficiency for NSAIDs from wastewater varies
widely (Table 3). In some cases, negative values for removal efficiencies are reported due to the
increase of concentrations for target pharmaceuticals in the WWTP effluents when compared to

the loads of similar compounds found in the influents (Zorita et al., 2009)
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Table 3.1.3. Removal efficiencies of NSAIDs from various wastewater treatment processes.

Treatment process NSAID Removal efficiency (%) Reference
Mechanical, biological and chemical Naproxen 94 (Zorita et al., 2009)
Diclofenac  -105

Ibuprofen 99

Mechanical and biological Naproxen 73 (Kermia et al., 2016)
Diclofenac  -174
Ibuprofen 95
Ketoprofen -83

Mechanical, biological and chemical Naproxen 96 (Behera et al., 2011)
Diclofenac 81
Ibuprofen 98
Ketoprofen 94

Biological and chemical Naproxen 25-98 (Kosma et al., 2014)
Diclofenac  93.8
Ibuprofen 63 -97

Biological Naproxen >50 (Sun et al., 2016)

102



Diclofenac  -50

Ibuprofen 84

Ketoprofen -50

Mechanical and biological Naproxen 71 (Quintana et al., 2005)

Diclofenac 23

Ibuprofen 97

Ketoprofen 62

Mechanical, biological and chemical Diclofenac  ~60 (Sari etal., 2014)

Based on the results summarized in Table 3.1.3, it is shown that NSAIDs are not completely
removed during wastewater treatment which results in their high loads entering surface water
bodies with WWTP effluent. As evidenced in Table 3.1.3, even though NSAIDs are sometimes
efficiently removed during wastewater treatment, they are also ubiquitous and present at
substantial concentrations in water bodies receiving effluents from WWTPs. This could also be
due to the fact that even though they are efficiently removed, concentrations in the influents are so
high that the levels left over in the effluent are still significant (Jelic et al., 2012). High removal of
NSAIDs is important as there is evidence that some of these drugs have negative effects on humans
and aquatic species. Furthermore, although these drugs are present in trace amounts in surface
water, the pseudo-persistence due to continuous disposal of these drugs by humans could result in

health-related problems.
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The removal efficiency of NSAIDs depends on their biodegradability and other physicochemical
properties such as the likelihood of adsorption or not getting adsorbed by activated sludge, water
solubility and their tendency to volatilize (Kosma et al., 2014). Also, the design of WWTPs and
treatment processes employed in each WWTP can influence the removal efficiency of target
compounds (Kermia et al., 2016). A typical wastewater treatment process involves sedimentation
(mechanical treament), anaerobic digestion (biological treatment) and tertiary treatment (chemical
treatment). Sedimentation is the process which allows particles in the wastewater effluent
(suspension) to settle out of the suspension under the influence of gravity, thereby proving some
degree of purification. The particles settle out from the suspension and thus become a sludge. The
secondary treatment is the anaerobic digestion which is also known as the sludge treament. Here,
the sludge is reduced without the use of air or elemental oxygen. In anerobic digestion, organic
pollutants are converted by anaerobic micro-organisms to gaseous products which include methane
gas that has a potential to be reused. The final step of the wastewater trament is the tertiary treament
which consists of removing the organic load left over from the secondary step. Effluent from the
secondary treatment plants contain phosphorus and nitrogen which are ingredients in all fertilizers.
When excess amount of phosphorus and nitrogen are discharged, plant growth in the receiving
waters (lakes, dams and rivers) maybe accelerated which results in eutrophication in the water
body receiving such water. The purpose of this stage is to alleviate the treatment water quality to
an extent where it is suitable for its intended reuse. Different types of organic pollutants such as
NSAIDs are removed at high levels. Wastewater becomes even cleaner at this stage through the
use of more advanced treatment systems such as sedimentation, coagulation, filtration of
particulate phosphorus, ion-exchange, activated carbon adsorbtion, and membrane processess

(Ahmed et al., 2017; Zorita et al., 2009).
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NSAIDs are not easily adsorbed onto activated sludge due to their polar and hydrophilic properties.
This is also evident in the results presented in Table 3.1.3, where there are variations in the removal
efficiencies of each NSAID. In this context, it has been reported that the main removal of
diclofenac in WWTPs is caused by biological treatment (Sari et al., 2014). Among other NSAIDs,
diclofenac shows the least removal efficiency in most cases (Table 3.1.3) which has been the
common trend in most studies. For example, the reported removal efficiencies for diclofenac in
studies conducted in France (Thiebault et al., 2017), Spain (Martin et al., 2012) and Sweden (Bendz
et al., 2005) are -20 - 50%, 14% and 17 - 69%, respectively. Whereas, in the same studies the
reported removal efficiency for other NSAIDs (ibuprofen, ketoprofen, and naproxen) was above
40% (Martin et al., 2012; Thiebault et al., 2017). In fact, in some cases, diclofenac concentrations
have been observed to increase in treated wastewater when compared to the raw influent
(Kasprzyk-Hordern et al., 2009). Zorita et al. (2009) and Martin et al. (2012) associated the poor
removal of diclofenac to the combination of its degradation in wastewater together with the
discharge of supplementary diclofenac molecules by de-conjugation of glucuronidated or sulfated
diclofenac and/or its desorption from particles (Martin et al., 2012; Zorita et al., 2009). Thiebault
et al. (2017) reported that the wide variability could be caused by changes in the chemical
parameters of the influent water that could potentially affect the water treatment efficiency
(Thiebault et al., 2017). The low removal efficiency of diclofenac might also be due to its low
water solubility and its inability to adsorb onto sludge. This augmentation is probably due to the
deconjugation of conjugated metabolites during the treatment process; an underestimation of the
current amount may be due to particulate matter with adsorbed pharmaceuticals being filtered out
during the sample preparation, and/or the desorption of diclofenac from the particulate phase

during the wastewater treatment. For these reasons, diclofenac is not expected to adsorb
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significantly to the sludge (Kermia et al., 2016; Sui et al., 2010). Under normal wastewater
treatment pH, diclofenac is at its ionized state and thus existing in aqueous phase hence the removal
of NSAIDs cannot be explained by sorption onto sludge but by biodegradability in the aqueous

phase.

The effect of disinfection by UV method throughout the wastewater treatment process has been
reported to contribute to the removal efficiency of diclofenac by at least 27% (Sari et al., 2014).
Similarly, Madikizela and Chimuka (2017) reported a decrease in diclofenac concentration from
5.5 pug Lt in water (prior to disinfection in WWTP) to 2.0 pug L™ in WWTP effluent (after
disinfection by chlorination) which correspond to 36% removal in a single treatment stage
(Madikizela and Chimuka, 2017b). In the same study (Madikizela and Chimuka, 2017), the effect
of chlorination during WWTP process had a minimal contribution to the removal efficiency of

naproxen and ibuprofen, which is a case that needs further investigation.

The highest removal rate (94 — 99%) for NSAIDs in the study reported by Zorita et al. (2009) was
achieved in the biological process except for diclofenac. Elsewhere, high removal efficiencies for
naproxen, diclofenac, ibuprofen and ketoprofen ranged from 81-94% (Behera et al., 2011). In the
same study, the removal of most NSAIDs occurred in the biological treatment, the average removal
efficiency for different compounds ranged from —38% to 100% (Behera et al., 2011). Furthermore,
a critical review on the biological and chemical processes of WWTPs has been presented elsewhere

(Ahmed et al., 2017).
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3.1.5.2 Constructed wetlands

Constructed wetlands (CWSs) are suitable wastewater treatment systems for regions where sewer
networks and WWTPs are not economical. Wetlands are capable of efficiently removing
conventional pollutants and meeting secondary treatment standards for municipal wastewater
treatment. These wetlands utilize complex natural processes, including bio- and photo-
degradation, sorption, plant uptake and sedimentation for the removal of wastewater constituents.
In addition, they offer economically viable treatment, and typically require less operation and
maintenance effort than other decentralized treatment technologies (Kadlec and Wallace, 2009;

Vymazal, 2011).

The performance of CWs in the removal of NSAIDs has been investigated (Avila et al., 2010;
Sochacki et al., 2018; Vymazal, 2011; Vystavna et al., 2017; Zhang et al., 2011). Several
geochemical properties of CWs responsible for the remediation of NSAIDs have been identified.
In a study that investigated the removal of NSAIDs in constructed wetlands, an injection process
was employed (Avila et al., 2010). In this process, water was spiked with ibuprofen, naproxen,
diclofenac and other targeted compounds. The mixture was normalized and injected into the
circulation pipes of the system. Approximately, 99% removal efficiency was achieved for
naproxen, ibuprofen and diclofenac(Avila et al., 2010). High removal efficiency was ascribed to
the high injected influent concentrations of these NSAIDs as well as high temperatures in spring
at the period the experiment was conducted. This was an indication that removal efficiency was
related to the amount of analyte in the influent while higher temperatures enhanced their
biodegradability and plant uptake. Elsewhere, Avila et al. (2013) have identified redox potentials

as one of the most interesting parameters for evaluating the ability of a CW to remove NSAIDs
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(Avila et al., 2013). In their study, the influence of redox potentials was investigated for the
removal efficiencies of ibuprofen and diclofenac in a CW. The removal efficiencies observed for
ibuprofen and diclofenac were 52% and 32%, respectively (Avila et al., 2013). However, they
observed lower removal efficiencies in 2013 compared to their previous study reported in 2010,

where removal efficiencies for NSAIDs were from 98 to 99% (Avila et al., 2010).

The removal of diclofenac in CW through phytoremediation has been reported in literature (Zhang
et al., 2012). The uptake and build-up of diclofenac by the macrophyte Scirpus validus has been
measured by Zhang et al. (2012) in hydroponic solutions containing 0.5 — 2.0 mg L™ of diclofenac
over the maximum exposure period of 21 days (Zhang et al., 2012). Their findings showed that
diclofenac could be reduced significantly (80%) by phytoremediation which appeared to be the
main pathway for its removal. Zhang et al. (2011) reported that the removal efficiency of 55% for
diclofenac in the beds planted with Typha angustifolia (55%) showed a significant enhancement
compared to those in the unplanted beds (41%) (Zhang et al., 2011). The findings of Zhang et al.
(2011; 2012) further indicate that the removal efficiency of NSAIDs also depend on the plant
species as 55% removal of diclofenac was observed when Typha angustifolia was employed which
increased to >80% when Scirpus validus was used (Zhang et al., 2012, 2011). Table 4 shows the
removal efficiency of NSAIDs from CWs using different plant species. This evidence suggests

that aquatic plants could play a significant role in the diclofenac removal from CWs.
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Table 3.1.4. Removal efficiencies of NSAIDs in constructed wetlands by various plant species.

NSAID Plant species Removal efficiency (%) Reference

Diclofenac Scirpus validus >80 (Zhang et al., 2013)
Diclofenac Typha angustifolia 55 (zZhang et al., 2011)
Ibuprofen Typha spp 96 (Dordio et al., 2009)
Naproxen Scirpus validus 98 (Zhang et al., 2013)

3.1.6 The removal of non-steroidal anti-inflammatory drugs from water by adsorption

Adsorption is the most widespread physical procedure, which is often used for removal of trace
organic pollutants in water and as such has also been reported for the removal of NSAIDs in the
environmental water samples. The adsorption process has the ability to remove both soluble and
insoluble organic pollutants with the removal of some compounds almost going to completion
(Rostvall et al., 2018a). Various strategies and adsorbents reported in literature for the adsorption
or removal of pharmaceuticals from water include activated carbon (Ali et al., 2019; Altmann et
al., 2014; Andrea et al., 2018; Bahamon et al., 2017; Katsigiannis et al., 2015; Mestre et al., 2007;
Nam et al., 2014; Rigobello et al., 2013; Rostvall et al., 2018a; Sophia and Lima, 2018),
ligninolytic enzymes (Naghdi et al., 2018; Stadlmair et al., 2018; Vasiliadou et al., 2016),
graphene-based adsorbents (Al-Khateeb et al., 2017; Banerjee et al., 2016; Nodeh et al., 2018;
Sarker et al., 2018; Sophia and Lima, 2018), molecularly imprinted polymers (MIPs) (Madikizela
and Chimuka, 2016b; Samah et al., 2018; Sun et al., 2008; Zunngu et al., 2017), electrochemical

methods (Ensano et al., 2017; Murugananthan et al., 2010), sonochemical processes
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(Adityosulindro et al., 2017; Ince, 2018) and photocatalytic degradation (Akkari et al., 2018;
Eslami et al., 2016; Jallouli et al., 2018; Strbac et al., 2018). Some of these materials and methods
including activated carbons (Ahmed, 2017), ligninolytic enzymes (Naghdi et al., 2018),
photocatalytic degradation (Kaur et al.,, 2016), sonochemical process (Chu et al., 2017),
electrochemical advanced oxidation process (Feng et al., 2013; Moreiraetal., 2017) and graphene-
based adsorbents (Hiew et al., 2018) have already been reviewed elsewhere. This section therefore
focusses more on MIPs since they have not been reviewed for removal of NSAIDs while important

points on the adsorbents that have already been reviewed are mentioned in the current review.

3.1.6.1 Activated carbon

It is utmost important to mention that activated carbon (AC) has been widely explored for
adsorption of NSAIDs where most work focused on the application of commercially available
powdered activated carbon (PAC) and granulated activated carbon (GAC). GAC has a relatively
larger particle size compared to PAC and consequently, presents a smaller external surface area
for adsorption. Activated carbon has a large internal surface area of up to 1 500 m2 g* which makes
it highly suitable for adsorption of organic compounds. Most NSAIDs have pKa values below the
normal environmental pH conditions (Table 3.1.2) implying they exist in their anionic state. The
capability of AC depends upon contact time, dose, the molecular structure as well as the behavior
of the compound of interest (Ahmed, 2017; Mestre et al., 2007; Rostvall et al., 2018Db). In this
context, Nourmoradi et al (2018) achieved a maximum sorption capacity of 96.15 mg g for
ibuprofen on AC from oak corn treated with phosphoric acid. In this case, the optimum

experimental conditions were the contact time of 120 min at pH 3, the adsorbent was 1 g L™ of
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solution and the initial concentration of ibuprofen was 150 mg L. The authors (Nourmoradi et
al., 2018) indicated that the surface of the adsorbent at pH 3 was negatively charged while
ibuprofen was in its non-ionized form, hence stronger adsorbate-adsorbent interactions could have
happened. Further work also indicated that the removal efficiency of NSAIDs from water using
AC depends largely on the pH of agueous solutions with most studies suggesting the acidic
conditions for favourable adsorption (Baccar et al., 2012; Behera et al., 2012; Larous and Meniai,
2016; Mestre et al., 2007). This was demonstrated when the removal efficiency higher than 90%
was achieved for ibuprofen at sample pH between 2 and 4 (Mestre et al., 2007). This suggest that
the adsorption is influenced by hydrogen bonding, van der Waals interactions and 7 - & interactions
(Baccar et al., 2012). At a higher dosage, activation sites are increased producing higher removal
efficiencies with NSAIDs having moderate to high log Kow values experiencing an almost
complete removal (Ahmed, 2017). Also, increasing contact time for the adsorbent to interact with
the NSAIDs can result in a more complete adsorption equilibrium as activated carbon binds well
with the NSAIDs. As much as GAC has been found to be highly efficient and effective, water-
soluble contaminants can break from the GAC surface more hastily than strongly bound
hydrophobic pollutants (Snyder et al., 2007). Generally, reports have shown that the removal
efficiencies of NSAIDs from various water matrices by activated carbon-based adsorbents can

reach up to 100% (Nam et al., 2014; Nourmoradi et al., 2018; Yu et al., 2008).

3.1.6.2 Graphene-based adsorbents

Graphene is a carbon allotrope (Sophia and Lima, 2018) which can be modified into different

forms thereby resulting in its numerous applications such as adsorption of water pollutants.
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Various forms of graphene such as those given in Figure 3.1.2 have been studied for removal of
several pollutants from water. It has been noted that nanoparticles such as nanographene plateletes
seem to be better adsorbents due to their good working capabilities, excellent electrical and optical
properties as well as good chemical/physical stability (Hiew et al., 2018). Nanographene is known
for its high surface area which subsequently result in high adsorption capacities. For example,
nano-graphene that had a specific surface area of 677.5 m? g* resulted in maximum adsorption
capacities of 16.6, 17.8, 19.3 and 11.9 mg g towards ketoprofen, naproxen, diclofenac, and
ibuprofen, respectively (Table 3.1.5) (Al-Khateeb et al., 2017; Hiew et al., 2018). In one study,
graphene oxide-doped polysulfone membrane was used for the removal of diclofenac from water
where the removal of the target compound was greater than 90% (Zambianchi et al., 2017).
Zambianchi et al. (2017) observed better removal of diclofenac at pH 3 while the performance of
graphene-based adsorbent was poorly affected by sample pH in the adsorption of other organic
contaminants including ofloxacin, benzophenone-3, rhodamine b and triton X-100 (Zambianchi et
al., 2017). This implied that the removal efficiency of NSAIDs using graphene-based adsorbent
was greatly related to the chemical species rather than the adsorbent (Zambianchi et al., 2017).
However, a different view was presented for adsorption of ibuprofen from water on graphene oxide
nanoplatelets where the % removal was observed to increase from 60 to 98% as water solution pH
varied from 2-6 due to electrostatic interactions (Banerjee et al., 2016). This meant that the pH of
the solution has the ability to influence the surface chemistry of the adsorbent. In their study, Nam
et al., 2015 observed hydrophobic and 7—m EDA interactions as the main binding mechanisms for
the adsorption of diclofenac into graphene oxide from aqueous solution (Nam et al., 2015).
Elsewhere, greater than 94% of NSAIDs were removed from water contaminated with 20 mg L

mixture of ketoprofen, naproxen, diclofenac and ibuprofen, using 40 mg of nano-graphene, with
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adsorption equilibrium being reached within 5 min at pH 2 (Al-Khateeb et al., 2017). Recently,
Jothinathan and Hu (2018) reported a study on the kinetic evaluation of graphene oxide (GO)-
based heterogeneous catalytic ozonation for the removal of ibuprofen where the degradation of
ibuprofen was found to be 85% for the O3/GO/Fe304 suspensions followed by Oz/GO (76%) and
O3 alone (55%) (Jothinathan and Hu, 2018). These results correspond well with the data reported
by Liu et al. 2016, where N, N-diethyl-m-toluamide degradation rate was significantly accelerated
through the combined effect of GO and ozonation which yielded abundant hydroxyl radical,
compared to pure ozone condition (Liu et al., 2016). According to the reported results, GO has a
future as an adsorbent for micropollutants. This is due to graphene having a high surface area
which means it has the ability to extract more compounds and is not easily saturated by pollutants.

This means that graphene-based adsorbents can adsorb plenty pollutants at once.
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Figure 3.1.2. Chemical structures of graphene (A), graphene oxide (B) and reduced graphene oxide (C). Adapted from Sophia and

Lima (2018) (Sophia and Lima, 2018) with permission from Elsevier.
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Table 3.1.5. Various adsorbents applied for removal of NSAIDs from water bodies.

Adsorbent Surface area (m? g't)  Adsorption medium  Adsorption capacity (mngg?) Reference

Multi-template MIP 282 Ultra-pure water 4.42 55 and 3.6° (Madikizela and Chimuka, 2016a,
2016b)

Nanographene 678 Wastewater 17.82,19.3°,11.9°and 16.6¢  (Al-Khateeb et al., 2017)

Activated O-biochar 1151 Ultra-pure water 2282, 214 and 286° (Jung et al., 2015)

Activated N-biochar 1360 Ultra-pure water 2902, 372° and 311°¢ (Jung et al., 2015)

Carbonaceous material 1443 River water 5172and 4009 (Cuerda-Correa et al., 2010)

(carbon black-2000)

anaproxen, diclofenac, Cibuprofen and “%ketoprofen

3.1.6.3 Molecularly imprinted polymers

Molecular imprinting is a technique for the creation of selective recognition sites in synthetic
polymers (Caro et al., 2004; Saloni et al., 2011; Samah et al., 2018). As shown in Figure 3.1.3,
molecularly imprinted polymers (MIPs) are prepared by polymerization of functional monomers
using a cross-linker in the presence of a template (target molecule). The imprinting molecule(s) is
then removed from the polymer by washing with a suitable organic solvent to create cavities with
complimentary binding site(s) (Haginaka et al., 1999). Thereafter, molecular recognition by MIP

is based on the size, shape and position of functional groups of the target compound.
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Figure 3.1.3. Synthesis of molecularly imprinted polymer. Adapted from Sarafraz-Yazdi et al.

Polymer
matrix Cavity

(2015) (Sarafraz-Yazdi and Razavi, 2015) with permission from Elsevier.

Over the years, MIPs have shown great potential for selective adsorption of NSAIDs from water
bodies (Ansari and Karimi, 2017; Madikizela et al., 2018b; Pichon, 2007). However, there is lack
of evidence for the production of MIPs in large scales which can result in their application as
adsorbents in water treatment. Hence, MIPs have been largely utilized as selective sorbents in
sample preparation. To date, MIPs have been synthesized for all NSAIDs (Madikizela et al.,
2018b), with fenoprofen being imprinted most recently (Mbhele et al., 2018). Most of these MIPs
have been applied as selective solid-phase extraction sorbents in the analysis of NSAIDs in water

and biological samples (Caro et al., 2004; Olcer et al., 2017; Sun et al., 2008; Zunngu et al., 2017).

In adsorption experiments, MIPs have been shown to be able to adsorb NSAIDs from lake water
(Dai et al., 2012), river water (Caro et al., 2005; Madikizela and Chimuka, 2016b) and wastewater
(Madikizela and Chimuka, 2016b; Sun et al., 2008). It has been shown that adsorption depends on
the pH of the polluted water (Dai et al., 2012). High extraction efficiency is achieved in acidic

conditions where the NSAIDs are neutral at the carboxylic group. This allows for hydrogen
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bonding to occur between the hydrogen atom of the carboxylic group in the NSAID and the basic
nitrogen atom of 2-vinylpyridine or 4-vinylpyridine mostly used as functional monomers in the
polymerization. Furthermore, studies have shown the ability to synthesize multi-template MIPs
that can extract more than one NSAID. Multi-template MIPs have been reported to be able to
remove a group of NSAIDs selectively from aqueous solutions (Dai et al., 2012; Madikizela and
Chimuka, 2016a). In the same context, a multi-template MIP which had a surface area of 282 m?
gt resulted in maximum adsorption capacities of 4.4, 3.6 and 5.5 (mg g*) for naproxen, ibuprofen
and diclofenac, respectively (Table 3.1.5) (Madikizela and Chimuka, 2016a, 2016b). The
experimental conditions employed to achieve such adsorption capacities were 50 mg of MIP,
extraction time of 10 min, sample pH of 4.6, volume of 10 mL and the initial concentration for

each NSAID was 50 mg L (Madikizela and Chimuka, 2016b).

Surface adsorption for NSAIDs onto MIPs has been explained better using Langmuir isotherm
model rather than Freundlich model (Dai et al., 2012; Madikizela and Chimuka, 2016b). This
implies the occurrence of a monolayer adsorption on the surface of MIP adsorbents. Furthermore,
when the results fit Langmuir isotherm best, the binding sites in the MIP are considered to be
homogeneous (Madikizela and Chimuka, 2016b). In the same studies, the sorption of target
compounds onto MIP has been found to be influenced by chemical adsorption (Dai et al., 2012;
Madikizela and Chimuka, 2016b). Chemical adsorption is likely to occur due to hydrogen bonding
between NSAIDs and basic nitrogen atom of vinylpyridine used as the functional monomer in the

synthesis of MIP.
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3.1.6.4 Other novel adsorbents for removal of NSAIDs from water

There are several other strategies that have been reported for the removal of NSAIDs from water
bodies as shown in Tables 5 and 6. These include the application of composite iron nano adsorbent
for the removal of ibuprofen from water (Ali et al., 2016). This nano-adsorbent was regenerated
by treating with dilute (0.50 mol L) hydrochloric acid and used up to 8 times yielding removal
capacities for ibuprofen from 85 - 92% (Ali et al., 2016). This was achieved using the following
experimental conditions; 60 pg L™, 30 min, 7.0, 1.0 g L™ ¢, and 25.0 °C as ibuprofen concentration,
contact time, pH, adsorbent amount and temperature, respectively (Ali et al., 2016). Elsewhere, a
porous carbon organic framework (zeolitic-imidazolate framework-8) derived from coating
carbon using prepared nitrogen-containing organic linker (2-methylimidazole) and Zn clusters, is
attractive for its high porosity, thermal/chemical stability, and hydrophobicity as a functional
moiety has shown the ability to adsorb ibuprofen and diclofenac via hydrogen bonding (Bhadra et
al., 2017). Their adsorbent yielded the adsorption capacity greater than 225 mg g* for ibuprofen
and maintained its efficiency even after 4 extraction cycles (Bhadra et al., 2017). Most recently,
persulfate-based advanced oxidation was employed for the removal of ibuprofen using recycled
and reused rusted iron particles containing core-shell Fe-FeOOH (iron 11l oxide hydroxide) for
ibuprofen removal (Yin et al., 2018). In this instance, the adsorption of ibuprofen increased from
10% to 85% with increasing reused rusted iron particles dosages. Subsequently, other materials
that include functionalized strong nano-clay composite (Rafati et al., 2018) and activated biochar
with much higher surface areas led to extremely high adsorption capacities (Table 3.1.5) for
NSAIDs. Such adsorbents as they showed the potential to remove NSAIDs in water (Ocampo-

Perez et al., 2019) are expected to be explored for all NSAIDs in the near future.
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3.1.7 Other methods for removal of non-steroidal anti-inflammatory drugs from water

Various processes including ozonation, photocatalytic degradation, enzymatic treatment,
sonochemical processes and advanced oxidation processes have been applied for the reduction of
NSAIDs from contaminated water. These processes remove NSAIDs from water bodies by
converting these pharmaceuticals into smaller organic molecules. The application of these
procedures should produce compounds that are environmentally friendly or less toxic than the
parent compounds. The work presented by various researchers in this aspect is presented in this

section.

3.1.7.1 Ozonation

Removal of pharmaceuticals including NSAIDs from municipal wastewater using the
ozonation process has been reviewed by Petrie et al. (2013) (Petrie et al., 2013). Various
removal efficiencies reported in their review for NSAIDs were 46 — 62% (ibuprofen), 92 —
99% (diclofenac), 50 — 99% (naproxen), 73 — 98% (ketoprofen) (Petrie et al., 2013).
Beyond 2013, other studies have reported advanced applications of ozonation with the aim
of enhancing its efficiency in the removal of pharmaceuticals. In a study by Ikhlaq et al.
(2014), ibuprofen removal from water using the ozonation process alone was 0 - 60% at
different pH levels (Ikhlaq et al., 2014). The highest removal was observed at pH 13 and
the lowest being at pH 3. Whereas in the presence of a zeolite catalyst up to 80% removal
of ibuprofen was reported, with the highest removal at pH 3 and lowest at pH 13 (Ikhlaq et
al., 2014). This is an indication that at acidic pH ibuprofen shows higher adsorption on

zeolite surface and at pH 13 ibuprofen is negatively charged which results in weak
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interactions with zeolite. The addition of a catalyst is therefore known as catalytic
ozonation. Ikhlag et al. (2015) reported on the removal of ibuprofen using catalytic
ozonation from water on alumina (Al203), high removal of 80% was observed as compared
to when ozonation process was solely used resulting at 60% removal efficiency (lkhlaq et
al., 2015). Elsewhere, ozonation was combined with ultra-violet radiation (O3/UV) to
decompose ketoprofen from river water and thermal water (Illés et al., 2014). In their study,
the removal of ketoprofen was almost to completion (O3/UV) and 80% was achieved when
ozonation was used alone (Il1és et al., 2014). This removal was due to the direct influence
of UV light, nevertheless ozone contributed to the mineralization of small carboxylic
groups towards the end of the treatment process. Using both methods, four major aromatic
transformation  products were  formed:3-(1-hydroxyethyl)benzophenone,  3-(1-
hydroperoxyethyl)benzophenone,1-(3-benzoylphenyl)ethanone and 3-ethylbenzophenone
and toxicity tests conducted showed that these by-products were rather toxic to the aquatic
ecosystem (Illés et al., 2014). Another process known as photocatalytic ozonation for the
removal of organic pollutants which utilizes photocatalysts such as TiO2 based and non-
based materials, magnetic materials based on magnetite and ZnO to mention a few has
already been critically reviewed (Xiao et al., 2015). In the removal of organic pollutants
(diclofenac and ketoprofen) from municipal wastewater, a complete removal (100%) was
observed when solar light (SL) and Fe (111) were combined with ozone (SL/O3/Fe (l11))
(Gimeno et al., 2016). However, the intermediates detected showed no toxicity towards the
aquatic ecosystem (Gimeno et al., 2016). Ozonation alone shows the inability to remove

NSAIDs without the addition of a catalyst to advance the treatment process.
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3.1.7.2 Photocatalytic degradation

Photocatalytic degradation has been reviewed by Kaur et al. (2016) (Kaur et al., 2016) and as such
this subsection summarizes the major findings and also looks at current advances on its application
since 2016. In their evaluation, they concluded that TiO. photocatalysis was an efficient and
effective method for the removal of NSAIDs from wastewater compared to conventional treatment
methods such as filtration, flocculation, coagulation, and sedimentation. They also mentioned that
adsorption is an alternative method for the degradation of drugs but not for all prescription drugs.
Beyond 2016, Bilgin Simsek, (2017) has iterated that degradation of NSAIDs in the environment
is accelerated by the introduction of a suitable catalyst where TiO; is frequently used due to its
relatively high reactivity (Bilgin Simsek, 2017; Ohtani et al., 2010). In addition to the introduction
of TiO2, molecularly imprinted photocatalyst have been reported as responsible for the
improvement of selectivity in photocatalytic process (de Escobar et al., 2018). Most recently,
Jallouli et al. (2018) have converted ibuprofen from ultrapure water, municipal and pharmaceutical
industry wastewaters into environmentally friendly chemicals, namely; 1-(4-isobutyl-phenyl)-
ethanol and 2-[4-(hydroxyl-2-methylpropyl)phenyl] propionic acid, in the presence of titanium
dioxide (TiO2) under ultraviolet radiation (Jallouli et al., 2018). Furthermore, it has been shown
that the application of reduced graphene oxide-based TiO.-zinc oxide nanostructures as a catalyst
results in better photoactivity than bare TiO2 and zinc oxide (Bilgin Simsek et al., 2018). An
interesting study mentioned in the review by Kaur et al. (2016) was conducted by Mendez-Arriaga
et al. (2008) who reported that there were no common tendencies found for the photolytic

degradation or thermo-degradation of ibuprofen, naproxen, and diclofenac with TiO2 and
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simulated solar irradiation (Kaur et al., 2016; Fabiola Méndez-Arriaga et al., 2008). A strong
photolytic influence was observed in the case of naproxen and diclofenac where highest
degradation was achieved for experiments carried out at 40 C. In all instances, an improvement
was reached on the total organic carbon reduction when TiO> loading was increased. Nonetheless,
the by-products generated for diclofenac and naproxen were not recommended for a post-
biological treatment due to the low biodegradability index reached (sometimes equal to the original
one). Only ibuprofen had an imperative increase in its removal and biodegradability index reached
after a photocatalytic process. The photocatalytic process exhibited a higher efficiency in
degradation at low initial concentrations of ibuprofen. Its higher biodegradability index could be
related to the high oxidation level reached by the by-products generated. In another study, results
showed that degradation of ibuprofen and diclofenac by photocatalytic oxidation was somewhat
moderate (Hama Aziz et al., 2017). The disappearance of the target pollutant does not give
assurance for the successful water treatment method since the degradation by-products might be
more harmful than the initial pollutant. Therefore, in order to achieve a maximum degree of
mineralization, Hama et al. (2017) have proposed that prolonged treatment time is necessary
(Hama Aziz et al., 2017). In their study, mainly short chain acids such as acetate, oxalate and to a
minor extent, maleate and malonate succinate were the final end-products of decomposition of

diclofenac.

3.1.7.3 Enzymatic treatment

Biocatalytic conversion using living organisms or their enzymes is an environmentally friendly

alternate method in remediation of organic pollutants in the environment. This treatment process
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needs lower energy input, works under moderate conditions and produces less or no toxic by-
products compared to other conventional technologies (Asif et al., 2017). Enzymes are
biologically-made catalysts that facilitate biochemical reactions at a rapid rate and can play a
critical role in preventing pollution (Arora and Sharma, 2010). Lignin is a high molecular complex
oxyphenyl propanoid polymer, discovered in all vascular plants including herbaceous species,
which provides stiffness, provision, and shielding to the plants (Norgren and Edlund, 2014). A
ligninolytic enzyme laccase immobilized onto biochar was employed for the degradation of
diclofenac in water, 73% degradation was achieved after 8 hours (Taheran et al., 2017). Elsewhere,
the degradation of selected pharmaceutically active compounds by whole fungal culture, trametes
versicolor, culture filtrates and commercial laccase preparation was conducted (Tran et al., 2010).
A removal efficiency of 5 — 99% for the selected pharmaceuticals (ibuprofen, diclofenac,
ketoprofen, naproxen and fenoprofen) was reported. This removal was attributed to the presence
of the enzymes such as laccase in the fungal culture. It was noted that pharmaceuticals with
nitrogen-containing structure and negative charge(s) were easily removed by laccase activity. The
key concept suggested by Stadlmair et al. (2018) was due to a key effect of functional groups and
their electron retreating or donating properties on the susceptibility to biodegradation (Stadlmair
et al., 2018). As such, Tran et al. (2010) noted that diclofenac and naproxen could be efficiently
removed by the cell-free extract (crude laccase) and the commercial laccase, although ibuprofen,
ketoprofen, and fenoprofen showed poor degradation. On the other hand, whole fungal culture
evidenced considerably higher degradation for ibuprofen, ketoprofen, and fenoprofen which could

be completely removed (Tran et al., 2010).
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3.1.7.4 Sonochemical processes and advanced oxidation processes

Advanced oxidation processes (AOPs) are amongst the most competent treatments for the removal
of pharmaceutical pollutants in water (Rivera-Utrilla et al., 2013; Saeid et al., 2018). The
performance of these processes in the remedial of variety of pharmaceuticals has been reviewed
by Chu etal. (2017) (Chu et al., 2017). AOPs are characterized by the formation of highly reactive
and non-selective hydroxyl radicals ("OH) which can mineralize virtually all organic compounds.
Among these, Fenton oxidation is very interesting due to its ease of producing "OH radicals.
Ultrasound is also an additional promising AOP since it does not require any addition of chemicals
and it is able to degrade organic pollutants through direct thermolysis in case of volatile

compounds.

3.1.7.5 Sonolysis and sono-Fenton process

Sonolysis is an AOP, the most important parameters for its application are the applied power
(higher power yields higher degradation rates) and frequency used. Depending on the ultrasound
degradation pathway of the parent pollutant, there is an optimum frequency (200 - 400 kHz) for
each process. For example, Mendez-Arriaga et al. (2008) demonstrated that degradation of
ibuprofen by sonolysis at a frequency of 300 kHz and 80 W applied power led to 98% removal of
ibuprofen (Chu et al., 2017; Méndez-Arriaga et al., 2008). The increased removal efficiency of
ibuprofen was mainly due to the tendency to concentrate in the interface of the cavitation where
the highest amount of "OH radicals is reached. In a study by Adityosulindro et al. (2017) on the
removal of ibuprofen from wastewater by sonolysis and coupled ultrasound/ Fenton oxidation
process, degradation of ibuprofen was low in wastewater (24%) compared to 48% in deionized
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water (Adityosulindro et al., 2017). The effectiveness of the sonolysis process was reduced in
wastewater matrix, due to higher pH increasing the molecule solubility (Adityosulindro et al.,
2017). In the same context, the degradation of ibuprofen using Fenton reaction in the presence of
homogeneous catalyst has been reported to reach 99% (Chu et al., 2017; Markovi¢ et al., 2015).
While in a different study, bio-electro-Fenton oxidation of NSAIDs reached 61-97% in 5 hours of

reaction time (Nadais et al., 2018).

3.1.7.6 Sonocatalytic degradation

The combination of sonochemistry with catalysis is used to achieve a number of chemical reactions
with suitable workup conditions (e.g. shorter reaction times) in contrast to more conventional
methods (Chu et al., 2017; Gawande et al., 2014). In sonocatalytic degradation, the ultrasonic
waves have stronger penetrating power as a result of sonoluminescence and hotspot which are very
effective in degrading complex contaminants. Ultrasonic treatment is another advanced treatment
process which has shown several advantages including energy saving, cleanliness, safety, and
negligible or no secondary pollution products (Chu et al., 2017). Removal of NSAIDs is influenced
by water quality and sonication parameters such as temperature, pH, background common ions,
and promoters/scavengers which have been discussed by Chu et al. (2017). Of late, sonocatalytic
degradation of ibuprofen has also been studied where higher removal (97%) was observed at
acidic conditions (Al-Hamadani et al., 2017). Most recent work reported was that of sonocatalytic
degradation of diclofenac which was performed in the presence of graphene oxide in aqueous
solution (Al-Hamadani et al., 2018). The presence of graphene oxide during the degradation of

diclofenac resulted in an increase in cavitational bubbles, which in turn led to the increased
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production of hydroxide radical and enhanced adsorption due to dispersion, which caused an
increase in active adsorption sites of the graphene oxide. Sonocatalytic degradation is promising
to be a viable method since it yields higher removal of NSAIDs from water. However, further
studies as recommended by Chu et al. (2017) need to be conducted in order to ensure the viability
of the process. These studies include the need for identification of the intermediates produced
during ultrasonic treatments for different NSAIDs both in terms of toxicity and biodegradability

to clearly evaluate the sonodegradation of NSAIDs (Chu et al., 2017).

3.1.7.7 Electrochemical advanced oxidation process

Electrochemical advanced oxidation processes (EAOPS) have been critically reviewed in the past
(Feng et al., 2013; Moreira et al., 2017). EAOPs are a green technology for wastewater
treatment due to the dispensable agents used in the process. A suitable anode material such as
platinum (Pt) nano-particles and boron doped diamond, multi-walled carbon nanotubes
(MWCNTS), and platinum-ruthenium (PtRu) nano-alloy are essentially required to effectively
degrade and mineralize NSAIDs under suitable conditions (Chang et al., 2017; Feng et al., 2013;
Moreiraetal., 2017). Chang et al. (2017) highlighted that usage of PtRu electrocatalysts effectively
enhanced the surface activity and thus degradation and mineralization efficiencies revealed that
the EAOPs with platinum-ruthenium fluorine-doped tin oxide conductive glass (PtRu-FTO) anode
were very effective due to advantages of the higher capacitance, carbon monoxide tolerance,
catalytic ability at less positive voltage and stability (Chang et al., 2017). In order to achieve an
affordable degradation process for ibuprofen, multi-walled carbon nanotubes and platinum

nanoparticles were used to synthesize cheap and effective anodes based on commercial conductive
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glass. The potentially cytotoxic intermediate, 1-(1-hydroxyenthyl)-4-isobutylbenzene was
completely mineralized as the reaction time reached 60 min (Chang et al., 2017). An alternative
treatment, the bio-electro-Fenton process, has received increasing attention in past years. In this
process the strong oxidant OH radical was formed using the electrons derived from bacterial
oxidation of organic substrates (Nadais et al., 2018). In a recent study conducted by Nadais et al.
(2018) using this approach, removal efficiencies for ketoprofen, diclofenac, ibuprofen and
naproxen were in ranges of 59 — 61%, 87 — 97%, 80 — 86% and 75 — 81%, respectively (Nadais et
al., 2018). This greater removal of pharmaceuticals was due to electrocoagulation phenomena at
higher pH which was observed only at the end of the batch tests which may be explained by the
high initial pH which coupled the natural pH increase at the end of the reaction period due to
H* consumption to produce hydroxyl radicals. This is a viable method commercially as it utilizes

low energy when compared to ozonation and UV which requires high energy usage.

3.1.8 Re-usability of adsorbents in the removal of NSAIDs from water

Reuse of adsorbents is one of the significant purposes for the high cost-effectiveness of adsorption
method in practical water treatment applications. Some of the adsorbents mentioned in Section 6
such as MIPs and nanographene are re-usable (Table 3.1.6). Therefore, these adsorbents can be
applied repeatedly without losing their efficiency. Re-usability has been evident in a study reported
by Banerjee et al. (2016) where graphene oxide nanoplatelets yielded 96% extraction efficiency
after 10 cycles of adsorption-desorption process (Banerjee et al., 2016). For MIPs, a polymer that
was selective for diclofenac removal from water gave constant removal efficiency of over 90% up

to 12 cycles of adsorption and desorption processes (Dai et al., 2011). Other adsorbents that have
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shown the ability to be re-used are magnetic chitosan derivatives (Zhang et al., 2016), composite
iron nano-adsorbent (Ali et al., 2016), nickel ferrite nanoparticles (Springer et al., 2018) and metal-
organic frameworks (Hasan et al., 2013; Lin et al., 2018) (Table 6). In the case of magnetic chitosan
derivatives, the extraction efficiency for diclofenac was >80% after 5 cycles (Zhang et al., 2016).
The composite iron nano-adsorbent was regenerated up to 8 times, yielding removal capacities
from 85 — 92% of ibuprofen (Ali et al., 2016). Hasan et al. (2013) observed a steady decrease in
the adsorbed amounts of naproxen from 120 — 100 mg g* within 4 cycles (Hasan et al., 2013).
Investigation and re-usability potentials of these adsorbents are highly essential for the removal of

NSAIDs in large quantities repeatedly.
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Table 3.1.6. Re-usability of several adsorbents for adsorption of NSAIDs from water.

Adsorbent

Target compound

Number of adsorption-

desorption cycles

Extraction efficiency (%)

Reference

Graphene oxide nanoplatelets

MIPs

Ibuprofen

Ibuprofen

Naproxen

Diclofenac

Diclofenac

4 NSAIDs

10

12

15

96

>98

>08

>90

>90

(Banerjee et al.,

2016)

(Akkari et al.,

2018)

(Sarker et al.,

2018)

(Zambianchi et

al., 2017)

(Dai etal., 2011)

(Dai et al., 2012)
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Chitosan derivatives Diclofenac 5 >80 (Zhang et al.,

2016)
Iron nano-adsorbent Ibuprofen 8 85-92 (Ali et al., 2016)
Activated biochar Ibuprofen 4 >67 (Chakraborty et
al., 2018)
Metal-organic frameworks Naproxen 4 *120 - 100 (Hasan et al.,
2013)

4 NSAIDs were ketoprofen, naproxen, diclofenac, and ibuprofen. *Extraction efficiency was not reported; only the adsorption capacity (mg g'') was reported.
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3.1.9 Challenges and future opportunities

In general, the ability of certain WWTPs to remove NSAIDs during the wastewater
purification has been investigated. Most of the reported studies estimate the removal
efficiency based on the concentrations detected in raw influent and treated effluent. This
standard practice makes it difficult to understand which treatment stage or process is most
efficient and thus allows for maximum removal of these drugs. A better understanding can be
achieved by monitoring the occurrence of NSAIDs in all stages of wastewater treatment

process.

The initiative to apply plant species such as Scirpus validus, Typha spp and Scirpus validus
in constructed wetlands (Table 3.1.4) for removal of NSAIDs from contaminated water has
yielded promising results. However, this approach has been mostly investigated for single
analytes, whereas, in most cases, NSAIDs are simultaneously detected in water bodies.
Therefore, future studies should focus on the application of a wide variety of plant species for

the simultaneous uptake of NSAID groups from water.

While MIPs have a potential to adsorb NSAIDs from water, these materials have not been
thoroughly investigated for water purification on a large scale. Instead, most MIP applications
for NSAIDs have been centered around sample preparation for analytical determination. Also,
the synthesis of MIPs involves the use of large volume of organic solvents which could impact
negatively on the environment at their disposal. Furthermore, the usage of MIPs in large scale
is expected to be expensive due to the high costs that maybe associated with MIP production

and large-scale operation.

Various adsorbents that have the potential to remove pollutants from water bodies other than

NSAIDs have been reported in literature. Such adsorbents which include amine functionalized
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carbon nanotubes (Zhang et al., 2015) and MoS; based polymer composites (Huang et al.,
2017a) have been successfully applied for removal of inorganics and organic dyes from water.
The ability of these adsorbents for removal of NSAIDs from contaminated water should be
investigated prior to their usage in water treatment. Some of these interesting adsorbents were
prepared based on mussel inspired chemistry that is based on the self-polymerization of

dopamine (Huang et al., 2017b; Zhang et al., 2017).

Degradation studies including photocatalytic degradation (Strbac et al., 2018), UV/persulfate
degradation (Fu et al., 2019) and biodegradation (Apriceno et al., 2019) as well as the
oxidation process (Adityosulindro et al., 2018) for NSAIDs in water have the potential to
reduce these drugs from the environment. In this respect, several applications have been
documented (Bilgin Simsek et al., 2018; Jallouli et al., 2018; Ohtani et al., 2010). However,
in this approach NSAIDs are converted into other organic compounds. Hence, it is not clearly
understood if the degradation products are environmentally friendly. Further understanding
of TiO2 photocatalytic degradation processes have been provided and should be taken into
consideration during the planning or design of such systems for the treatment of NSAIDs in

water matrices.

Overall, several studies have focused on removal of NSAIDs from water where the
application was based on water matrices such as river water, tap water, and ultra-pure water.
However, the main source of NSAIDs in an aquatic environment such as river water is WWTP
effluents. Therefore, most future studies should be directed towards the adsorption of NSAIDs
from wastewater. Also, the recent work reported on removal of NSAIDs from water which
include the application of nanoclay/PVA/PSf nanocomposite membrane (Bojnourd and
Pakizeh, 2018), multiwalled carbon nanotube adsorbents (Gil et al., 2018), water-soluble

protein extracted from Moringa stenopetala seeds (Kebede et al., 2018), biodegradation
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(Apriceno et al., 2019) and heterogeneous photocatalysis using Bi2S3/TiO>—Montmorillonite
nanocomposites under simulated solar irradiation (Djouadi et al., 2018) is expected to be well

explored in the future.

Conclusion

In recent years, there has been an increase in investigations focusing on removal of NSAIDs
from contaminated water bodies. Various adsorbents reported in several studies include
among others activated carbon, graphene-based adsorbents, and MIPs. Some adsorbents such
as MIPs, graphene oxide nanoplatelets, composite iron nano adsorbent and metal-organic
frameworks can be re-used many times which could result in their classification as low-cost
adsorbents. It has been observed that the adsorbents with high surface areas result in higher
adsorption capacities towards the removal of several NSAIDs from contaminated water. On
the other hand, some plant species including Scirpus validus, Typha spp, and Scirpus validus
have been reported to have the ability to remove greater than 80% of selected NSAIDs from

contaminated water.
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