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ABSTRACT

This research was directed towards the environmental monitoring and
assessment of the most useonsteroidal antinflammatory drugs NSAIDS)
which arenaproxen, ibuprofen and diclofendde work involvedhe development
and application ofensitive techniquder the quantification of naproxen, ibuprofen
and diclofenacin the South African aquatic environmenBased on this
information a multitemplates molecularly imprinted polymgMIP) was
synthesized and applied al@mde the commercial available sorbent (Oasis MAX)
in the solidphase extractio(SPE)of target compounds from water samplEse
extracted compounds werthen quantified using lgh peformance liquid
chromatographyHPLC).

MIP was synthesized by applyirgbulk polymerization approach at 70
where all target compounds were usednadti-templatesOther reagents used
synthesiswere 2-vinyl pyridine, 1 , -4z®is-(cyclohexanecarbonitrile), ethylene
glycol dimehacrylate and toluerses funcional monomer, initiator, crodsiker and
porogeic vlvent, respectively. Synthesis@honimprinted polymeKNIP) under

similar reaction conditions as MIP was carried out with the omissitengflates.

Techniques employeth characterization of MIP and NIP weF®urier
transform infrared spectrogep (FTIR), Brunauer, Emmett and Tell§BET)
method CHNS analyzerzeta potentialcrosspolarization/magic angle spinning
nuclear magneticesonancepectroscopy, thermogravimetric analysiigferential
scanning calorimetrand x-ray diffracion. Monome-template interactions were

investigated using molecular dynamics.

The performance of the MIP was evaludbaded on its ability to selectively
extract target compounds organic(acetonitrile, acetone, chloroform and toluene)
and aqueous media. Tlegtraction capacityof the MIPin organic solvents$or
naproxen, ibuprofen and diclofenac increased from high polarity to low polarity
solvents.In a low polarity solventtblueng, the extraction capacityachievedfor
naproxen, ibuprofen and diclofenac wéee4, 11.0 and 14.0 mg/g, respectively. In

this case, the selectivity of thdIP where gemfibrozil was employedas the



competing speciesvas evident.Selectivity of the MIP collapsed duringhe
adsorption ohaproxen, ibuprofen and diclofenfaom waterusng gemfibrozil and
fenoprofen as competitarghis resultedn high extraction efficiencies for target
compounds and competitors, however, both gemfibrozil and fenoprofen were easily
desorbed from the MIP using weak organic solvent due to lack of malecula

recognition.

During the binding sites characterization, the best fit of pssedond
orderimplied a chemisorption of all target compounds onto MIP sorli¢éret.data
alsofitted well in Langmuir isothermwhich meant that the adsorption of target

pharmaeuticals occurred on the homogeneous binding sftdse MIP.

Optimized adsorption conditions watersuch as MIP amount of 50 mg,
extraction time of 10 min, sample pH of 2.5 and sample volume of 10 mL were
applied for theselective adsorptiomf naproxa, ibuprofen and diclofenam
contaminated wastewater and river waterWWTP influent, naproxen recovery

was 38%, whereas ibuprofen and diclofenac vé&8 and 87%, respectively.

MIP was further used aa selectiveadsorbenin solid-phase extraction
(SPE) of three drugdrom environmentaksamplesThe selectivity of the MIP in
environmental samplesas compared to that of theromercially available Oasis
MAX sorbent. The application ofmolecularly imprinted soligphase extraction
(MISPB reduced matrixeffects and improved the sensitivity tife analytical
method In this case, the detection limits for naproxen, ibuprofen arldféiac
were 0.2, 1 and 0.Ag/L, respectivelyWhen deionized water was spiked with 5
and 50 pg/L of target compoundsgcoveresgreater than 80% wepbtaned

ThereafterthedevelopedISPEwas appliedor selected acidic drugs from
environmental samplesEnvironmental samples were collected from urban
(Durban) and semirban/rural areas (Ladysmith) of KwaZuMatal Provincen
South Africa.The mostabundant compound the environmenivas ibuprofenin
river watersamplesrom Durban the maximum concentrations fouiod naproxen,
ibuprofen and diclofenac were 6.8, 19 and |9g7L, respectivelyThe maximum

amounts foundor the samelrugsin Ladysmithriver samples were generally lower



with naprox@, ibuprofen and diclofenac detected 8, 6.7 and 2.6ug/L,

respectivelyThe same trend was observed in wastewater.

Further work on themonitoring of acidic compoundsn wastevater was
conducted using Oasis MAX as the SPE sorpent to HPLC analysisAll target
compounds were detected Kingsburgand UmbiloWWTPslocated in Durban
surroundingsThe influent and effluerntoncentratios detected were in thange
of 6.4 to 69ug/L and 0.6 to 4.2ug/L, respectively Further to this, the removal
efficiency ofthe target compoundduring theWWTP process irKingsburgand
Umbilo wasin the range of 69 t67%

The extent of pollutiorin the environmentwas further assessed by the
monitoring of ketoprofen and triclosan in wastewater and river water using SPE
with Oasis HLB sorbent andPLC. Traces of both compoundsnging froml.2 to
9.0 ug/L were detecteth wastevater. The maximum concentrations found in river

water were 2.0 and. @ pg/L for ketprofen and triclosan, respectively.

Overall, he analytical methods implemented in this work were highly
accurate, precise and sensitive. The synthesized MIP was highly setedive
application n environmental studies lgd the develpment ofa less expensive
analytical method. This work also gives the overview of the extent of water

pollution caused by acidic pharmaceutidalsarious water matrices



ACKNOWLEDGEMENTS

National Research Foundation of South Afrisathanked for funithg
through Thuthuka(grant number: 93986and Sabbatical gram{grant numbe
98279) | also thank Eskom through Tertiary Education Support Programd
DurbanUniversity of Technology(DUT) for funding.

The guidance, support, encouragement from my sigmervProf. L.
Chimuka is greatly appreciated. Professor Chimuka was not only the project
Supervisor, he hagsobeen very instrumental in guiding me through the academic
life. We have had fruitfutonversationsbout work place, politics, ethics and life

in general. It was such an honour to work with such a knowledgeable person.

The love and sport from my family were greatly appreciatedThe
sacrifices made by my ¢, Thobeka, and my Son, Luthando, throughout the

course of the study are greatly ackneslded love you

My friends, Dr. Precious Sibiya of University of KwaZtiNatal and Dr.
Mphilisi Mahlambi at DUT are thanked for proofreading the thesis.

Dr. Phumlane Mdluli (Senior Lecturer) and Ms. SindisiMethwa (MSc
student) of DUT Chemistry Depament,are thanked for theariousrolesthatthey

played for the success of this research.

Both Silindile Zunngu and Siyabonga Mntamboy( DUT Master of
Applied Scincestudents) are thanked for their assistance in sample collection. Other
students that lpyed significant roles in the project were Lulekiwe Mbuyisa
(BTech), Zamachunu Mchunu (BTe¢hiINomchengeMlunguza (BTech)and
Derrick Baruani (National Diploma), they are all thanked. The help givathéy

entireDUT communityis appreciated.

EThekwini Muwnicipality, uThukela Municipality and various wastewater

treatment plantpersonnel are thanked for assistance during sample collection.

| would also like to thank my eworkers from Environmental Analytical

Chemistry Research Group at the Universityha Witwatersrand who helped in

Vi



many ways during my stay at the School of Chemistry. Thank3ritd\ikita
Tavergwa for all his guidance during the synthesis and writing of manuscripts.

Special thanks go to Prof. Hlanganani Tutu for sharing his academsoiitbame.

Mr. KershenNaicker and Dr. Mphilisi Mahlambi are thanked for their
involvement inmy DUT academic duties during the course of the study. Thank you

Mahlambi for sharing some research ideas with me.

Finally, I thank all my friends for the supppeincouragement and patience
during the course of the study.

Jesus once said Al am the | ight of the w
in darkness, but wil8ll22have the 1|ight

Hence, | decided to follow him.

Indeed with God all tings are possible.

Ndiyabuléla

Vil



PUBLICATION S AND MANUSCRIPTS

This thesis is based on the following papers:

1. Status of pharmaceuticals in African water bodies: Occurrence, removal
and analytical methods

Lawrence Mzukisi Madikizela, Nikita Tawanda eagwa, Luke Chimuka

Manuscript Under Revision in Journal of Environmental Management

2. Experimental and theoretical study of molecular interactions between-2
vinyl pyridine and acidic pharmaceuticals used as multtemplate

molecules in molecularly imprinted polymer
Lawrence Mzukisi MadikizeldPhumlaneSelby Mdluli, Luke Chimuka

Published:Reactive and Functional Polymers, 103 (203843.

3. Synthesis, adsorption and selectivity studies of a polymer imprinted with

naproxen, ibuprofen and diclofenac
LawrenceMzukisi Madikizela, Luke Chimuka

Published:Journal of Environmental Chemical Engineering(2016) 4029
4037.

viii



4. Determination of ibuprofen, naproxen and diclofenac in aqueous samples
using a multi-template molecularly imprinted polymer as selective

adsa bent for solid-phase extraction
Lawrence Mzukisi Madikizela, Luke Chimuka

Published:Journal of Pharmaceutical and Biomedical Analysis, 12816)
210215

5. Occurrence of naproxen, ibuprofen and diclofenac residues in wastewater

and river water of KwaZulu -Natal Province in South Africa
Lawrence Mzukisi Madikizela, Luke Chimuka

Manuscript Under Revisionin Journal of Environmental Monitoring and

Assessment

6. Molecularly imprinted solid -phase extraction of naproxen, ibuprofen and
diclofenac from Ladysmith water resources in South Africa: An initial

assessment
Lawrence Mzukisi Madikizela, Phumlane Selby Mdluli, Luke Chimuka

Manuscript Submitted.

7. Simultaneous determination of naproxen, ibuprofen and diclofenac in
wastewater using solidphase extraction with high performance liquid

chromatography
Lawrence Mzukisi Madikizela, Luke Chimuka

Manuscript UnderReview.



8. Determination of triclosan and ketoprofen in river water and wastewater

by solid phase &traction and high performance liquid chromatography
Lawrene M. Madikizela,Sindisiwe F. Muthwal_.uke Chimuka

Published:South African Journal of Chemistry, 67 (20143-150.



TABLE OF CONTENTS

DEDICATION ittt e et e bbb e e e e e e e e e e er e bbb eeaeeeas i
DECLARATION ittt e e e e e e e e e e e aaba s i
AB ST R A CT . e e e e e e e et a e e e e e e e n s iii
ACKNOWLEDGEMENTS .ttt e e e e e Vi
PUBLICATIONS AND MANUSCRIPTS ....iiiiiiiiiiiiiiiiiiiiiieiiereeeeeeee e e e e viii
TABLE OF CONTENTS oottt aaeeeees Xi
LIST OF ABBREVIATIONS ..ot Xiv
Chapter 1- INTRODUCTION ......uuiiiiiiiiiiiiiiiieieerereeerreersseeeaaeeaaaaeeaessssesssanssnsssssnsnnnes 1
L INErOTUCTION ..ttt e e s 2
1.1 General INtrOAUCTION.........uviiiiiiii e 2
1.2 Acidic pharmaceutical COMPOUNAS..........cuviiiiieiiiiieeeee e 2
1.3 Mode of action and side effects caused by naproxen, ibuprofen and diclofenac on
PUMBNS. ... e e e e e e e r e e e e e anes 5
1.4 Toxicity of naproxen, ibuprofen and diclofenac............cccccooviiiiiieeieiiniiinnnnnn. 5
1.5 Sources of pharmaceutical compounds in the aquatic environment............. 6
1.6 Problem statement and MOtIVAtIQN.............eeoiiiiieeiiiii e 7
Chapter 2- LITERATURE REVIEW .......ouuiiiiiiiiiiiiiiiieeeeeeeeee e 10
2 LItErature REVIEW .......cooi ittt e e e e eanenees 11
2.1 Sample preparation teChNIQUES.............oeiiiiiiiiiiie e 11
2.1.1 Solidphase extraction..........cccccvevviiiiiieeiie e 11
2.1.2 LiquidHiquid eXIraCtiON........uuuueeiieeiiiiieeeeeeeeee e 12
2.1.3 Liquid phase MIiCroEXIraCtion...........couuurrriiieeiiiiiiiiie e e 13
2.1.4Solid-phase MICrOEXIrACON . ..........uveiiiee et 14
2.1.5 Stir bar sorptive exXtraCtiOn...........ccoooeeeeeiiiiiiie e 15
2.2 Solidphase extraction SOrDENLS.........uuueiiiiiieiieiiieeeeeeeeeeeeee e, 16
2.2.1 Molecularly imprivted POIYMEIS.........cuuiuiiiiiiiiiiiiiiieeeeereeeeer e 16
2.2.2 Hydrophilic lipophilic balance............ccccooiiiiiiiiiinieeee e 18
2.2.3 Mixedmode strong cation eXChanger............cccceevviiiiieeeeee e 19
2.2.4 Reversphase SOrDENTS (£8) - --uuxuverrrrrmmmmmmiiiiiiiiiieeee e e e e e e e 21
2.3 ChromatographiC SepParatiQml.........cccccuuruuiiiiiiiiiiieiieieieeeeee e e e e e e e e e e e e 21
2.3.1 Gas Chromatography........cccuueeeeieeiiiiiieiie e 22

Xi



2.3.2 High performance liquid chromatography............ccccvvvviiiieieeeieeniieeeeeenn. 22
2.4 Occurrence of selected pharmaceuticals in water bodies.............cccvvvveeee. 23

2.5 Removal of naproxen, ibuprofen and diclofenac during the wastewater treatment
L (0T 0 SRR 29

2.6 Challenges relating to the analysis of pharmaceuticals in water samples...33
Chapter 3- RESEARCH OBJECTIVES APPROACH AND SUMMARYOF THE

THESIS ..ottt e e e e e e e e et e e e e e e e aa e e e e araaaeaaraee e 35
3 Research objectives and approach.............ccoooiiiiiiieei e 36
3.1 AIMS Of the SIAY......uviiiiiiiiieiee e 36

3.1.1 General aim of the Study.............cco oo 36
3.1.2 ODJECHVES.....eeeeeeeieteeeee e 36
3.2 RESEAICH PIrOCESS....ciiiiiiiitiiiie ettt e e e s e e e e e e e nnnne s 36
3.2.1 Synthesis of molecularly imprinted polymer...........cccoovveeeiiiiiiiieeeeens 37
3.2.2 Characterization and application of muttemplates molecularly imprinted
[010] 1Y/ 14T PP 39
3.2.3 Solidphase extraction of acidic compounds from water samples using
comMmMeErcial SOMDENTS......ooiiiiiii e 39
3.3 Summary of the theSIS.....coovviviiiii 40
G 70 700 N 11 70T [T £ PSSR 40
3.3.2PAPEI L. e A
3.3.2.1 Paper 1 Supporting information................cccoeiiiiiiiiiiiiiiiniieeeeeeeeee, 85
G T ] o= o= 2 90
G TR I =Y o 1] G S 102
3.3.4.1 Paper 3 Supplementary data...........cccuveeeeeeiiiiiiiiiieeee e 112
B.B.5 PAPET 4.ttt ettt 117
3.3.5.1 Paper 4 Supplementary data...............ccoeeeiiiiiciiiniiiiireeee e, 124
G T G = o 1] YR 126
3.3.6.1 Paper 5 Supplementary data..............ccooeeiiiiiciiinniiieeeeeeee, 155
.37 PAPET Bt e 157
B.3L8 PAPEI 7. 190
3.3.8.1 Paper 7 Supplementary data.............cocoeeeiiiiiciiiiiiieeeee e, 218
B.3.0 PaAPEr .. 223

Chapter 4- CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

............................................................................................................................ 232

APPENDIX L. 249

1 Referred Conference OULPULS........coiiiuiiiiiie et 250

Xii



2 Other C
3 Paper 9

ONFEreNCE OULMULS.........uuuiiiiiiiiiiiiiiee e e e e e e

3.1 Paper 9 Supplementary datal.............ocvuiiiieeiiiniiiiieeeeee e

Xiii



LIST OF ABBREVIATION S

BET
COX
DAD
DWTPs
FLD
FTIR
GC
HF-LPME
HLB
HPLC
LLE
LPME
MIP
MISPE
MS

NIP
NSAIDs
SBSE
SPE
SPME
WWTP

Brunauer, Emmett and Teller
Cyclooxygenase

Diode array detector

Drinking water treatment plants
Fluorescence detection

Fourier transform infrared spectroscopy
Gas chromatography

Hollow fiber-liquid phase micrextraction
Hydrophilic lipophilic balance

High performance liquid chromatography
Liquid-liquid extraction

Liquid-phase microextraction
Molecularly imprinted polymer
Molercularly imprinted soliephase extraction
Mass spctrometry

Non imprinted polymer

Non-steroidal antinflammatory drugs
Stir-bar sorptive extraction

Solid-phase extraction

Solid-phase microextraction

Wastewater treatment plant

Xiv



Chapter 1- INTRODUCTION

This chapter give the general information about the target compounds which
includes their sources the environmentoxicity as well as the problem

statemenfand motivation



1 Introduction
1.1 General Introduction

Clean water is an importargsourceon earth as it spports and maintains
human health and sustainable ecosystem development. The growth of population,
urbanization,and industrializationand consumption pattesnchangeover time
which has generated the ewémcreasing demands for freshwater resources
worldwide (Sun et al., 2016 herefore, the continuous monitoringtbk quality
status of water resources is importémt ensuringthe goodwell-being of the
aquatic environment. The evaluationtbg quality status of aquatic ecosystems
requiresthe estination of water pollution and possible consequences on the aquatic
organisms (Arditsoglou and Voutsa, 2008he discharge of treated wastewater
into rivers is one of the major sources of water pollution. For example, the presence
of high quantities ophamaceuticalsn surface water has been reported worldwide
in which the primary sourdeas been reported to tiee wastewater treatment plant
effluents (Paiga et al., 2016).In this regard, drge quantitiesof suchpollutants
originate from industrial and dmestic sources. Currently, pharmaceuticals
especially norsteroidal antinflammatory drugs (NSAIDs) areegarded aghe

most detected pollutants in the water bodies.

Water is regarded as goodtransportmedium fororganis with polar
groups in their miecules (Bialk-Bielinska et al., 2016).Therefore acidic
pharmaceuticale/hich containpolar groups in their molecular structuf@sible 1)
are easily transported from one water matrix to the offer.example, acidic
pharmaceuticals can be transporteaht wastewater into river water,eih dam
water to drinking watewhich could result in the occurrence of pharmaceuticals in
all water resource#\s a result,m many countries the souscef pharmaceuticals

in surface water cannot be traced.

1.2 Acidic fharmaceutical compounds

The primary focus of thistudywason thedetectionand quantificatiorof

widely usedNSAIDs such as naproxen, ibuprofen and diclofeimaSouth African



water resourcesThese acidic compoundsare used in human medical care as
anapesis (Al-Hadithi et al., 2011).NSAIDs are the most frequently used
pharmaceutals in the treatment of painRecently in South Africa, the data on
consumption of pharmaceuticals indicated thatlicationwith antipyretic activity

is the mo$ consumed Nlatongo et al. 201%. Based on this information, both
diclofenac and ibuprofen were among the top five widely used NSAIDs in South
Africa (Matongo et al. 208 The compounds in the NSAID group are available
through medical prescription and over the deuwia selfmedication (Manrique
Moreno et al., 2016).

Naproxen, ibuprofen and diclofenac are weak organic acids (Table 1) with
acid dissociation constan(sKa) ranging from 4.15 td.91 (Lindqvist et al., 2005),
whereas, theoctanolwater partition oefficients(Kow) rangebetween 0.7 and 3.97
(Behera et al., 2011)The properties of these cooynds includehigh water
solubility at neutral pH and polar nature whicbuld lead to difficulty in their
removal efficiencyin the sewage treatmeprocedure(Koutsouba et al., 2003;
Larsson et al., 200®ahane et al., 20).3



Table 1

The nolecular structures dhe selectegpharmaceuticatompounds antheir physicechemical properties

Compound Molecular structure pKa Log Kow Water solubility (mg/L)
Naproxen CHg 4.15 3.18 44
OH
HBC\O ‘O o
Ibuprofen CHs 4.91 3.97 58
CH3 | OH
o)
HsC
Diclofenac cl 4.15 0.7 10
; \
cl H OH




1.3 Mode of action and side effects caused by naproxen, ibuprofen and diclofenac

on humans

Napoxen and ibuprofen are usually employed for the medical treatment of
rheumatoid arthritis, however their irritant side effects on the gasteric mucous
membraneslimits their application (Mahkam and Poorgholy, 201¥When
ingested, NSAIDs inhibithe cyclooxygenase pathway by blocking the production
of prostaglandins. Two of three existing cyclooxygenase (Cé&xymes are
related tothe biological activity of NSAIDs.n this case, COXL enzymeplays a
role in syntresizing prostaglandins that aets thestomach lining and intestine
protector. COX2 enzymeis related tathe production of prostaglandins that are
associated with inflammation. COXis therefore induced by cytokines, mitogens
and endotoxins. Therefore NSAIDs act by inhibition of GO&nzyne (Manrique
Moreno et al., 2016).

As in the case of several pharmaceutical drugs, the use of naproxen,
ibuprofen and diclofenac for healthcare is usually accompanied by several side
effects. In gearal, the side effects of NSAIDs whichre related to the @X-1
inhibition aregastrointestinal injty, kidney and liver damage (Manriciéoreno
et al., 2016). In the case of naproxen alone, the known side effettsaataches,
dizziness, abdominal pain, nausea, and shortness of .i¥egitoxen idabelled as
acompound with a potential of increasingk of suffeling heart attaclon humans
and malignant effect on mucosal hydrophobickgr ibuprofen, side effects such
as cardiovascularenal and hepatic damagee known(ManriqueMoreno et al.,
2009. The later may be associatedth thelong-time treatmentsising drugs with
ibuprofen as the active ingredie@mn the other handhe use of diclofenac can lead

to hepatdoxicity (ManriqueMorenoet al., 2009).

1.4 Toxicity ofnaproxen, ibuprofen and diclofenac

Very little information is known aboutddth effeds that are associated
with the consumption of addic pharmaceuticals by animals ad aquatic species

at low levelsRegarding humans, thelnasbeen no evidence dheacutetoxicity



caused by napxen, iluprofen and diclofenac. Regardless of low or no toxicity
associated with the presence of naproxen, ibuprofen and diclofenac in water
bodies, it is wise to keep water resources free of such pollutants in order to
minimise therisks that may be caused loyg term exposure.

Negative health effecthat are linkedwvith the presence of diclofenac in
the aquaticenvironment have been report€thggart et al., 20070akset al.,

2012; Cuklev et al., 2012)-or instance, diclofendtas been associatedvith the
dedine on the numbeof vulturesin Asia(Taggart et al., 200 Dakset al., 2012).

Also, diclofenac isknown as a compound that affects organ histology and gene
expression in fish at a concentratwinl pg/L (Cuklev et al., 2012).

For naproxen, it has beemported thathe quantity of mRNA irthree
genes wasransformedsignificantly in the intestines of adult zebrafish after two
weeks of exposuréo naproxen whereas, in the case of humaitshas been
reported that the adverse side effects of NSAIDs oioctine @gistrointestinal tract
(Stancova et al., 2015).

The toxicity of ibuprofen again§elenastruncapricornium(a microalga)
has been reported where the toxicity of ibuprofen showedan increasewith
increasingconcentratiorof the drug (QuercPastoret al., 2014) It hasalsobeen
reportedthat the ibuprofendegradatiorproductsformed after the applicationof
ozonewhich is usedinterchangeablevith clrorine in WWTPs were more toxic
thantheibuprofenitself (QuerecPastoretal., 2014)

1.5Sources dpharmaceutical compounds in thaquaticenvironment

The most common sources a€idic pharmaceuticals in the environment
include households, wastewater treatment plants (WWTPSs), hospitals, industrial
units & well asintensive animabreeding farms (Kospuolou and Nikolaou,
2008). However, there are other possible soureddch are related to human
activitiesthat cannot be ignore@uchsources aréhe direct discharge of untreated
wastewaters to the environment through the leakage of septic tanksll land
leachates and these of manure asludgefrom WWTP to promote plant growth in
agricultural fields (Paiga et al., 2016).most cases, pharmedicals are consumed
by humans andhereafter, they are subjected to metabolism, then excreted as



metabolies or unaltered parent compountbias been indicated th&igt consume
ibuprofen, naproxerand diclofena@re usually eliminated from human body with
10, 70and 10% of unchanged drugs, respecti&lgrmia et al., 2016)Excreted
pharmaceuticals usuglenter tle sewer system througilets, thereafter, they are
transported to WWTPs.Degradationof naproxen, ibuprofen and diclofenac
WWTPs depends on the biological treatment efficienayd in some cases,
evidence of poor removal of pharmaceuticaduring wastewater treatment
processelasbeen reported (Kermia et al., 2016). This indicatesthasformation
of pharmaceuticalsn WWTPs is possie. However, some compousdresist
biodegradation and arthereforedischargedwith wastewater effluentnto the

nearest rivers (Parrilla Vazquez et al., 2013).

Various concentrationsf pharmaceuticalarrivein WWTPs depending on

severafactorswhich include

U Frequency of use for eapiharmaceuticadrug;
u Excretion of uametabolizegpharmaceuticadrugs;and
a Resistanceof pharmaceutical drugdo biodegradation

(Kostopuolou and Nikolaou, 2008)

Since 1994, the permission to discard unuskedrmaceuticatirugs with
household waste was granted by European Uiamgnerer, 2009 In the case of
pharmaceuticalwaste disposatown the domestic drainghe pharmaceutical
compoundsaretransportedvith domesticwastewater ito WWTPs. However, in
the case of solid waste disposal, the compounds can end up on landfill sites, where
they can be released with landfilflaent and contaminate surface water or drinking

water (Kummerer2009.

1.6 Problem statement and motivation

South Africa is lagging behind inthe evaluation of the status of
pharmaceutical in water resources such as WWTRBinking water treatment
plants (DWTPs), rivers, dams, swimming pools and lakdse extent of water

pollutionin South African water resourceaused by pharmaceutical drugs is not



well understood. The challenge behind this problem may be caused by the lack of
suitable analytical mcedures. In this context, analytical methodpés that are
required forselectivequantitativemonitoring of pharmaceutical compounds in
South African water resources are not yet fully developed and verified.
developed countries such as Europe, the evaluation of pharmaceutical
compounds inthe aquatic environment isisually conducted usig hyphenated
techniques likegas and high performance liquid chromatogragtiLC) coupled

to a mass spectrometryetector. Such techniques are advantageous asffexy

low detection and quantification limit¥hesetechniques also allow for the use of
the instrument buiin library for the idatification of a pollutant in a complex
environmental samplédowever, due to higlperating and maintenancess of
suchtechniquesseveralAfrican laboratories cannot afford thei®@uch laboratories
tend to use the low cost detection methods such as photo diode array débection
the assessmentf organic pollutantsn aquatic environmentThe challenges
associated withhie use of low cost detectors are limited sensitivity and selectivity
which could hinder their application in the trace analysis of pharmaceuticals in the
environmentDue to these challenges, the mapart of this study was spent in
developing suitable saple preparatio techniques that can be used for the
extracton andpre-concentration ofcidic drugdrom wastewger treatment plants

and river samples

Furthermore, He capability of WWTPs in South Africko remove
pharmaceutical compounds duriige treatment process is not knowrhe
structural changes afaproxen, ibuprofen and diclofentat might occur during
ther release into the environment in the context of South African climate are not
understoodSouth Africa is also known fahelack of infrastructureand resources
which couldbe linked to poor sanitation especgyah rural communities. This could
lead to direct disposal of pharmaceutical productsilonanwaste into surface
water Therefore, thisdemand the continuous monitoring of pharngatical
pollutants in the water bodies

Currently it is well known that pharmaceutical products are used daily by
humans for radical purposes. Therefore, routine monitoring forabeurrence of

their active ingredients ithe aquatic environmenthat indudes wastewater and



river wateris required This study wa based on the development of sensitive and
selective methods for the quantification of widely used pharmaceutical drugs in
South African water resourceghe main focus was on the assessment of P8y

however the study was further extended to rivers and DWTPs.



Chapter 2- LITERATURE REVIEW

This chapter presents the review of analytical methods developtxfor
guantification ofnaproxen, ibuprofen and diclofenacwater resources with
more fowis on sample preparatioAlso, the occurrence and removal of

naproxen, ibuprofen and diclofenac in water bodies have been reviewed.
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2 Literature Review
2.1 Sample preparation techniques

The analysis otomplex environmentaamplesike wastewater andhe
detection or quantificationf organic pollutants such as naproxen, ibuprofen and
diclofenacattracelevels are currently the two main analytical problems (Payan et
al., 2011).Therefore the preparatiorof liquid samples which is employed for the
purpose of extracting and p@ncentratinghe compounds of interest, as well as
the removal of matrix interferences a cucial stepin environmental analysis
Sample preparation leado better sensitivity and selectivity of the analytical
method.There ae ®veral samle handlingtechniqueshathave been developed for
the isolation and preconcentrationof naproxen, ibuprofen and diclofenac in
environmental samplesSuchsample preparatiotechniquesnclude solid-phase
extraction (SPE),liquid-liquid extraction (LLE), solidphase microextraction
(SPME), liquid phase microextraction (LPME) arstir bar sorptive extraicn
(SBSE) among other

2.1.1 Solidphase extraction

SPE is used extensivelyfor the extraction oforganis from aqueous
samples SPEpernits the minimization of sample volumes alodvers the risks
associated with the handling toiic organicsolvents (Kostopoulou and Nikolaou,
2008). In this extractiontechnique the SPE cartridge is mounted on a vacuum
manifold which can usually accommaeap to12 or 24 cartridgesThis allows for
simultaneous preparaticsf sampleswhile saving timeduring sample handling
During the SPE the liquid sample is percolated into a-ponditionedcartridge
containing a sorbentvhich is capable of retaininthe target compoundd.he
conditioning of theSPEcartridge is performed by passisigall volumes obrganic
solvents or water through tiserbentwith the intention of increasinte effective
surface areavhile reducingthe interferences. Aftehe loading of a sampleonto
the cartridgethe undesired components tigatadsorbed on the SPE cartridge are

washed offwith a suitable solven® hereafterthe sorbent is usually allowed to dry
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precedingthe elution of adsorbed compoundEBhereafter, the esorgion of the
extracteccompound®f interesis carried out by applying small volumes of organic
solvents with the intention of disrupting the interactidimst occurbetween the
target compoundand theSPEsorbent (Andrad&iroa et al., 2016)

To date, amumber of effective SPE sorbents are kno@hwhich, many of
thesesorbents areommercialavailable nowadaydMost of the SPE sorbents that
include molecularly imprinted polymers (MIPs), hydrophilic lipophilic balance
(HLB), mixed-mode strong ation exclangerand reversaé-phase (@) have been
reportedn theliteraturefor theremovalof acidic pllutantsparticularly naproxen,
ibuprofen and diclofenaftom environmental samplg#szzouz et al., 201,0_aven
et al., 2009Migowska et al., 203, 2MartinezSena et al., 2016)heseSPEsorbents
are discussed in secti@mi2

2.1.2 Liquidliquid extraction

LLE is the traditional sample preparatiosystemthat has been used
extensivelyfor the extractionand preconcentration of organic compounds from
aqueous saples (MahugeSantana et al., 2011). LLE is based onrgmaovalof
target compounds from an aquephsseanto an organic solventhat isimmiscible
with water In recent years, the applicatiarf the tetinique has beedecreasing
which might bedueto several disadvantages that include #ensive usagef
organic solvents of which some drarmfulandcostly, as well as the introduction
of the modern sample preparation techniques like SPE and SPMEeforedue
to high usage of organic solvents, thgplicationof LLE techniquein sample
preparationcan be a dangerous and expensive exergéiger all, LLE is time
consumingenvironmental unfriendly and itspplication can lead tlmssof target
compoundsdue to multistage operations that cannot leglected(Payan et al.,
2009;MahugeSantana et al., 2011in order to advance the LLE technique, liquid
phase microextraction was implemented (MahGgotana et al., 2011).
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2.1.3 Liquid phase microextraction

To date, diffeent approaches to LPME haveedm developedThese
approaches are rgiledrop microextraction hollow-fiber LPME (HFLPME),
dispersive ligud-liquid microextractionand solidified floating orgadaa drop
microextraction(MahugeSantana et al., 2011Puring the identification and
guantiicationof pharmaceuticalin environmental samplebl~LPME is the most
used techniquavhen compared teingle-drop microextractiongdispersive liqui-
liquid microextraction and solidified floating orgait drop microextraction
(MahugeSantana et al., 2011

In HF-LPME, the compoundsof interestare extracted from aqueous
samples through a thin layer of organic solvent immobilized within the pores of a
porous hollow fiber and into the acceptor solution that is kepdenie lumen of
the hollow fiber (Payaet al., 2010). In the case of HIPME, the organic phase is
protected by the fiber which in turn decelerates the process of organic solvent
dissolution into the bulk solution (Payan et al., 2010)-LlME canbe operatd
in two modes that are based two phase and thrgghasesystemsin themode that
is based on two phasdbke acceptor solution is the organic solvibat isretained
within the pores of the hollow fiber, whereas in the thykase mode, the acceptor
phase is an acidic or a basic aquesolution (Payan et al., 2010; Sharifi et al.,
2016).

HF-LPME is a relatively new sample preparation technique that offers high
sensitivity and selectivityo ananalytical methodQuintana et al., 2004)The
technique habeen applied ttheisolation anl enrichmentf ibuprofen, naproxen
and diclofenac fromvastewaterQuintana et al., 20Q4ayan et al., 2010). kuch
studies, the extracts obtained using-HFEME were quantitatively analyzed using
liquid chromatography with mass spectrometry detec¢hanyielded lowdetection
limits atng/L levels (Quintana et al., 2004; Payan et al., 2080perior sensitivity
could bepartly attributed to the greater extraction efficiency andqmecentration
factorsthat resultedrom the efficient sample prepai@t techniqugQuintana et
al., 2004; Payan et al., 2010he popularity othe HF-LPME technique has been

increasingvhich couldbedue to its low organic solvent consumption (which is line
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with green chemistryconcepty low cost the extraction process rapid and
compounds witlwide pH range can be toleraté@uintana et al., 2004£ayan et
al., 2010;MahugaeSantana et al., 2011

2.14 Solid-phase microextraction

Solid-phase microextractiogfPME)is a fast, cost effective andlgent free
techniquewhen usedfor analyte extraction and pncentration prior t@as
chromatographiseparation anduantification(Bagheri et al., 2012\lawala et al.,

2016 Piri-Moghadam et al., 20)6However,in the case of HPL@pplicationsa

few milliliters of organic solvent arerequired for desorption of extracted
compoundgprior to analytical separation (Terzopoulou et al., 20k6)he case of

gas chromatographic analysis, target compounds are desorbed themthky
heated injector poriTherefore, SPMEs less favored for HPLC quantification as

the desorption process tends to prolong the analysis time and increases the

consumption of organic solvents.

In SPME target compoundare separateldetween the sample matrix and a
stationary phase deposited on a tus#ica fiber(Nawala et al., 2016 his is done
by exposinga small amount of extracting phase thatispersed on a solid support
to the sample for a well defingxriod of timg(Pawliszyn, 2000)Since naproxen,
ibuprofen and diclofenac are not valkatenough forgas chromatographyGC)
analysis, SPMEHPLC procedures have been developed (Moraes de Oliveira et al.,
2005; VeraCandioti et al., 2008wherea polydimethylsiloxae-divinylbenzene
coated fibers directly immersed in the sample solutfona predetermined time
during the extractionThereafter, thextracteccompounds of interest are desorbed
into an organic solvent prior to their introduction into a chromatographic column.
For HPLC applications, the SPME extractions are usually carti¢datoroom
temperature under stirred conditions.the case ofGC applications, a sajel
technique using poly(ethylene glycol) grafted mulélled cabon nanotubes
coated fiber haseen developed for solghase microextractiomf NSAIDs
(SarafrazYazdiet al., 2012). In literature, thereeanumerouseportedapplications

for theisolation and preoncentratiorof naproxen, ibuprofen and diclofen@om
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water samplesisingthe SPME techniqueRodriguez et al., 2004Araujo et al.,
2008; Suchara et al2008. In these applications, several stationary phase coated
fibers that includepolyacrylateand polydimethylsiloxandiave ben explored
(Rodriguez et al., 2004 raujo et al., 2008

As compared to the most widely used SPE technique for NSAIDs, SPME is
an attractive alternativelue to a number ofadvantages as outlined below

(Kostopoulou and Nikolaou,0®8).

a SPME kad to faster extraction than SPEtdkes approximately 50 min to
process ay volume ofsanple using SPMEwhereas SPE extraction time dege

largely on sample volume and flow rates

a SPME generally requires 100 times less organic solvent than SPE.

a SPME requires lower sample volume than SPE such as 25 mL instead of
500 mL.

a SPME utilizes reusable fibers instead of singlseof mostSPE cartidges.

However, n spite of the various appationsand advantagesported for
SPME, there are sevemtawbackghat limits the success of the technique which
include low thermal and chemical stabildf/the extracting materialthe stripping
of coatng during extraction or desorptiasf target compoundand short lifetime
of theadsorbent( SarafrazYazdi et al., 201

2.1.5 Stir bar sorptive extraction

For stir bar sorptive extractior58SE applications, polydimethylsiloxane
is used as a sorberftor this applicationpolydimethylsiloxands coated onto a
glasscoated magnetic bar and employed the extraction of liquid samples.
Extraction isexecutedby introducing the coated magnetic bar digedhto the
aqueous sample. The harallowed tostr the agueous solution while the target
compounds are extracted into the sqifthse. After adsorption, the bar is removed

from the sample, rinsed and dried. The extracted compounds are then chemically
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desorbed in a liquid omn a gas chromatographimlet (CamineSanchez et al.,
2014).

In comparison withSPME, the sorbent amount in SBSE is higher which
results in enhanced extraction efficiency, while being robust and very simple to
operate (Quintana et al., 2007). For these reasons, SBSE has been iapplied
environmental, clinical and food analysis, and to a large variety of matrices that
include soils,surface water and wastewater, solid and liquid foods, gaseous
samples, and biological fluids (Cam#$@anchez et al., 20143BSE lead to high
pre-concentation factorsbroad spectrum of applications and simpliditygrefore,
it is becoming one of thavidely studied sample extraction techniques fioe
analysis of organg(CamineSanchez et al., 2014h this context, SBSE hdmeen
applied in the extramin and preconcentrationof NSAIDs from environmental
samples prior téiquid chromatograpic quantification(Silva et al., 2008).

2.2 Solidphase extraction sorbents
2.2.1 Molecularly imprinted polymers

Molecularly imprinted polymers (MIPs) are syntlogtiolymeric materials
with specific recognition sites complementary in shape, sizéutional groups
to themoleculeof interestin analysis (Batlokwa et al., 201 NLPs have received
significant attention in different research fieldlsat includeenzme mimicking
catalysis (Antunalimenez et al., 20143ensing materials (Zhu et al., 2016), drug
delivery systems (Rostamizadeh et al.,, 201&)romatographic separations
(Haginaka et al., 1999) amwlid-phase extractiorFarrington and Regan, 2007

The application of MIPs as SPE sorbents allowstfa isolation anghre-
concentratiorof the compound of interesas well as theemoval of thesample
matrix (Caro et al., 2006 MIP sorbentsre highly selective with sonwheradded
advantages such as @igal robustness, resistance to elevated temperatures and
pressures, inertness to acids, bases and organic solvents, low production cost and

ea® of preparatiofiLi et al., 2014).
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In literature, there are threeported ways that are normally followed Ine t
synthesis of MIPs. Thessre based onovalent, norcovalent and semgovalent
protocols The covalent approach involves the formation of reversible covalent
bonds between the template and monomers, whereas in theseat@nt method,
the template isavalently attached to a functional monomer, however the rebinding
Is based on nenovalent interactions (Mahkam and Poorgholy, 2011). In the non
covalent approach, the formation of weak fomwalent interactiom such as
hydrogen bonding, electrostatic irdetiors, hydrophobic interactias) Van der
Waals forces and dipoldipole interactionsoccur between the templatand
functional monomers prior fpolymerization (Mahkam and Poorgholy, 2011)

MIPs have beerwidely usedas SPE sorbents in the environmental
monitoring of acidic pharmaceuticals. In this context, most studies have focused on
the development of MIPthat are suitable for the extractionsiglecompounds
For example, different studies have investigated the synthesis and application of
MIPs for selective recognitiof either naproxen, ibuproferr diclofenacfrom
aqueous mediand biological sample&Caro et al., 2004Farrington and Regan,
2007; Sun et al., 2008 Naproxen, ibuprofen and diclofenacave been
simultaneosly detected iknvirormentalsamplesCarmona et al. 201&ermia et
al., 2016;SarafrazYazdi et al., 2012)therefore aneed for the development of
multi-template MIPs to target such compoundscurrentlyaroseln this casefew
studies have been reported for the invesbgabf MIPs that can be used to
selectivdy extract a group of acidic pharmaceuticals frornesqis media§ai et
al., 2012; Duan et al., 201L.3Due to widespread of NSAIDs in thaquatic
environmentMIPs are now commercially available for NSAID groamd they
have been investigated for their suitability in SPHErt et al., 2013; Martinez
Senaet al, 2016. To date there are very few applications of such commercial
sorbents in environmental samples. In some cd8&s show limited selectivityo
certan NSAIDs and they are mostly tested less contaminated sample matrices
such as river watdMartinezSena et al., 2016)
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2.2.2 Hydrophilic lipophilic balance

HLB sorbens arewidely used for the extraction of pharmaceuticals with a
wide range of poldties and pH values (Yu and Wu, 201This is because of high
surface area and polar functionalities in the structure of hydrogipbphilic
polymeric sorbents (Gilart et al., 201&pr example, in the case of Oasis HLB that
is produced by Waters (Mord, MA, USA), theHLB material is based onraacro
porouspoly(N-vinylpyrrolidonedivinylboenzene) copolymer and has been one of
the most used sorbents in the sqilthse extraction of environmentaiganic
pollutants (Gilart et al., 2014pasis HLB isa universal sorbent that contains both
hydrophilic N-vinylpyrrolidone and lipophilic divinylbenzenéFig. 1 (a)) as
monomers which helpn the extraction of acidic, neutral and basicganic
compoundsfrom environmental sample@dasprzykHordern., 2008 Arsenault,
2012. Although Oasis HLB has got high capacitgr the retention oforganic
compounds with different polariti6€©s K6 or e j e dhese advantages2aéel 2 ) ,
accompanied by lack of selectivity as the material has got the ability to extract many
interfering specieand untargeted compounfilem thesample matrix together with
target compounds (Gilart et &014).

Nonetheless, Oasis HLB is still widely usedheisolationandenrichment
of acidic pharmaceuticals from water sampMergeynst etla, 2015;K6 or ej e et
al., 2016;Agunbiade and Moodley, 201@etrie et al., 2016 Its application in
sample preparationis usually coupled with quantitative determination of
pharmaeuticals using chromatograptbased techniques Agunbiade and
Moodley, 24 4 ; Ko or e j)eRegardless dihe lack & Seledivity, these
method are usually very sensitive, as the target compounds a®poentrated
during theSPEprocessDepending on the detection system, the reported limits of
detection in the angsis of naproxen, ibuprofen and diclofenac in environmental
samples using Oasis HLB as SPE sorbent varies from low ng/L to lggéls
(Santos et al., 200Zhao et al., 2009 In the case whera photo diode arraig
employed forHPLC detection, the detéon limits reported in literaturefor
naproxen, ibuprofen and diclofenac were 0.02, 0.96 and 0.28 ug/L, respectively
(Santos et al., 2005).hE detection limits reported for the same compounds using
mass spectrometry detecaticangedrom 0.7 to 1.3 ng/l(Zhao et al., 2009)This
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means thaSPEis able to enhandée detection of target compounttowever the
sensitivityof the analytical methodlso rest on the nature of the detection system
and thevolumes used in sample extractiofhe latter occur wén large sample
volume is extractedising SPE and the retained analytes are eluted with small

volume of organic solvent.

2.2.3Mixed-modestrong cation exchanger

An example of a mixethode strong cation exchangerthe Oasis MCX
(Fig. 1 (b))that is prodced by Waters (Milford, MA, USA). Oasis MGX derived
from Oasis HLB copolymer angrovides both ion exchange and reeekphase
retentionpropertieq Arsenault, 2012)Oasis MCXsorbentcanadsorb polar, non
polar, neutral and cationic compourascurently from aqueous samples (Yu and
Wu, 2011).The presence of sulfonic groups in Oasis MCX promotes cation
exchange interactiongasprzykHordern., 2008)Although the MCX sorbent is
originally intendedfor the extraction ofeutral and basicompounds (lésprzyk
Hordern., 2008), the successful application of the sdrbethe SPEof acidic
pharmaceuticals from water samples has been reported (Kagiorg&rn., 2008).
This was evident when high recoveries of naproxen, ibuprofen and diclofenac were
reportal in different studies. For instande,one application of Oasis @K sorbent
the absoluteecoverieof naproxen, ibuprofen and diclofenaportedfor ground
water, surface watewastewateinfluent and effluentverein the ranges of 64 to
96% (Lindgvig et al., 2005).

A study that was based on the selectiorswifable SPE sorbent for the
extraction of anumberof compounds that includdaduprofen and diclofenac has
been reported (GcialLor et al., 2012).0Oasis MCX was evaluated for its
performance agjnst the Oasis HLB. The results indicated that Oasis MCX provided
higher recoveries (over 90%) for both ibuprofen and diclofehawever other
compounds such as those that are used as UV filters were not strongly retained by
this sorbent Such study (Gr@a-Lor et al.,, 2012),demonstrated that some
compounds that are usually extracted with Oasis HLB can also be extracted from

water samples using Oasis MGHErbent
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Fig. 1. Structures of Oasis HLB (a) and Oasis MCX (b) (Arsenault, 2012).
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2.2.4Reversd-phase sorbents (fs)

Most of the sorbents such as Oasis MCX can be operated in the reverse
extraction mode for certain compounétowever, the traditioal reverse-phase
sorbent such as 1€ material is commercibl available in the form of SPE
cartridgesWhen Ggis employed athe SPE sorbendf choice, targetompounds
may requireextreme acidic or alkaline conditions for maximum retention ongo C
material. For the purpose of acidic pharmaceutical extraction, water solutions need
to be acidified whichresults in potonation of compoundsuch as naproxen,
ibuprofen and diclofena@nd thus maximizes the retention on the revptsese
sorbent while reducing the uptake of basic compouBda€s et al., 2006Due to
the ability of extracting a wide rangéaxidic compounds, fgsorbents usually lack

selectivity.

In the past years, the application ag@s SPE sorbent in the extraction of
naproxen, ibuprofen and diclofenac from water samples has been reported. It has
been demonstrated that the maximum aotton of naproxen, iprofen and
diclofenac occurs undexcidic conditions and recoveries generally decrease as the
pH of water solution increases (Bones et al., 2006)en extracted at pH 6.3, the
recovery for diclofenac was 81% in WWTP effluent (Stulét al., 2008).

2.3 Chromatographicseparation

After the extraction and preoncentrationsteps the identification and
guantification of naproxen, ibuprofen and diclofenftom the environmental
samples is usually carried out with chromatograpbased instrumentation
However, recent work hasilso demonstrated the application of capillary
electrophoresis coupled with contactless conductivity detection foutatitative
determination of pharmaceuticglollutants in surface water and wastewater
samplesising solidphase extraction for analygarichmentind matrix interference

exclusion(Le et al., 2016).
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2.3.1 Gas chromatography

In gas chromatography, the sample is vaporized iméagednjector port,
andthen transported by carrier gas into tietisnary phase for chromatographic
separationand detection upon elution from the columrheTcompounsl are
detected in the gas phase with various detection systems. In the case of naproxen,
ibuprofen and diclofenac studies, mass spectrometry deteegtmtaly useddue to
better sensitivity and ability to confirm theccurrenceof a compound in
environmentatamples using the buih library (Koutsouba et al., 2003; Quintana
et al., 2007Araujo et al., 2008Azzouz et al., 2010 However, thause ¢ electron

capture detector hdmeen reportedccasionallyMigowska et al., 2012).

Due to poorvolatility of naproxen,ibuprofen and diclofenac, such
compounds aralerivatized prior to gas chromatographic injecti@ilylating
reagats such adl-methykN-(trimethylslyl) -trifluoroacetamideand NmethykN-
(tertbutyldimethylsilyl}trifluoroacetamide  are commonly used in the
derivatization of acidic pharmaceuticals prior to i®ALS identification and
quantification (Azzouz et al.,, 2010)The derivatives that areoffmed by these
reagents are highly volatile and thermally stal@enerally, the derivatization
process increases the analysis time, hence, high performance liquid
chromatography (HPLC) is highly favored in tigentification and quantification

of naproxenibuprofen and diclofenac in water samples

2.3.2 High performance liquid chromatography

In HPLC, thesample componentare separated in the chromatographic
stationary phase while iiquid form. The detection systenfer HPLC that have
been reported foidentification andquantification of naproxen, ibuprofen and
diclofenac in water samples ameass spectrometryAgunbiade and Moodley,
2016), diode arrayDAD) (Payan et al., 2011) and fluoresceifeeD) (Payan et
al., 2011).The problems associated witletection systemiske DAD are lack of

sensitivity and selectivityTherefore,varioussample preparatiotechniquesare
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used to enrich theompounds of interestnd eliminate matrix interferenceghus

improvingsensitivity and selectivity

2.4 Occurrerce of selected pharmaceuticals in water bodies

The analytical methods highlighted earlier are widely useddwide in
order to measure the status of water pollution caused by pharmacetiheatsost
popularmethods are those that involihee useof Oass HLB sorbent foSPEand
liquid chromatography equipped withmass spectrometry detectofor
quantifiation Also, the method adopted by United States Environmental
Protection Agency uses liquid chromatography coupled to mass spectrometry for
detection of pharmaceuticals after SPERISEPA method 1694). The method
detection limits for naproxen and ibuprofen when using such metie®d004 and
0.006pg/L (USEPA method 1694)Some of the methods that have been applied
for the identification and quantificatioof naproxen, ibuprofen and diclofenac in

environmental water samplage highlighted in Table 2.

Thesstudiesthat arecenterecaroundthe occurrence of naproxen, ibuprofen
and diclofenac in water bodidsave been ongoing for a long time in certain
countries of EuropéOllers et al., 2001; Koutsouba et al., 2003; Santos et al., 2005;
Araujo et al., 2008Larsson et al., 200Azzouz et al., 2010Jelic et al., 2011;
Gilart et al., 2013Le et al., 2016 However, in South Africa thexistenceof such
pharmaeuticals inenvironmenal watershave been reported recentiy few
scientific documentgAgunbiade and Moodley, 2014; Amdany et al.,, 2014;
Amdany et al., 2018ylatongo et al., 205Matongo etl., 201%; Agunbiadeand
Moodley, 2016. In addition, thereare other relevant studies on environmental
analysis of pharmaceuticatenducted by various South African organizations that
have not yet been publishédost of thescientific documents published Bputh
African researcherfiave been basewn theidenification and quantificatiorof
pharmaceuticals in water samples collected ftbeKwaZulu-Natal and Guteng
Provinces As shown in Table ,3the latest projections on thatake of
pharmaceuticals in South Africa ranked KwazZdlatal and Gauteng Proviree

the 39 and F! position, respectively (Matongo et al., 2015). Hence, South African
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studies on environmental monitoring of naproxen, ibuprofen and diclofenac

focused more on the status of these two Provinces.
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Table 2

The ®lected analytical methodsrfthe quantification of naproxen, ibuprofen and diclofenac in water.

Sample preparatior Analytical technique Matrix

Reference

SPE- Oasis HLB
SPME

SBSE

HF-LPME

SPEi Oasis HLB
SPEI Oasis HLB
SPE- Oasis HLB

GC-MS
GC-MS
GC-MS
HPLC/MSMS
HPLC-DAD
HPLC-FLD
HPLC-MS

Wastewater

Deionized water 0.003

Ultrapure water 0.02

Wastewater
Wastewater
Wastewater

Surface water

Detection limits (pg/L)

Naproxen Ibuprofen Diclofenac

0.02 0.0005 0.003
0.0003 -
0.02 0.02

- 0.3 0.1

0.02 1 0.3

0.2 0.7

- 0.001 0.01

Kermia et al., 206

Araujo et al., 2008

Quintana et al., 2007

Payan et al., 2010

Santos et al., ZIb

Amdany et al., 2014
Agunbiade and Moodley, 2016
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Table 3

Predicted pharmaceutical consumption in South African Provinces (Matongo et al.,
2015%).

Provine Rank Estimated consumption per Provinc#
100

Gauteng 1 37
Western Cape 2 18
KwaZulu-Natal 3 15
Eastern Cape 4 8
Mpumalanga 5 6
Free State 6 5
North West 7 5
Limpopo 8 3
Northern Cape 9 2

In South Africa, naproxen, ibuprofen and diclofenbave only been
monitored in vastewater and surface water in fioem of river and damwater.
Unlike in severalforeign countriessuch asEuropewheresuchcompounds have
been monitoreth manywatermatrices such as wastewaterGilart et al., 2018
rivers (AkHadithi et al., 2011), dam$-¢lix-Canedo et al., 20)3lakes Qllers.,
2007, swimming pools(Azzouz et al., 2010and drinking waterGaban et al.,
2019. In general, there is not enoughatathat is based on the environmental
monitoring of raproxen, ibuprofen and diclofenat Africa as a whole with very
few studies reported in countries like Kenjgg6 or ej e et al ., 2012;
2016, Nigeria (Olarinmoye et al2016)and Algeria Kermia et al., 2016

The data extracted from few ms indicate thathie concentratios of
naproxen, ibuprofen and diclofenac reported in South Afrid@NTPs influent,
effluentand surfacevater are generally higher that those reporteathier African
countries andhe rest of the World (Taldel-6).
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In order b elaboratejn a recent studyconducted in Algeria which is an
African country the concentraticof naproxen in wastewater influent and effluent
were 959 and 0.33 ug/L, respectively Kermia etal., 2016. In comparison with
concentrations detezd in Europe (Table 4xhe pharmaceuticalseported for
influents and effluents of WWTPs located in Spain, Finland and Switzerland were
in the range of 1.6 to 6.4 pg/lOflers et al., 2001Lindqvist et al., 2005; Gilart et
al., 2013. In South Africa, lgh concentrations of up to 55 and 20 ug/L have been
reported in WWTP influent and effluent, respectivélyndany et al., 2014).

Table 4

Maximum concentrations of naproxen detected in South African sarapmpared

to the rest of the wrid.

Maximum Concetration (ug/L)

Influent  Effluent Surface water Country Reference

55 20 South Africa** Amdany et al., 2014

6.4 1.6 Spain Gilart et al., 2013

4.9 1.9 0.06 Finland Lindgvist et al., 200t
35 0.4 Switzerland Ollers et al., 2001

9.6 0.3 Algeria** Kermia et al., 2016

** indicate African countries.

The mean concentrations reported for ibuprofen in South AfNEsWITP
influent and effluent are in the ranges of 63 to 120 ug/L and 25 to 59 pg/L,
respectively(Table 5)(Amdany etal., 2014; Matongo et al015). In one South
African study,the highest concentration of ibuprofen foundsurface water was
85 ug/L Matongo et al., 208 The mean concentrations reported for wastewater
influent and effluent of Algeria were@and0.4 ug/L, respectively (Kania et al.,
2016). In surface water, mean concentrations @€and0.08 ug/L in Spain and

Switzerland, repectively Qllers et al., 2001Gilart et al., 2018 The concentration
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range of 3.9 to 20 pg/L has been observed in FinardiSpain (Lindqviset al.,
2005; Gilart et al., 2003

Table 5

Maximum concentrations dfuprofendetected in South African samples compared
to the rest of the wrld.

Maximum Concentration (ug/L)

Influent Effluent  Surface water Country Reference

120 25 South Africa** Amdany et al., 2014

63 59 85 South Africa** Matongo et al., 2055

20 5.5 0.06 Spain Gilart et al., 2013

13 3.9 Finland Lindgvist et al., 200&
1.5 0.08 Switzerland Ollers et al., 2001

8.6 0.4 Algeria** Kermia et al., 2016
30 25 Kenya** Kéor ej, 2012

** indicate African countries.

The same trend was observed for diclofefiable 6) In trying to explain
or justify the variationsin distribution patterns of naproxen, ibuprofen and
diclofenac in WWTPs and surface water, it has been repora¢dulkh variations
could be aresult of the diversified pharmaceutical usages in various countries
(Behera et al., 2011Yuan et al., 2014).Also, high concentrations of
pharmaceuticals are usuallgtdcted in urban WWTRss oppose to rur?fWTPs
which islikely to belinkedto the high number oksidentsn urban areas (Matongo
et al., 2019. In addition, lower concentrations in rural environments may be due

to limited access to these pharmaceuticals.
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Table 6

Maximum concentrations of diclofenac detectad South African samples

compared to the rest of the World.

Maximum Concentration (ug/L)

Influent  Effluent Surface water Country Reference
22 19 12 South Africa**  Agunbiade anc
Moodley, 2016
<0.5 0.8 Spain Gilart et al. 2013
04 0.04 Finland Lindqvist et al., 200%
0.7 03 Switzerland Ollers et al., 2001
2.3 2.7 Algeria** Kermia et al., 2016

** indicate African countries.

2.5 Removal of naproxen, ibuprofen and diclofenac during the wastewater

treatment process

The removalefficiency of compoundsduring the wastewater treatment
process is calculated based on the concentrations of drugs in the treated and

untreated wastewater using equaiibn
YQ4 ¢ RIEMOQOVXEwew— p T Q)

whereo and O arethe concentrations obtainedtime raw influent

and final effluent, respective[)Kermia et al., 2016).

The overall renoval efficiency of NSAIDsby afew WWTPs located in
South Africa hadeen evaluated (Amdany et al., 2014; Matongo et al.,’2045
comparison with various WWTPs over the world that have relatively similar
wastewater treatment process was conducted agnsimoTable 7. Theompared
WWTPs treatdomestic wastewater usingeghanical, biological and chemical
processes (Behera et al., 2011; Kermia et al., 20fh@gvist et al., 2005Zorita et
al., 2009)
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The average removaifficienciesreportedfor naproxenandibuprofen in
Goudkoppies and Northern WWTPs located in Gauteng Province of South Africa
were in the ranges of 686% and 6182%, respectively (Amdany et al., 201H).
some cases, the concentratoof the pharmaceuticaldrugs detected in the
wastewagr effluentweregreaterthanin the influent which is amdication ofpoor
removal efficiency This case has been reported in a South African WWTP, where
ibuprofen concentrations in the influent and effluent weg @&nd 12.9ug/L,
respectively (Matongeet al., 2018). The same case for diclofenac has been
reportedfor a WWTRs in Swederand Algeria which led to he reportedremoval
efficienciesof -105%and-174%, respectivelyKermia et al., 2016Zorita et al.,
2009).The removaefficiencyof dicloferac in South African WWTPs ha®t been

documented.

The data preseed in various studies (Tabl¢ indicate that both ibuprofen
and naproxen are usually well removed during the wastewater treatment process.
Biodegradation has been identified as the ptessieason for high removal
efficiency of ibuprofen(Martin et al., 2012) Lower removal efficiency for
diclofenacwas linked tothe combination of degradation in wastewater together
with the liberation of additional diclofenac molecules bycdejugation 6
glucoronidated or sulfated diclofenac and/or its desorption from par(Miadin
et al., 2012)Also, high removaefficiency can be associated witte ability of the
compounds to get adsorbedto solid sludge. However, in the case of diclofenac,
it can be difficult for the molecule to adsorb in the sludge dues tow octanot
water partition coefficienof 0.7 (Table 1) There arewide variationsreported in
literature for theremoval rates of such compounds, especially indhse of
diclofenac. his could indicate that the performance of WWTPs vary all over the
world. As well, the poor removal of such compounds in some cases during the
wastewater treatment process haised serious concerns regarding their status in
the environment due to an ieasing reuse of wastewater effluent for landscape
irrigation and crop irrigation (Yuan et al., 2018puth African WWTPs discharge
the treated wastewater into rivers andew cases directly into the sea. Therefore,
incomplete removal of pharmaceuticafsthis nature during the sewage treatment

process can have a negatimapact on aquatic lifePharmaceutical compounds
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exert biological effects on people or animals ay fmave a chronitoxicity impact

to aquatic living organism@ermia et al., 2016).

To summarize, ti has been documented in literature that the removal
efficiencyof pharmaceuticalduring sewage treatment process depends on several
factors Behera et al., 201Kermia et al., 2016). These factors are:

u The chemical structure of the phaaceutical compound.
a Thephysicachemicalproperties of the pharmaceutical compound.
a Thetreatment processes employed by individual WWTPs and/or the

wastewater residence time at different WWTPs
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Table 7

The iemovalefficienciesof naproxen, ibuprofen ardiclofenac during wastewater

treatment process.

Compound Removal Country Reference

efficiency / %

Naproxen 73 Algeria** Kermia et al., 2016
55-98 Finland Lindgvist et al., 2005
94 Sweden Zorita et al., 2009
96 Korea Behera et al., 2011
Ibuprofen 94 South Africa** Agunbiade and Moodley, 201
95 Algeria** Kermia et al., 2016
78-100 Finland Lindgvist et al., 2005
87 Spain Martin et al., 2012
99 Sweden Zorita et al., 2009
98 Korea Behera et al., 2011
Diclofenac -174 Algeria** Kermiaet al., 2016
9-60 Finland Lindgvist et al., 2005
14 Spain Martin et al., 2012
-105 Sweden Zorita et al., 2009
81 Korea Behera et al., 2011

** indicate African countries.
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2.6 Challengesrelating to theanalysisof pharmaceuticalsn water sampls

Due to the low levels of pharmaceuticals expected in water resources
especially in drinking water, very sensitive and selective metbbdsalysisare
required. Most of the analytical methods developed thus far fulfill this requirement
to some extenOne of the challenges in the development of analytical methods for
the determination of pharmaceutical residues in water samples is the unavailability
of certified reference materials or reference methods (Baknska et al., 2016).

This has resulted irelying only onusing spiked samples for the validation of
accuracy and precision of analytical methods.

Another problem that affects the less developed countries is the lack of
infrastructureand research fundindror instance, the most sensitive methfmfs
water analysis involve the use of MS detectors. Such deseate costly, hence
manyorganizatios especially in African countriesannot afford them. Therefore,
this might be one of theajorreasons for the lack of data on the environmental
analyss of pharmaceutical residues in African countriesmany countries, the
limited data that is available on the occurrence of pharmaceuticals in drinking water
and surface water come from the targeted research projects and investigations,
hence they onlynovide the initial indication of the presence of such pollutants in

the environmentWorld Health Organization, 2011

Most of the data on environmental monitoring of pharmaceuticals in Africa

is based on the grab sampling approach. The laboratory qoatidifi of
environmental samples collected using grab sampling protocol provides a snapshot
of the contaminants levelt a particular timeThis sampling technique requsre
largesamplevolumesin order to allow for greater preoncentration factordarge
sample volumes are usually accompanied by high xneffiects, due to incomplete
elimination of someintargeteccompundswith the matrix (BialkBielinska et al.,
2016).A passive sampling technique using polar organtegrative sampler for

the extracton of naproxen, ibuprofen andiclofenacfrom wastewateris one
possible alternative. As an exampiee passive samplingchniquewas usedor

the extraction of naproxen, ibuprofen and triclosa®anth African WWTPsvhere
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an estimation of the pharmaadszal concentration®ver a two week pere in
wastewater influents and effluentasdeterminedAmdany et al., 2014).

Due to the challenges that are already stateshyncountries that include
South Africa have no specific regulations that are set fokINS residues in the
environment (Amdany, 2013). This group of compounds is still regarded as
emerging in the African countries hence marmgsearchprojects on these

contaminants are egoing.
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Chapter 3- RESEARCH OBJECTIVES APPROACH
AND SUMMARY OF THE THESIS

In this chapter, aims and objectives of the study are presefttednaterials,
analytical methods employed in this work, together with results and their

discussiorare given in this chapter based on paper format.

35



3 Research objectives and approdct
3.1 Aims of the study
3.1.1 General aim of the study

To determine the concentrations of naproxen, ibuprofen and diclofenac in

South Africanwater resources that include wastewater and river water.

3.1.2 Objectives

1. To develop the sensitive and selectaralytical methods that can be used
routinely in the environmental monitoring of naproxen, ibuprofen and
diclofenac.

2. To synthesiza molecularly imprinted polyméhat can be used aslective
SPEsorbenduring detection and quantificatiaf naproxen, inprofen and
diclofenac in water samples.

3. To monitor the concentrations of naproxen, ibuprofen and diclofenac in

South African water resources that includes wastewater and river water.

3.2Research process

In this researchvork, multi-templates molecularlymprinted polymer was
synthesized, characterized and applied as a sorbent in thglsatid extraction of
naproxen, ibuprofen and diclofenftom water samplesThe advantageof this
polymer over commercial sorbents include improved selectivity andaieility.

The preparation of this smart polymer rggsa five major elements normaltize
radical initiator, cross linking monomer, functional monomer, porogenic solvent
and templatesThe selection and description of these materare highlighted in

thefollowing sections.
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3.2.1 Synthesis of molecularly imprinted polymer

The required 5 key elements in the synthesis of MIP are templates,
functional monomer, cross linking monomer, radical initiator and a porogenic
solvent. The success of the imprintteghnique depends on these elements. In this
research, the selection of these elements was based on previouPwaiogk &l.,
2012; Duan et al., 20)12&nd computational tools were used to justify the selection
in each case as demonstrated in our puldiskerk attached as Paper 1 tfis

document

1. Multi-templates All three target compounds were used as templates in the
synthesis of MIP.The application of mulktemplates approach in
polymerization was very important as the properties of the bindirgyasi¢e
defined by the functionalities and properties of these compotiadglates
are usually selected based on their availability, cost and their chemical
functionalities which determine their ability for the formation of strong
interactions with monomerg¢Pichon and Chapuidugon, 2008).The
requirements of a template in molecular imprintmigich also favour the
suitability of naproxen, ibuprofen and dicloferae:

0 Templates should be chemically indtring the polymerizatian

U They should be stabkt moderately elevated temperatures (around
60-C) or upon exposure taltraviolet light (Cormack and Elorza
2004).

2. Radical initiatori In this work, radical polymerization was initiated with
1 , -4zdbis(cyclohexanecarbonitrile). As documented in literature
(Mijangos et al.,, 2006Ramelow and iagili, 2010), the free radical
polymerization is initiated by thermal decompositiomitravioletradiation
o f -&zpbls@yclohexanecarbonitrile) which yields a stable tertiary free
radicalshown in Fig. 2A tertiary radicathat was producebas the aitity
to form the reactive sites in the cross linking mononuering the

polymerization process
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3. Cross linking monomer Cross linking is a process covalentlyjoining

two or more molecules. Cross linking reagents contain two or more reactive
ends that are capable of attaching to specific functional g{&aasl, 2013
Based on this information, in the current project, ethylene glycol
dimethacrylatevas used as the cross linking mononhemIP formation,
the cross linkers play several roles that include:

U Controlling the morphology of the polymer matrix.

U They serve to stabilize the imprinted binding site.

U They impart mechanical stability to the polgmmatrix (Cormack

and Elorza 2004).

4. Functional monomeri Functional monomer is a compound that is
responsible for the binding interactions in the imprinted binding sites
(Cormack and Elorza2004). In a noscovalent imprinting approach,
functional monomeis used in excess relative to moles of a tempefevor
the formation of templat&unctional monomer assemblies. In the current
study, 2vinyl pyridine was selected as the functional monor2erinyl
pyridine is a functional monomer that is able fdipdrogen bondsith the

carboxylic group of target molecules (Farrington and Regan, 2007).

5. Porogenic solvent The role of porogenic solvents i® bring all

components othe polymerizationmixture (template, initiator, functional
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monomer and cross linkeinto one phasePorogenic solventare also
responsible forthe creation ofthe pores in macro porous polymers
(Cormack and Elorza 2004). In the current study, toluene wead as
porogenic solvent due to its capabiliof stabilizing hydrogen bonds

betveen the templates and functional mono(@&rmack and Elorza 20p4

3.2.2 Characterizatiorand applicationof multi-templatesmolecularly imprinted

polymer

The synthesizeMIP was characterized using various physical and chemical
methods Thesemethods pply different laboratory instruments and techniques
such assolid-state nuclear magnetic resonance spectroscopy, Fourier transform
infrared spectroscopy, scanning electron microscopy, thermogravimetric analysis,
differential scanning calorimetrgrganicelemental analyzex;ray diffraction, zeta
potentialand Brunauer, Emmett and Teller methdblecular interactions that
occur in polymerization and in molecular recognitiomaproxen, ibuprofen and

diclofenacwere examined usingatecular dynamics.

Applications investigatd in this research involveahe adsorption of
naproxen, ibuprofen and diclofenkg MIP from organic and aqueous medées
well as the application of MIP as selectivesorbent in soligohase extraction of
naproxen, ibuprofen ah diclofenac from wastewateriver water and water

destined for human consumption

3.2.3 Solid-phase extraction of acidic compounds from water samples using

commercial sorbents

In this work, SPE cartridges packed with Oasis MAX were purchasd
usedwith HPLC for the identification and quantificatioof naproxen, ibuprofen
and diclofenac from wastewateBPE method was developed, optimized and
applied in wastewater samples. TdmnmmercialSPE sorbent was compared with
the synthesized multemplates MIP in tersiof selectivity. The work also involved

the evaluation of removal efficiency for naproxéuprofen and diclofenac during
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the wastewater treatment procegsKingsburg and Umbilo WWTPkecated in
Durban, KwaZuluNatal, South Africa

In a separate studgther organic pollutants such as ketoprofen and triclosan
were determined in Amanzimtoti WWTP and Mbokodweni River. The two
compounds were quantified using HPLC with photo diode array detection after
SPE. In thigarticularwork, thecommerciaSPE cartriges were packed with Oasis
HLB sorbent. This work was very important as it demonstrated that the
environmental monitoring should not only focus on the widely used
pharmaceuticals. There is a wide range of organic pollutants that might be present

in important water resources.

3.3 Summary of the thesis
3.3.1 Introduction

Based on the information presented abd¥a@per 1 summarizes the data
available in literaturefor the environmental monitoring of pharmaceutical
compoundsin the paer, the work that has ee conductedn Africa concerning
the identification and quantification of pharmaceutical compounds is reviewed.
Further to this, the challenges facing the African continent regarding the lack of
information on environmental monitoring of pharmaceuticedshaghlighted in the

paper togethewith opportunities and future trends.

Paper 2was based othe synthesis and characterizationnadilti-templates
molecularly imprinted polymewhich was aimed to be used as the selective sorbent
in the extraction ohapgoxen, ibuprofen and diclofendilom water samplesThe
paper focused more onxmerimental and theoretical studies of molecular
interactions between the functional monom@-vinyl pyridine) used in
polymerization andtarget compounds which wereaproxen,ibuprden and
diclofenac Molecular recognition adsorption capacitynd selectivity ofthe
synthesizedMIP in polar and nofpolar organic solverg wereexamined.The
organic solvents investigated in this study were toluene, chloroform, acetonitrile

and mé¢hanol.In the light of the scope presentele tpaper partiallyulfilled the
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first and second objectives of this project as the synthesiadd-templates
molecularly imprinted polymer was investigated for its ability to extract naproxen,

ibuprofen andliclofenac selectively.

In Paper 3 the adsorption of naproxen, ibuprofen and diclofenecMIP
from aqieoussamples was investigated. The influence of pH, polymer amount,
initial concentration and contact time the adsorption of target pharmaceuticals
were investigatedSelectivity of MIP in aqueous solutions was also evaluated using
structuraly related pharmaceuticadsich as gemfibrozil and fenoprofé@inerefore,
the second objective of the project was partially achieved in this paper.

Paper 4 focused on applyingthe synthesizednulti-templatesMIP as
selective sorbent in the solghase extraction of naproxen, ibuprofen and
diclofenac from wastewater and river watér this study, SPE procedure was
optimized and high performance liquid chromatogsagquipped with photo diode
array detectionvas used to quantify the extracted compouitie. concentrations
of naproxen, ibuprofen and diclofenacselected WWTPandMbokodweniriver
water were reportedlherefore, the second and third objectives waghkieved
where the target pharmaceuticals were selectively extracted from wastewater and

river waterfollowed by the quantification

Paper 5 focused orthe monitoring of ibuprofen, naproxen and diclofenac
in WWTPsand rivers located in eThekwini municigglaround the city of Durban
In this studythe methods developed in Papeavéreapplied in order to investigate
the occurrence dargetacidicpharmaceuticals agueous environmenthis study
was mainly based on enviroemtal monitoring and assessmdrencetis part of

the work was entirely based on the third objective.

Furthermore, e experimentaimethod developed in Paperwhs further
applied in order to assess the pollution levels in sgtyan areasf Ladysmith An
initial assessment for tleecurrence of naproxen, ibuprofen and diclofenagater
samples collecteddmthe surroundings dfadysmithtownin KwaZulu-Natal wa
presented iPaper 6. In this aspect, Ladysmith water resources sampled were river
water, drinking water treatment pkaand WWTR. Therefore, Paper 6 addresses

the third objective.
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Paper 7 reportedon the method development for SPE of naproxen,
ibuprofen and diclofenac using the commercatridges packed with Oasis MAX
sorbent In this study, the developed SPE praged was applied in high
performance liquid chromatographic quantification of acidic pharmaceuticals in
Kingsburg and Umbilo WWTPs tated in KwaZuleNatal provincenear Durban
Further to this, the removafficiency fornaproxen, ibuprofen and diclofenaere
evaluated for the first time in both Kingsburg and Umbilo WWTRerefore, the

first and third objectives were achieved.

In order to further evaluate the extent of water pollutionjdkatification
and quantificationof other pharmaceuticals anderponal care producta i
wastewater and river water warevestigated. Therefor&®aper 8is based on the
optimization of the SPE method and its application in the quantification of
ketoprofen (acidic pharmaceutical) and triclosan {batterial agent) in

wastewater and river water.

In this work, triclosan and ketoprofen were extracted using the optimized
standard procedures. During the optimization of SPE using Oasis HLB sorbent, the
influence of sample pH, elution solvent, sample volume and ionic dtreveye
investigated. The work was carried out in order to identify other pollutants that are
present in wastewater and river wagamplesThis was very important in order to

determine the selectivity of the new methods.
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3.3.2Paperl

Madikizela L.M., Tavengwa N.T. and Chimuka, Status of Pharmaceuticals in
African Water Bodies: Occurrence, Removal and Analytical Methalgler

Revision indJournal ofEnvirormental Management

Madikizelai 60% (conducted the research, wrote the first draft);

Tavengwa 25% (assisted with literature review and edited the first draft);

Chimukai 15% (supervisor, reviewed the manuscript).
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ABSTRACT

In this review paper, the milestones and challenges that have been achieved and
experienced by African Environmental Scietstisegarding the assessment of water
pollution caused by the presence of pharmaceutical compounds in water bodies are
highlighted. The identification and quantification of pharmaceuticals in the African
water bodies is important to the general public @dalue to the lack of information.

The consumption of pharmaceuticals to promote human health is usually followed by
excretion of these drugs via urine or fecal matter due to their slight transformation in
the human metabolism. Therefore, large amountglarmaceuticals are being
discharged continuously from wastewater treatment plants into African rivers due to
inefficiency of employed sewage treatment processes. Large portions of African
communities do not even have proper sanitation systems whichisra@sudlirect
contamination of water resources with human waste that contains pharmaceutical
constituents among other pollutants. Therefore, this article provides the overview of
the recent studies published, mostly from 2012 to 2016, that have focuskd on t
occurrence of different classes of pharmaceuticals in African aqueous systems. Also,
the current analytical methods that are being used in Africa for pharmaceutical
guantification in environmental waters are highlighted. African Scientists have started
to investigate the materials and remediation processes for the elimination of

pharmaceuticals from water.

Keywords:Pharmaceuticals; Africa; environment; aqueous samples; wastewater

treatment plants
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1. Introduction

In recent years, manAfrican Scientists embarked on the research based on
quantitative analysis of pharmaceuticals in water bodies. Pharmaceuticals are
compounds that are designed to prevent, cure, treat disease and improve health (Jelic
et al., 2011). After intake of phareutical drugs by the intendent consumer, they are
subjected to metabolic reactions, such as hydroxylation, cleavage or glucuronation
(Beausse, 2004). However, many pharmaceutical drugs are not completely degraded in
the human body, therefore, they aremally excreted after slight transformation or in
unchanged form (Debska et al., 2004).

Excreted drugs are transported into wastewater treatments plants (WWTPS) via sewage
pipes. Globally, it has been scientifically demonstrated that most WWTPs are unable
to remove pharmaceutical drugs completely during the sewage treatment process,
which lead to the contamination of surface water (Sun et al., 2014; Gurke et al., 2015;
MorenoGonzalez et al., 2015; Pereira et al., 2015). However, there are other factors
that contribute to pharmaceutical contamination of water resources. For example, in
many African communities there are areas whereby there is poor or no sanitation
processes (Segura et al., 2015). Such areas do not have the sewage treatment facilities,
therebre the human waste is directly disposed on the ground or surface water (Segura
et al., 2015). In such areas during the rainy seasons, fecal matter is washed off from the
ground into the rivers, thus contaminate the surface water and causes healthodanger t
humans and aquatic species. Other sources of pharmaceuticals in the environment
include direct discharge of untreated wastewaters to the environment through the
leakage of septic tanks, landfill leachates, animal waste and treatment drugs, and the
appliation of manure or WWTP sludge as fertilizer in agricultural fields (Paiga et al.,
2016).

The groups of pharmaceuticals that are being detected in agueous samples worldwide
include nonsteroidalantt nf | ammat or y dblockgrs an(ibMtB8#A arD s ) , b
epileptics,antr et r ovi r al drugs (ARVs), steroid hor
et al., 2012; Manickum and John, 2014; Matongo et al., 2015a; Matongo et al., 2015b).
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The chemical structures of the most detected compounds that belongs to doese of t
groups are given in Table 1 with their physicochemical properties (Dahane et al., 2013;
Fenet et al., 2012; Ngumba et al., 2016; Vymazal et al., 2015; Wood et al., 2015). Such
properties indicate that pharmaceuticals could be more detected in vilagzrthan

solid matrices such as sediments and aquatic plants.-tiraegexposure of some
organisms to certain classes of these pharmaceutical groups may result in resistance,
which is directly linked to public health (Segura et al., 2015). Hence, theteigy

need to monitor the occurrence of pharmaceuticals in the environment.

To date, many research papers have indicated the widespread of pharmaceuticals in the
environment. However, many of these scientific papers emerge from European based
countrieswhile African countries are still lagging behind in terms of identifying and
quantifying pharmaceuticals in environmental samples. Furthermore, the capability of
sewage treatment processes for the removal of pharmaceutical constituents in Africa is
not fully achievable. This is the area that has been well exploited in Europe over the
years (KasprzyiHordern et al., 2009a; Gross et al., 2010; Jelic et al., 2011; Gamcia

et al., 2012), whereas the removal efficiency of pharmaceuticals during the wastewater
treatment process has been reported recently in few African based studies (Kermia et
al ., 2016, Kéoreje et al., 2016; Zunngu

Globally, several review articles that are based on the occurrence of pharmaceuticals
in aquatic environment anddiments have been published (Beausse, 2004; Li, 2014;
Santos et al., 2010; Savci, 2013). To the best of authors knowledge, none of these
published reviews focused on the occurrence of pharmaceutical drugs in African
environment. Some of African reviews thaave been published focused more on
endocrine disrupting chemicals with little information on environmental pollution
caused by pharmaceutical drugs (Olujimi et al., 2010; Tijani et al., 2015). Therefore,
this is the first review to demonstrate the ntbees that have been reached by African
Scientific community in the field of environmental analysis of pharmaceuticals. This
review also gives an overview of the analytical methods that have been used by African

researchers for evaluating pharmaceuticdluggmts in the aquatic environment.
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Therefore, in the perspective of the African community, this study attempts to highlight
the extent of water pollution on the continent by pharmaceutical compounds, the
achievements in the study area by African reseascéind the shortcomings with future

research possibilities.
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Table 1

Chemical structures and physicochemical properties of some commonly used pharmaceutical drugs.

Pharmaceutical class Compound

Chemical structure

Water solubility (mg Log Kow

LTl)
NSAIDs Ibuprofen CHj 58 3.71
CH; OH
o)
HsC
Diclofenac ; :C' 10 4.02
N
Cl II-| OH
(0]
Antibiotics Sulfamethoxazole CHs 610 0.89
(o] —
O\\II e}
S\N \N/
T
N
4
Trimethoprim AN cHs 400 0.91
(6]
NT X
|
H\II\I N/ O/CHS
H O
CHs
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ARVs

Anti-epileptics

Anti-malarials

Efavirenz

Nevirapine

Carbamazepine

Gabapentin

Sulfadoxine

OH
_
(@)
_H
\
H
cHy o

10

0.7046

17.7

4490

296

4.15

3.89

2.45

-1.10

0.70




Lumefantrine Insoluble 8.34
Estrogens Estriol OH 3.2113.3 2.612.8
OH
HO
17-b-estradiol OH 12.96 13.0 3.114.0
HO
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2. Data collection for literature review

The scope and the area of this study was Africa. Even though there are limited studies
on pharmaceutical compounds in African water bodies, there emenegh papers to
prepare this review article. Regarding African studies, daia fwentysix articles

was reviewed and compared to the global treriise presented data were obtained
after thoroughly searching different scientific journals from mostiyed search
engines: Web of Science, Scopus, and Goddie.expanded keywords were Africa,
pharmaceutical, water and each of 53 African countries. In the African context, the
cited work was published from 2012 to 2016, however, some sampling for the
preseéited data could have been performed in earlier years. There was not much
information obtained relating to the occurrence of pharmaceutical residues in water
bodies prior to these years. For simplicity and consistency, in most cases the

concentration uniteeported in literature were converted from nyth pg L.

3. Occurrence of pharmaceuticals in African water bodies

3.1. Nonsteroidal antinflammatory drugs (NSAIDs)

Globally, NSAIDs are widely detected in the environment due to their availability over
the counter that do not require any medical prescription which allows for self
medication (ManriquéMoreno et al.,, 2016). Maximum concentrations of
pharmaceuticals detected in African wastewater and surface water are given in-Figs S1
S3. As presented in Tlb2, naproxen, ibuprofen, diclofenac and ketoprofen are the
most common drugs in African aqueous environment. Some of the reported quantities
in African wastewater exceed the levels found in WWTPs located in well developed
countries such as in Europeisticould be due to poor sanitation in African countries.
For example, a maximum concentration of 221 figdr ibuprofen (Fig S1 and Table

2) was reported in a WWTP influent located in South African Province of KwaZulu
Natal (Madikizela and Chimuka, 20064 urther to this, the mean concentration of

ibuprofen detected in the influent of Northern WWTP located in Gauteng Province of
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South Africa was 111.9 ug i (Amdany et al., 2014). Whereas, the maximum
concentrations in influent reported for ibuprofenseveral European based studies

were 22.8, 1.36 and 20,8 L™* (Dahane et al., 2013; Gilart et al., 2013; Larsson et al.,

2014). Therefore, ibuprofen is one of the most frequently detected NSAIDs in African
wastewater and surface water. In Kenya, amongraNSAIDs, ibuprofen had the

highest concentration of approximately 30 pgiLn WWTP ef fl uent (Ko6oO
2012). It is speculated that the inefficiency of sewage treatment facilities contributes to

the pollution levels of the surface water. As a eguence, traces of ketoprofen,
diclofenac, paracetamol, naproxen and ibuprofen have been detected in African rivers

that includes Umgeni and Mbokodweni Rivers in South Africa, and Nairobi River basin

i n Kenya (Kodéoreje et al .014; MadKizegetah @dietbi ade
Gumbi et al., 2016; Madikizela and Chimuka, 2016a). Generally, variations of
concentration levels are observed across different WWTPs which could be due to
seasonal effect, different consumption rates and sampling timesn8kafects are

well documented in literature with little data on the effect of sampling time. For
example, in WWTPs located in South Africa, it was found that at certain time of the

day the concentration of pharmaceuticals were higher which could beo dught
consumption of the drugs at a particular time (Amdany et al., 2015).
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Table 2

Mean concentrations / concentration ranges for NSAIDs quantified in water bodies.

Sample Compound Mean concentrations or concentration ranges (fig

Influent
Napoxen 9.6% 1.2 55,52, 1.15 2.3, 1.2239.6', 2.%
lbuprofen 1.6} 8.6, 39.8, 111.9, 5.2, 7.%, 62.8,5.8, 6.02
221", 6.4610.6, 1.36
Diclofenac 2.3, 0.99, 22.3, 3.72104", 0.931.5%, 0.8%
Ketoprofen 0.57 3.15! 1.7-6.4%, 0.3%
Effluent
Naproxen 0.3F 13.%, 20.4, 0.£, 0.8, <LOQ-5.34", 0.09%
lbuprofen 0.34, 0.43 12.6, 24.8, 1.1°, 1.6, 58.7, 12.9, 3.87
67.9" nd2.1, nd
Diclofenac 1.6% 2.7 19.0!, <LOQ-20.8', 0.030.08, 0.74
Ketoprofen 1.¢% 0.9¢, 1.24.%, 0.16&
Surface water
Naproxen <LOQ-0.68", 0.020.03, nd<LOQ¥
lbuprofen 0.3%, 85, 0.236.2, <LOQ-11.4", 0.048.84, nd-
17.4, nd<LOQ¥
Diclofenac nd?, 12.4, 0.030.27, nd- 0.73, nd-0.036
Ketoprofen 0.27, 0.38', <0.262.C°, nd‘
Reference/Country/Sampling month and yearfKermia et al., 2016/ Algeria/
November 2014°Amdany et al., 2014/ South Africa/ August and September 2012;
‘Amdany et al., 2015/ South Africa/ August and October 20A2unbiade and
Moodley, 2016/ South AfricdMadikizela et al., 2014/ South Africa/ AugeSttober
2013;"Matongo et al., 2015a/ South Africa/ September 28W3tongo et al., 2015b/
South Africa/ September 2014adikizela and Chimuka, 2016/ South Africa/ January
i March 2016;Olarinmoye et al.2016/ Nigeria/ August September 2013k 6 or e j e
et al., 2016/ Kenya/ September 2012 and July 2l&hane et al., 2013/ Spain.
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nd- the compound was not detected; <LOghe concentration of the compound was
below the quantification limit.

3.2. Antibiotics (antrinfectives)

Nowadays, antibiotics are frequently detected in environmental waters. For example,
in four African countries (Ghana, Kenya, Mozambique and South Africa), nineteen
antibiotics were quantified in surface waters (Segura et al., 2015). S8bthese
antibiotics with their detected concentration ranges (Hgwere sulfapyridine (0.73

153), sulfamethoxazole (0.83828), sulfathiazole (0.32971), sulfanerazine (0.23

0.31), salfamethizole (0.1@.42), sulfadimidine (0.6830), trimethoprim @.08

11383), azithromycin (0-@7), dehydroerythromycin (0.12800), clarithromycin
(0.12-439), roxithromycin (0.521), lincomycin (0.17241), tetracycline (0.8865),
doxycycline (2.550), oxytetracycline (1-4793), minocycline (2:815) and
chlortetragcline (3.9225) (Segura et al., 2015). Furthermore, the specified antibiotics
and compounds such as nalidixic acid were also detected in other African studies at ng
L to pug L levels (Segura et al., 2015; Matongo et al., 2015a, Matongo et al., 2015b;
Gumbi et al., 2016; Ngumba et al., 2016). The widespread of such pollutants could be
a result of lack of sewage treatment facilities, whereas in some cases such as in Durban
(South Africa), the WWTPs serve only the part of the city (Segura et al., 2018). Th
suggest that the major part of the contamination of surface water could be a result of
the untreated sewage. In another study, six antibiotics were detected in water samples
collected in Nigeria (Olarinmoye et al., 2016). The highest concentrationk ¥ug
measured for chloramphenicol, erythromyginiehydrate, erythromycin, sulfadiazine,
sulfamethoxazole and trimethoprim were 0.36, 0.48, 1.00, 0.04, 1.50 and 0.40,
respectively (Olarinmoye et al., 2016). Generally, as shown in Fi$35lthe
concentrabns of antibiotics in surface water reported in Africa are relatively lower
when compared to NSAIDs which could be due to unavailability of antibiotics over the
counter without prescription. However, when compared to China (Table 3), the

concentrations foantibiotics detected in African surface water are relativelylammi
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For these two regions (Africa and China), it is believed that there are wide variations
in terms of antibiotics prescriptions. This was evident as some compounds that are

reported in Afican waters were not detected in China and vice versa.

Table 3

Mean concentrations / concentration ranges for antibiotics quantified in water bodies.

Sample Compound Mean concentration and concentration range
(g L)

Influent
Erythromycin 0.6 11°
Sulfamethoxazole 34.3, 59.2, 10.154.8
Trimethoprim 0.1, 4.2572.9
Chloramphenicol nd-0.16°
Ciprofloxacin nd-0.27
Levofloxacin nd-0.16°
Metronidazole 0.353.C°
Nalidixic acid nd-2.8°
Sulfadoxin 0.71:3.23

Effluent
Erythromydn 0.16, 0.24
Sulfamethazine 1.1°
Trimethoprim 0.18, 0.07, 0.090.16
Sulfamethoxazole 3.34, 2.864.09
Ciprofloxacin 0.07
Chloramphenicol nd-0.005
Metronidazole 0.0040.0Z
Sulfadoxin 0.050.5Z
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Surface

water
Erythromycin 0.030.26", 0.061.00%, nd-0.1Z, 0.00040.007
Sulfamethoxazole 0.226.01°, <0.00813.8, 0.091.5¢, 0.02

38.%, nd-0.94, 0.00220.76

Sulfamethazine 0.051.2°, nd-0.63F, nd-0.016, 0.020.39
Trimethoprim 0.200.87, <0.0242.65,0.120.40, 0.036.95
Ciprofloxacin <0.0120.5%, nd-0.034
Chloramphenicol 0.030.36', nd-0.66, nd-0.0039
ErythromycinA  0.120.48",

dihydrate

Sulfadiazine 0.020.04, 0.00090.51, 0.00490.119
Levofloxacin nd-0.0#

Metronidazole nd-4.0Z

Sulfadoxin nd-1.46°

Reference/Country/Sampling month and ye&atongo et al., 2013&outh Africa/

September 2013Matongo et al., 2015b/ South Africa/ September 2048umba et

al., 2016/ Kenya/ October 201¥Dlarinmoye et al., 2016/ Nigeria/ Auguist

September 2013k 6 orej e et al ., 2016/ Kerdlyeh/ Sept el
al., 2012/ China/ August 2008 and October 200®en and Zhou, 2014/ China/ July

2012.

nd- the compound was not detected.

3.3.Anti-retroviral drugs (ARVS)

ARV treatment comprise a combirat of nucleoside reverse transcriptase inhibitors,
nonnucleoside reverse transcriptase inhibitors and protease inhibitors that act to inhibit
multiple, viral targets and approved integrase inhibitors used for antiretroviral
treatment for patients withnal resistance (Shah et al., 2013). Over the years, this group

of pharmaceuticals have been less studied. However most recently, there has been some
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progress in the analysis of ARV drugs in aquatic environment. This could emanate

from the steady increase the number of people that receive ARV treatment. In the

African continent, more than 7.5 million people were receiving treatment at the end of

year 2012 compared to BO0 people ten years prior to that period (WHO, 2013). As

a consequence, most recerttigre have been some few reports on the occurrence of

ARVs in wastewater and in African rivers (Wood et al., 2015; Schoeman et al., 2015;
Kéoreje et al., 2016; Ngumba et al ., 2016)
have been found in Kenyan rigewith maximum concentrations of 167 ug,l17 ug
Ltand6ug*f or | ami vudine, zidovudine and nevi
al., 2016; Ngumba et al., 2016). Lower concentrations in the range of 0.0265 to 0.430

ug Lt in surface water have beeeported in South Africa (Wood et al., 2015). In

WWTP effluent, maximum concentrations reported in a South African study for
nevirapine and efavirenz were 0.350 and 7. 4@Q*, respectively (Schoeman et al.,

2015). For these compounds, African data diffeignificantly to that obtained from a

study reported in China. In China, the ARV drugs reported in wastewater and river

water were acyclovir, ganciclovir and ribavirin, whereas the compounds that are being
consumed in Africa such as stavudine and zidowel were not detected (Peng et al.,

2014). Such trends may be due to differences in consumption of ARV drug types in

different countries.

The high detection frequency for nevirapine in the environment could be due to its wide
use for the treatment of HI¥nd for the prevention of mother to child transmission
(Schoeman et al., 2015). Poor removal efficiency for nevirapine during the sewage
treatment process could also lead to its frequent detection in surface water and WWTPs

effluent.
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Table 4

Maximum @ncentrations for ARV drugs quantified in African water bodies.

Sample Compound Maximum concentration (ug1)

Influent
Nevirapine 2.12 3.3
Efavirenz 17.4, 1.02
Lamivudine 60.7
Zidovudine 20.1

Effluent
Lamivudine 4.00, 31.7
Zidovudne 0.5, 0.1¢
Nevirapine 0.3% 1.4, 2.1
Efavirenz 7.3 0.1F

Surface

water
Lamivudine 5.4, 0.24, 167
Zidovudine 7.7, 0.97 17.4
Nevirapine 4.9, 1.48, 5.62
Tenofovir 0.24
Zalcitabine 0.07
Lopinavir 0.3r¢
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Didanosine 0.0541°

Stavudine 0.78
Amandatine 0.1¢
Efavirenz 0.56
Rimantadine 0.0%

Reference/Country/Sampling month and ye28choeman et al., 2015/ South Africa;
®PNgumba et al., 2016/ Kenya/ October 20A4pod et al., 2015/ South AfricBK 6 o r e | e
et al.,2016/ Kenya/ September 2012 and July 2013.

3.4.Anti-epileptics

Carbamazepine is generally present in wastewater and in the environment, therefore it

is widely studied globally (Fernandébpez et al.,, 2016). It is the common anti

epileptic drug that has beedetected in the African environment that includes
wastewater, drinking water and bsolids due to its wide use as an &sdizure

medi cation (Fenet et al., 2012; Odendaal e
al., 2015a). The highest detectamhcentrations in wastewater collected from Kenya,

Tunisia and South Africa (Table 5) were 0.35, 0.29 and 2.21espectively (Fenet

et al ., 2012; Mat ongo et al ., 2015 a, Koéo
carbamazepine metabolites (carbamazefpD, 1Xepoxide and 10, 11
dihydroxycarbamazepine) in wastewater have also been reported in concentrations of

up to 0.052 ng it (Fenet et al., 2012). In comparison with other pharmaceutical groups

(Fig S1S3), it can be noticed that the detection fregpyeand antepileptic drugs

quantities in environmental samples is low due to strict dispatching regulations.
Overall, the concentrations of carbamazepine reported in Africa are somewhat similar

to those reported in USA, Germany and Portugal (Table 5)instance, the median
concentrations of 1.9 and 0.47 pg have been reported in wastewater influent from

Germany and Portugal, respectively (Bahlmann et al., 2014). As can be seen in Table

5, these concentrations (1.9 and 0.47 (Y dre within the leels of 0.35 to 4.6 pgt
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reported in South Africa and Kenyan influent. Other-aptleptic drugs that are not
used commonly are gabapentin and cyclobarbital. There are currently no reports on the

occurrence of gabapentin and cyclobarbital in the Africantinent.

Table 5

Mean concentrations / concentration ranges for antibiotics quantified in water bodies.

Sample Mean concentration and concentration ranges (Bg L
Influent 2.2 4.8,1.9, 0.4F, nd0.3%, 0.04750.0673
Effluent 0.9% 1.8, 2.¢7, 0.52, 0.110.2¢, nd-0.32, 0.150.27

Surface water 0.171.7°, 0.0:0.11 nd0.43

Reference/Country/Sampling month and ye3@vatongo et al., 2015a/ South Africa/
September 2013¥Matongo et al., 2015b/ South Africa/ September 20Bahlmann

etal., 2014/ Germany and Portug#Fenet et al., 2012/ Tunisia/ July and September
2008;°K6oreje et al ., 2016/ Kenyal/ September
USA/ September and November 2011.

3.5. Anti-malarials

In Africa, malaria is one of the leadjrcauses of morbidity and mortality which have
infected millions of Africans (Semakula et al., 2016). In high malaria burdened
countries, the disease accounts for up to 40% of public health expenditures; 30% to
50% of inpatient hospital admissions and o®0% of outpatient health clinic visits,
resulting in reduction in economic growth rates by as much as 1.3% (WHO, 2015).

Currently, there is limited information on the occurrence ofaatiarial drugs in water
system worldwide. In many studies, amalaial drugs have been investigated, but
were not detected in water or were found to be below the limit of quantification (0.39

ng L) as it was the case in Spain for sulfadoxine (GeEasan et al., 2010; Boix et
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al., 2015). In Kenya, a concentration qf to 2 pg L for sulfadoxine have been
reported in the effluent of Nairobi Ri ver
(Kéoreje et al ., 2012) , concentrattons of
were detected in river water. Othertiamalarials investigated but not detected in
Kenyan waters were quinine, artemether, I
al., 2012). Lumefantrine is insoluble in water (Table 1), hence it can be easily lost
during sample collection using grab aramposite sampling approaches. The lack of

reports on the occurrence of antalarial drugs in African waters may be due to their

limited consumption. This may be a result of the introduction of newenaiérials

which tend to be more expensive than édn economies can bear (Foster, 1991).

While, the efficacy of readily affordable antimalarial drugs is declining rapidly, with

highly efficacious drugs being too expensive (Bloland et al., 2000).

3.6.Steroid hormones

Steroid hormones studied in Nigeria anduth Africa include natural estrogens,
synthetic estrogens, natural androgen and natural pesges (Olarinmoye et al.,
2016; Manickum and John, 2014). Estrogens that include@roxyesterone, 10
ethinylestradiol, estradiol, estriol, estrone and mestranol, were studied in Nigerian
wastewater impacted surface water, however none of them detested at a
concentration greater than the detection limit of 0.01 figQlarinmoye et al., 2016).
Compounds detected in South African WWTP influent, effluent and river water (Table
6) were estrone, 1@-estradiol, estriol, 1) ethinylestradiol, progsterone and
testosterone (Manickum and John, 2014). As indicated in Table 6, the detected
concentrations were generally in low ng With trace amounts in river water which
was largely contaminated due to incomplete removal during wastewater treatment
(Manickum and John, 2014). In comparison with a study conducted in United States of
America (USA), only estrone, estriol and stre8isulfate were detected in wastewater
influent at concentrations above their detection limits of 10, 43 and 3.3ng L
respedtely (Li et al., 2013). None of the steroid hormones were detected in wastewater
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effluent and river water which could be an indication of good removal efficiency of
such compounds during the treatment process in USA (Li et al., 2013).
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Table 6

Concentréions (ng L) reported in literature for steroid hormones in water bodies.

Sample Compound African water bodies USA water bodies
Manickum and John (2014) Li et al. (2013)
Minimum Mean Maximum Maximum
Influent
Estrone 13 84 351 16.9
17-b-estradiol 20 119 199 -
Estriol 3 5 9 126
17- U-ethinylestradiol 10 30 95 -
Progesterone 163 408 904 -
Testosterone 119 343 635 -
Estrone3-sulfate 21.2
Effluent
Estrone 23 78 -
17-b-estradiol 4 20 107 -
Estriol <1 <1 <1 -
17- U-ethinylestradiol 1 3 8 -
Progesterone 0 9 25 -
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Testosterone 0 11 26 -

River
Estrone 1 8 32 -
17-b-estradiol 1 10 66 -
Estriol <1 6 2 -
17- U-ethinylestradiol 0 2 4 -
Progesterone 0 13 60 -
Testosterone 3 10 19 -

Reference/Couny/Sampling month and yeavianickum and John, 2014/ South Africa/ March 20ude 2012; Li et al., 2013/
USA/ September and November 2011.

-not studied by the researchers
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4. Removal of pharmaceuticals from watei In the context of African conditions

Contamination of water resources with organics is globally-lwedwn (Dahane et al.,
2013; Kermia et al., 2016; Larsson et al., 2014; Sun et al., 20hé)presence of
pharmaceuticals in WWTPs which lead to the pollution of surface water have been
reviewal in this paper (Tables 2 to 6). The excretion of pharmaceuticals in unchanged
forms from the human body could lead to high levels in WWTPs. Various metabolic
excretion rates for some common drugs in the environment are reported in Table 7.
There is no avtable information on the excretion rates associated with other classes
of pharmaceuticals. High excretion rate (100%) reported for gabapentin could be

associated with its limited usage (Kaspray&rdern et al., 2009b).

Table 7

Metabolism excretion ratder selected pharmaceuticals.

Pharmaceutica Compound Excretion Reference

class rate (%)

NSAID Ibuprofen 10 Kermia et al., 2016
Diclofenac 10 Kermia et al., 2016

Antibiotics Sulfamethoxazole 30 KasprzykHordern et al., 2009b
Trimethoprim 80 KasprzykHordern et al., 2009b

Anti-epileptic  Carbamazepine 10 KasprzykHordern et al., 2009b
Gabapentin 100 KasprzykHordern et al., 2009b

WWTPs were not specifically designed to remove pollutants such as pharmaceuticals
during sewage treatment process (FedezlLopez et al., 2016). Various removal
efficiencies of pharmaceuticals during the wastewater treatment process have been
reported in literature (Table 8). Removal efficiencies differs significantly in different

WWTPs as is the case with diclofenac. Fexample, the removal efficiency for
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ketoprofen reported in South Africa was in the range e9@® (Zunngu et al., 2016),
whereas83% was observed for the same compound in Algeria (Kermia et al., 2016).
In some WWTPs, the concentration of pharmaceutreglsrted in the influent is less
than in the effluent (Kermia et al., 2016), which lead to removal efficiency of less than
0% and pollution of surface water. This could be the result of differences in the
WWTPs designs or desorption of the pharmaceutiral® the particulate matter

during the wastewater treatment (Kermia et al., 2016).

Regarding other pharmaceutical groups, poor removal efficiency during the wastewater
treatment process have also been reported. To mention just few cases, the removal
efficiencies reported for carbamazepine (apiieptic drug), lamivudine (ARV drug)

and nevirapine (ARV drug) in Kenya were 32%;33%6 and 1149%, respectively

(Kboreje et al ., 2016) . Whereas for ster

100, 98, 96, 90 78 and 72% for estriol, progesterone, testosterone;U17
ethinylestradiol, 1/-estradiol and estrone, respectively (Manickum and John, 2014).
Perhaps, the high removal effiency for steroid hormones could be the result of the trace
amounts detected in effluerdad poor or no detection in river water (Manickum and
John, 2014L.i et al., 2013).

In the context of African researchers, there has been very few studies that actually
focused on phytoremediation for the purpose of pharmaceutical removal from water
bodies In a reported African study, 90% removal of doxycycline (an antibiotic) from
pharmaceutical effluents using eleetmagulation coupled electftotation process

was documented (Zaidi et al., 2015). On the other hand, the adsorption of aspirin and
paracéamol from aqueous solutions using FENN T tyolodextrin nanocomposites

as an adsorbent has been investigated, however the study did not report any
environmental application (Mphahlele et al., 2015). Most recently, the application of
molecularly imprinte polymer for the removal of naproxen, ibuprofen and diclofenac
from contaminated wastewater and river water has been demonstrated (Madikizela and
Chimuka, 2016b). In light of the presented scope, the removal potential of these

possible phytoremediation tegials and procedures in the large scale is not known. In
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addition, the reported adsorbents were synthesized for laboratory evaluation therefore
it is not yet understood if such materials can be reproduced in a large scale. The
applications of such procetes for water treatment in large scale are very important as
recent reports in Europe indicated the existence of pharmaceuticals in drinking water
(Carmona et al., 2014; Caban et al., 2015).

Table 8

Removal efficiency of pharmaceuticals during the waatemtreatment process.

Pharmaceuticals Country Removal Reference

efficiency (%)
Ketoprofen South Africa 88-90 Zunngu et al., 2016
Ketoprofen Algeria -83 Kermia et al., 2016
Naproxen Algeria 73 Kermia et al., 2016
Ibuprofen Algeria 7995 Kermia et al. 2016
Diclofenac Algeria -174-30 Kermia et al., 2016
Ketoprofen, diclofenac South Africa 64-94 Agunbiade anc
and ibuprofen Moodley, 2014
Naproxen and ibuprofe South Africa 61-86 Amdany et al., 2014

5. Analytical methods for the determination of plarmaceuticals in water bodies

Traditionally, organic compounds are monitored in environmental samples using high
performance liquid chromatography (HPLC) and gas chromatography (GC) for non
volatile and volatile analytes, respectively. In few cases;vatatile compounds have
been derivatized into volatile forms and quantified using GC (Togola and Budzinski,
2007; Kermia et al., 2016). Derivatization is tedious and tends to produce unwanted
compounds which compromise the selectivity of the analytical rdetence HPLC

is a technique of choice for the analysis of «wokatile compounds. Mostly, the
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methods employed in Africa utilize the external calibration approach and standard
addition method, where methods validations are performed with spiked soluions.
the context of African studies, pharmaceuticals are usually quantified in environmental
samples at ng'Land pg L levels (Tables 2 to 6), therefore sensitive detectors such
as mass spectrometry (MS) and fluorescence are highly recommended for
chromaographic analysis. However, the low cost and readily available detectors such
as U\visible or photo diode array detectors have been used in Africa where the
sensitivity of the analytical method was improved by employing sample pre
concentration step (Agibiade and Moodley, 2014; Madikizela and Chimuka, 2016a).

In environmental monitoring, a sample preparation step is very important as it enables
for analyte preconcentration and removal of matrix interferences. Consequently, over
80% of analysis time igpent in both sampling and sample preparation (Pavlovic et al.,
2007). As shown in Table 9, sample preparation techniques that are being used in
Africa for pharmaceutical analysis include segfidase extraction (SPE) and hollow
fiber silicone membrane. Majty of SPE studies have been conducted using
hydrophilic lipophilic balance (HLB) sorbents (Agunbiade and Moodley, 2014;
Kermia et al.,, 2016; Matongo et al., 2015b), whereas most recently molecularly
imprinted polymers (MIPs) have been developed as s$aecsorbents for
pharmaceuticals (Madikizela and Chimuka, 2016a). Other reported SPE sorbents for
pharmaceuticals are Bond Elute sodium sulphate (Schoeman et al., 2015) and ENV+
adsorber material (Olarinmoye et al., 2016).

In order to bypass the criticammple preparation procedure, the application of polar
organic integrative sampler (POCIS) have been reported for the determination of
NSAIDs in wastewater treatment plants located in Johannesburg, South Africa
(Amdany et al., 2014). POCIS application igywanportant as it combines sampling

with sample preparation steps together. Overall, the summary of analytical methods
that have been applied for water analysis in Africa is presented in Table 9. Regardless
of limited access to sensitive instrumentatianAifrica, the methods highlighted in
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Table 9 have the detection limits in the range of lowhgplug L which are relatively
similar to the methods employed in other continents.
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Table 9

A summary of analytical methods used for pharmaceutical anatyAisica.

Pharmaceutical Sample Analytical Detection Matrix Detection Reference
preparation  technique limit (ug L™
NSAIDs
Naproxen MISPE LC Photo diode array Wastewater 0.15 Madikizela and
Chimuka, 2016a
Ibuprofen SPE LC Fluorescace Wastewater 0.70 Amdany et al., 2014
Diclofenac SPE GC Mass spectrometer Wastewater 0.0033 Kermia et al., 2016
ARVs
Nevirapine SPE GC Mass spectrometer Wastewater 0.0018 Schoeman et al., 2015
Evafirenz SPE LC Mass spectroeter Surface 0.090 Wood et al., 2015
water
Lamivudine SPE LC Mass spectrometer River water 0.0030 Ngumba et al., 2016
Antibiotics
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Ciprofloxacin

Ampicillin

Trimethoprim

Anti-epileptics /

Psychiatric

Carbamazepine

Anti-malarials

Sulfadoxine

Lipid-lowering

Gemfibrozil

SPE

SPE

SPE

SPE

SPE

SPE

LC

LC

LC

LC

LC

LC

Mass spectrometer Surface 0.0012
water and
wastewater

Photo diode array River water 0.20

Mass spectrometer Wastewater 0.12

Mass spectromete Wastewater 0.27

Mass spectrometer River water <0.050

Mass spectrometer Wastewater 0.020

Agunbiade and Moodley
2016

Agunbiade and Moodley
2014
Matongo et al., 2015a

Matongo et al., 2015b

Kboreje et

Olarinmoye et al., 2016
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6. Challenges, opportunities and future trends

Generally, pharmaceuticals end up in big water bodies, thereby diluting them. This
leads to reduction of concentration to, at times, trace concentration levels that cannot
be detected by traditional detectohsstruments with low detection limits need to be
employed. However, in the African context, where research funds are limited, this
becomes a challenge for the identification and quantification of these pharmaceutical
compounds. More so, there is neegit®concentrate these pharmaceutical compounds
so that the available instruments such as GCs and HPLCs with high detection limits
can still be used. These techniques are widespread and well understood in Europe,
however, there is lack of expertise in A&icFor Matongo et al. (2015b), three
pharmaceuticals were not detected which could be due to extensive dilution in the
environment. Therefore, this is an opportunity for African scientists to have
collaborations with researcheositside the continent thdtave such technological
resourcesThis is very important in order to close the gap that exists, for example,
between Africa and Europe in terms of the knowledge regarding the distribution of

organic pollutants in the environment.

Variable (episodic) fluiation of the concentration of pharmaceuticals within a day as
observed elsewhere (Amdany et al., 2015) can be rectified by the use of recent sampling
techniques such as passive sampling. Furthermore, a wider range of pharmaceuticals
should be studied iAfrica as there is currently a lack of data on many other classes
such as antidiabetics, antiemetics, antifungals, antihistamines, antihelmitics and
antiulcers.Therefore, an opportunity to monitor such compounds in African water
resources arises. In addit, the occurrence of pharmaceuticals in the environment that
belong to antipsychotic and lipid regulator classes have been repoftes studies
(Matongo et al., 2015a; Matongo et al., 2015b; Agunbiade and Moodley, 204®).

there is currently a l&cof data in many African countries such as Zimbabwe, Mali,
Lesotho, etc. As observed in this review, the African continent contains 54 countries,

but the studies on identification and quantification of pharmaceuticals have been
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reported in less than 10watries which could be due to lack of capacity and financial

constraints.

Pharmaceuticals are easily transported from one water matrix to the other because of
their properties that include high water solubility (Table 1) which could result in none
adsorpton on solid matter. More so, they can be transported from urban areas to rural
areas and/or vice versa. Most studies on Africa are currently focusing in the assessment
of water resources in urban areas such as Durban, Pietermaritzburg, Lagos,
Johannesburgd\airobi and Algiers. However, there is a need to monitor the organics

in water from rural areas as some of those areas are characterized as water scarce

regions, hence the quality of their limited water is important.

Currently the sewage treatment proc@ssAfrica commonly involves screening,
aeration, sedimentation and chlorination. Since the current treatment process is unable
to remove pollutants completely, an opportunity rises as there is need to cater or
redesign the WWTPs that can degrade and estivaly remove pharmaceuticals from
WWTPs.

7. Conclusions

This review shows that a number of pharmaceutical classes includirstarordal
antrinflammatory, antibiotic, artietroviral, antiepileptic, steroid hormones and anti
malarial drugs have beedetected in the water resources of African countries.
Furthermore, it was observed that analytical resources have improved in some African
countries as most studies have been conducted using the state of the art laboratory
equipment such as HPLC equippedhwmass spectrometry detectiddowever, in

most African countries there is still lack of laboratory infrastructure, therdtdree
international collaborations should be initiated that should help in routine monitoring

of pharmaceuticals in African wex bodies. Furthermore, an extensive monitoring of
pharmaceuticals in different African countries is required where necessary

instrumentation is available for trace quantification of drugs in water. In few major
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African cities, there is data available thie quantification of pharmaceuticals in water,
therefore, future studies in such areas should also focus in monitoring of water
resources in rural locations. New information on the status of pharmaceuticals in
African cities and rural areas could pave neterest and direction of research on these

compounds.
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ARTICLE INFO ABSTRACT
Article history: Molecular interactions betwaegunctional monomer and template molecules are regarded as the driving force for the success
Receved 29 October 2015 of a molecularly imprinted polymer. In this study, a mtdtindate molecularly imprinted poiger (MIP) for ibuprofen,
Received in revised form 17 March 2016 naproxen and diclofenac was synthesizedain oil bath set at 70 °C for 24 hoursvilyl pyridine, ethylene glycol
Accepted 21 March 2016 Available online di met hacr yl at ezobis(cycloheranearboaimile) were usedl as futimnal monomer, crosknker, porogen and
2 April 2016 radical initiator, respectively. A neimprinted polymer lJIP) was synthesized using a similar approach with the omission of
templates. Monontetemplate interactions were @xined using Molecular Dynamics and Fourier Transform Infrared
Keywords: Spectroscpy (FTIR). Both molecular dynaics and FFIR results indicated thedfmation of the hydrogen bond between the
Functional monomer templates and-2inyl pyridine. Molecular dynamics further revealed the identity of the hydrogen atoms in the templates
Ibuprofen . L ; . . . .
Diclofenac involved in interactions with nitrogen atom on the functional monomer in the presence oftohadecules. Surface area
Naproxen obtained for the MIP using Brunauer, Emmett and Teller method was %GZWhereas 232 ?fg was obtained for the NIP.
Interaction, adsorption This indicated that MIP has more binding sites compared to the NIPeFudte, batch adsorption andesgivity experiments
were carried out in the presence of @énozil as the competitor. When such experiments were carried out in toluene, the
adsorption capacities (mg/g) obtained for naproxen, ibuprofen, diclofenac aribrgeihwere 14.4, 11.0, 14.0 and57.
respectively. These results show that the MIP was more selective to the compounds that were used as template molecules.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction Acidic pharmaceuticalsuch as ibuprofen, diclofenac and naproxen (organic

structures shown ifig. 1(a)1 (c)) belong to the class of nateroidal anti
Molecular imprinting is a technique that is used to prepare polymitir&ighly inflammatory drugs. They are among the group of pharmaceutical compounds
specfic binding sites for small moleculgf. Molecularly imprinted polymers that is often U.SEd to promote human hefgiihOrce used by humans,. they are
(MIPs) are pepared using a functional maner(s), which allows the excre_ted during urinary discharges frt_ee drugs or as me_tabolltges. This
\ . ) . ) contributes to the presence of the acidic pharmaceuticals inftheninand
interactions with the functional group(s) of a molecule to be recognized and . "
they are synthesizewith a cross linking monomer(s) in the presencehef effluent of wastewater treaent plants at the 10@/L levels[10i 12]. Amdary
target molecule(s). The jmint molecule(s) is removed from the polymer in €t al.[12] reported the concentration range of 52 to 1@& for naproxen,
order to create the molecularly imprinted complementary binding site(s) for thguprofen and triclosan in wastewateflirent, whereas, 11 to 2@/L was
target molecule(s]2]. Over the last two dmdes, moleculayl imprinted  reported for the same compounds in thélueht A group of acidic
polymers have gained several sciatapplications that includes their use as; pharmaceutials have been also deted simultaneously in aquatic
solid-phase extraction sorberf], chromatographic stationary ph&gé 6], environment that includes river water and drinking water at ng/L I1§1/@]$4]
electrochemical sensof7], etc. The popularity of MIPs in chemistry Recent methods that are used for the quantitative determination of acidic
applications is attributed to their properties that include high selectivitycOmpounds in agueous matrices involves the use of MIPs for theiaelect

mechanical strength, and resistance against acids, bases, organic solvents, Bigffction and/or preoncentration of target compoungisi 17]. In this
pressures and temperatuf@s regard, multitemplate MIPs are of great importanas they are able to

selective extract a group of acidic pharmaceuticaléng pyridine (functional
monomer) shown ifig. 1(d) and ethylene glycol dimethacrylate (crtis&er)
are widely used in the synthesis of MIP that is imprinted with ibuprofen,

Corresponding author at: Department of Chemistry, Durbanesity of Technology, P O Box .
P g P y b % diclofenac or naproxefi8,19]

1334, Durban, 4000, South Africa.
E-mail addresstawrencem2@dut.ac.4&.M. Madikizela).

http://dx.doi.org/10.1016/j.reactfunctpolym.2016.03.017
1381-5148/© 2016 Elsevier B.V. All rights reserved.
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Fig. 1. Computational derived structures of ibuprofen (a), diclofenac (b), naproxen (cyvand gyridine (d).

Functional monomer and ethylene glycol dimethacrylate form polymer matriemploying the spectroscopic techniques in parallel with the molecular

around the template thusgserving monomeempgate bindng sites[1]. dynamics. The selectivity of the polymers synthesized in this study was further

Functional monomers are understood to be responsible for the bindirggudied using a structurally relatecidic pharmaceutical as the competitor.

interactions in the imprinted binding sites. During the imprinting process, the

functionality of the template is matched with that of the functional monomeR. Experimental

[20].

Molecular interactions that oar between the functional mamer and  2.1. Chemicals

template molecules have been previously explained using spectroscopic

techniques such as nuclear magnetic resonance (NMR), ultravisitee Naproxen (98 %), ibuprofer®@8 %), diclofenac sodium salt;v@nylpyridine

(UV-Vis) and Fourier transform infrared spescopy FHR [21,22] For (97 %), 1,Bazobis(cyclohexanecarbonitrile) (98 %), ethylene glycol

example, Farrington and Regf28] have used density functional theory and dimethacrylate (98 %), HPLC grade acetor@ 99.8 %), HPLC grade

NMR to demonstrate the interactions that take place betwseryPpyridine chloroform ©99.8 %) and toluene (99.7 %) were purchased from Sigma

and ibuprofen. However, factors that migHtuence the interactions betere  Aldrich (Steinheim, Germany). HPLGrade acetonitrile99.9 %) and glacial

2-vinyl pyridine and acidic pharmaceuticals have not been thoroughlycetic acid (100 %) were purchased from Merck (Darmstadt, Germany). Formic

investigated. Despite having a detailed literature for the investigation acid (approx. 98 %) was purchased from Fluka (Steinheim, Germany).

monomeftemplate interactions for the MIP synthesized for acidic

pharmaceuticals, theflnence of a porogémn solvent during the molecularly 2.2. Synthesis of polymers

imprinting process have not been addressed in details. Insight into menomer

template interactions have been investigated by Lasagahasbere et al. A procedurereported by Duan et al (2013p5], was followed with

[24]. In their study, they investigated the interactions that occuvelsa 4 modification for the synthesis of a MIP in a tstep reaction process. In the

vinyl pyridine (functional monomer) and Bisphenol A (template) usingfirst step of reaction, 1.51 mL (7.95 mmol) of ethylene glycol dimethacrylate

spectroscopic techniques such as-\l¥, proton NMR and FIR. was mixed with 20 mg of 1@hzobis(cycloheanecarbonitrile) and 50 mL of
toluene in a 250 mL round bttm flask. The resulting mixture wamirged

However, this study investigate the molecular interactions\ofiyl pyridine with nitrogen for 10 nriutes to remove oxygen and it was sealed under inert

with three acidic pharmaceuticalsitthave besimultaneously imprinted. /T conditions. The mixture was continuously stirred with magnetic stirrerewhil

IR being the traditional technique that is widely used for functional grougeacting in an oil bath at 70 °C for 8 hours. Heeond step of reaction was

characterization is applied in this study alesige the molecular dynamics for caried out by mixing separately 76.60 mg (0.333 mmol) naproxen, 68.69 mg

gaininginsight into molecular intergions that occur beteen 2vinyl pyridine (0.333 mmol) ibuprofen, 106.04 mg (0.333 mmol) diclofenac, 0.25 ml (2.37

and acidic pharmaceuticals. This study further shows that the solvent usgtmol) 2vinylpyridine, 3.85 nhethylene glycol dimethacrylate, 60 mg @,1

during the template ¢binding affects the adsorption of target compounds intoazobis(cyclohexanecarbonitrile) and 50 mL mixture of acetonitrile/toluene

MIP particles. The objective of this study was to investigate the interaction®0:50, v:v). This second mixture

that occur between-2inyl pyridine and acidic pharmaceuticals by
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Table 1 Table 1 (continued)
Mulliken charges, (a) ibuprofen, (b) diclofenac, (c) naproxen and-(i)y2 pyridine.
Compound Number Atom Atomic charges
Compound Number Atom Atomic charges 9 c 0.061
(a) Mulliken charges of ibuprofen 10 C -0.111
Ibuprofen 1 C 0.030 11 C -0.131
2 [@ -0.106 12 c 0.561
3 [@ -0.085 13 o] -0.608
4 @ 0.024 14 c -0.437
5 @ -0.094 15 o] -0.526
6 [@ -0.097 16 c -0.107
7 @ -0.124 17 o] -0.457
8 @ 0.548 18 H 0.126
9 o -0.434 19 H 0.113
10 o -0.630 20 H 0.118
11 @ -0.228 21 H 0.097
12 @ -0.138 22 H 0.179
13 @ -0.384 23 H 0.115
14 c -0.395 24 H 0.121
15 H 0.100 25 H 0.137
16 H 0.077 26 H 0.144
17 H 0.098 27 H 0.136
18 H 0.097 28 H 0.147
19 H 0.130 29 H 0.110
20 H 0.277 30 H 0.121
21 H 0.134 31 H 0.284
22 H 0.121
23 c -0.406 (d) Mulliken charges of Zinyl pyridine
24 H 0.165 2-vinyl pyridine 1 C -0.104
25 H 0.158 2 ¢ 0.053
26 H 0.140 3 N -0.317
27 H 0.114 4 c 0.195
28 H 0.168 5 ¢ -0.083
29 H 0.174 6 ¢ -0.106
30 H 0.143 7 c -0.104
31 H 0.135 8 ¢ -0.289
32 H 0.147 9 H 0.091
33 H 0.140 10 H 0.008
11 H 0.081
(b) Mulliken charges of diclofenac 12 H 0.101
Diclofenac 1 C -0.085 13 H 0.130
2 [@ -0.075 14 H 0.132
3 c -0.010 15 H 0.122
4 [@ 0.223
5 [@ 0.031
3 ('\:‘ '8'222 was then transferred into the same round botfiask (containing thdirst
s c "0:169 mixture), this was followed by purging the mixture with nitrogem 10
9 c 0.220 minutes. Thdlask was sealed uadnitrogen and stirred in an oil bath at 70 °C
10 c -0.087 for 16 hours. Resulting polymer with synthetic mass yield of 97 % was oven
11 c -0.150 dried at 60 °C to constant mass. Polymer was then milled, sieved and particles
E g g:ggg ranging from 25 to 50 were colleatd. Non imprinted polymer (NIP) \sa
14 [@ -0.194 prepared under the same cdiudis in the absence of template molecules,
15 [ 0.507 where a synthetic mass yield of 98 % was obtained. Templates were eluted
16 o -0.593 from the polymer using a 10 % (v/v) acetic acid in acetibmitElution step
1 O| -0.403 was repeated several times until the target compounds were not detected by the
13 gl :g:gég HPLC system. Thereafter, 100 % acetonitrile was applied in order to wash off
20 H 0.130 the acetic acid residue.
21 H 0.135
22 H 0.151
2243 E (?'21:: 2.3. Monomeitemplate interactions: Molecular dynamaisulation
25 H 0.164
26 H 0.143 Molecular dynamics simulation in canonical ensemble at constant atom
27 H 0.164 number, volume and temperature (NVT) was utilized to fully understand the
28 H 0.118 . . . ; - L
29 H 0.131 interactions of ibuprofen, naproxen and diclofenac withr®l pyridine. All
30 H 0.348 simulations weg executed using the Discover Module of Materials Studio
_ (version 7.0)[26]. The COMPASS forcdield was used to calculate the
(c) Mulliken charges of naproxen. A . . . . .
Naproxen 1 ¢ 0.087 intermolecular interaction of ibuprofen, naproxen and diclofenac-ony2
2 c 0.096 pyridine. All systems were subjextt to energy mininzation for geometry
3 C 0.017 optimization using minimizer incorporated in the discover moduldaigrials
4 c 0.042 studio before moledar dynamics simulations were conducted. For minima
5 ¢ -0.144 calculation a maximum iteration of 100000 was used with an-fiftea
6 c -0.107 L . )
7 c -0.097 convergence leveThe molecular dynamic simulation using NVT lasted for
8 c 0.030 100 ps with a time step of 1 fs.
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(a) — (c)

(b) /R (d)

Fig. 2. The interactions that occur betweeniyl pyridine and diclofenac (a), (b), ibuprofen (c), and naproxen (d). Hydrogen bonding is indicated with dashed lines andrismsdraigiven
using Angstrom (A) units.

2.4. Characterization Separation was performed on a Kinetepg &PLC column 0f150 x 4.6 mm x

2.6’ obtained from Phenominex (California, USA). Shimadzu LC solutions
In order to cofirm the molecular dynamics simulation predictipfrourier  software was sed for data collection and messing. UV/vis detector was set
transform infrared spectroscopy equipped with attenuated téitdtren from at 230 nm for naproxen measurement, while ibuprofen and diclofenac were
Perkin Elmer (Llantrisant, United Kingdom) was used. Polymers, acididoth monitored a200 nm.
pharmaceuticals and\gnyl pyridine were analyzed without any sample-pre
treatment. 2.6. Batch binding experiments in organic media
Surface aga, total pore volume and average pore diameter for the synthesized

polymers were determinedising the Flow Prep 060 instment from
Micromeritics (Aachen, Germany).

5 mg of polymers (NIP and MIP) were incubated overnight at room temperature
with 10 ml mixture of naproxen, ibuprofen and diclofenac (10 mg/L mix

A scanning electron microscopy, JOEL model JSM 6700F (Tokyo, Japan) watandard) prepared in appriate organic solventTherefter, unadsorbed

used to study thpolymer morphology.

compounds were injected into the HPLC system after

Elemental analysis was performed using a Flash 2000 Organic Elemental

Analyser obtained from Thermo Sciditti(Milan, Italy).

Table 3

Binding energiesge Hkcal/mol), obtained for acidic pharmaceuticals withiyl pyridine
complexes in various organic solvents.

2.5. High performance liquid chromatographic separation

Porogen & Folventof template & [solventof 2-vinyl pyridine
(kcal/mol) (kcal/mol)
Chromatographic separation using a linear solggatem was peiormed on (a) Diclofenac
a high performance liquid chromatography (HPLC) system that consisted of aBiuene 4.97158 11.315987
. . ) \ Chloroform -2.586086 1.867335

online mobile phase degasser unit (Model: DZVA3), 20'@ sample loop, Acetonitrile 10.44476 7 638702

pump (Model: LG20AB), and UV/vis detector (Model: SPEDA), all Acetone 23.81805 7.80626

obtained from Simadzu Corporation (Kyoto, Japan). The mobile phase used

consisted of a mixture of acetonitrile: 0.2 % formic acid in water (70:30, v:vb) Ibuprofen

at aflow rate of 0.8 mL/min. oluene 5.445108 11.315987
Chloroform -2.886558 1.867335
Acetonitrile -8.931445 -7.688702
Acetone -19.13455 -7.80626

Table 2
Binding energies, a Hkcal/mol), for acidic pharmaceuticals with

(c) Naproxen
vinyl pyridine complexes.

Environmen & Esolventof template & Ksolventof 2-vinyl pyridine
Compound 2 Hkcal/mol) (kcal/mol) (kcal/mol)
Ibuprofen -9.43139 Toluene 0.499213 11.315987
Diclofenac (H4) -10.5409 Chloroform -8.112243 1.867335
Diclofenac (Ho) -14.7034 Acetonitrile -8.855985 -7.688702
Naproxen -10.8464 Acetone -20.15806 -7.80626
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Fig. 3. The interactions that occur betweeni@yl pyridine and diclofenac (a) and (b), ibuprofen (c) and naproxen (d) in the presence of one toluene molecule.

Fig. 4. The interactions that occur betweeni@yl pyridine and diclofenac (a) and (b), ibuprofen (c) and naproxen (d) in the presdivectoluene molecules.
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Fig. 5. FT-IR spectra of unwashed MIP, naproxen andr®l pyridine (a) and washed MIP and NIP (b).

filtration of solutions through a 0.28n syringefilter and quantied. The ~ 2-7- Selectivity experiments
extractionefficiency and adsorption capacity (Q) were calculated using Egs.

and (2) respectively. To evaluate the selectivity of the MIP, adsorption studies weréopeed in
the presence of the géibrozil (competitor). 5 mg of the polymeraw stirred
Extraction efficiency= pTT 1) overnight at room temperature in glaslsk containing 10 mL of

naproxen/ibuprofen/diclofenac/géibrozil  qudernary solution at a

concentration of 10 mg/L each. Thereafter, free compounds were injected into
Q= @ the HPLC system aftdiltration of soluions through a 0.2Zn syringefilter
where @ (mg/L) and G (mg/L) are thenitial andfinal concentration of the ~and gquanfied. Selectivity perfonance was evaluated by determining
incubated solution, respectively. V is the volume of the solution used in litredistribution coeficient (Kd), selectivity codficient (k), and relative selectivity

whereas, W is the mass of the polymer in grams. coeficient (I9 using Eqgs(3), (4) and (5)respectively27].
Table 4 o — - (3)
BET analysis of polymers.
Polymer Surface Area Total pore volume Average pre diameter
(mlg) (cm/g) (nm)
MIP 282 0.38 5.43 ~
NIP 232 0.20 3.46 Q —— 4)
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Fig. 6. Scanning electron miographs of (a) washed MIP and (b) washed NIP.

Qe — 5)
3.1. Monomettemplate interactionsMolecular dynamics simulation
Where @ (mg/L), Ce (mg/L), V (litres) and w (grams) are initial con
centrationfinal concentration, volume of the solution and mass of the The Mulliken charges of Ethe atoms present in the functional

polymer, respectively. monomer and all template molecules are recorddalre 1a)i (d).
M Toluene
80 @) ® Chloroform
M Acetone
o Acetonitrile

N
o

Extraction efficiency (%)
D
o

Naproxen lbuprofen Diclofenac Gemfibrozil
Target compound

® Toluene

(0]
o

(b)

® Chloroform

W Acetone

(o))
o

Acetonitrile

N
o

Extraction efficiency (%)
D
o

o

Naproxen Ibuprofen Diclofenac  Gemfibrozil
Target compound

Fig. 7. Extraction eficiencies obtained for all compounds when extracted with MIP (a) and NIP (b).
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These charges were used to predict the atoms that are most likely to form
hydrogen bonding28]. Based on these charges, it was found that the possible

proton donors for ibuprofen, diclofenac and naproxen wegg Hgo and H1,
respectively while on the other hand fdr 2-vinyl pyridine was the most likely

candidate for proton aeptor. It was also noted thapilof diclofenac vas
available for bonding, howev a weak interaction was observed for this
hydrogen atom and nitrogen atom o¥iyl pyridine. Hydrogen bating
interactions that occur beeen 2vinyl pyridine and pharmacgical
compounds as predicted by molecular dynamics simulation are presented in
Fig. 2 The conformtons of all templates and\@nyl pyridine were optimized

prior to enegy calculations. Then the binding energies, for complexes that

are formed whenaeh template interactsitiv 2-vinyl pyridine were calclated

using molecular dynamics. E(§) was employed in all cases.

xeE = _EE _ E () Fig. 8. Chemical structure of gdibrozil.
(complex)  (templat¢ I (27 vinyl pyridine)

Binding energy was used to quantitatively measure the strength of the hydrogen
bonding. HighereEis an indicative of high binding strength. The obtained
energies presented Table 2corfirmed that the hydrogen bonding interaction
that exist between #4 of diclofenac and dlof 2-vinyl pyridine is weaker than

that of Hgo for diclofenac and N for 2-vinyl pyridine. This phenomenon was
further corirmed by using the bond distances, where it was discovered-that
H24¢ ..N3 bond gave a distance of 1.937 Angstrom whereas-lig@ ..N3
bond a shorter distance of 1.764 Angstrom (A) was pbthilt was observed
that one of the aromatic rings of diclofenac hinders the hydrogen bondi
interaction, and this leads to pooit4€ ..N3interaction. The bond distances
obtained for ibuprofen and naproxen complexes were 1.657 and 1.691 ) o )
respectively These distances are in good agreement with the results given Fhe strong transmittance of the peak at 3449 dar the MIP inFig. 5(b) is
Table 2 due to the fact that OH formed hydrogen bond that overlapped with the NH
band from the MIFA31]. This peak is slightlflattened in the NIP as it was
synthesized without the use of any templates.

in the unwashed MIP, this is caused by its involvement in the hydrogen bonding

that leads to the formation of NH group in the MIP. A distinct peak at 1715 cm

1 implies the presemcof carbonyl groups that origatefrom the template and

rosslinking molecules.

rom the spectra iRig. 5b), it can be noted that NIP and MIP contains similar
functional groups, the shape and position of the bands are identical. This is an
nindication of the MIP having a similar backi®structure as the NIP and the
t%mplates are probably completely removed from the B It was observed
Kmat the transmittance of most signals was stronger in the MIP than in the NIP.

3.2. Effect of a porogenic solvent in monortemplate interactions

The effect of a porogenic solvent on the interactions betweémyPpyridine

and all three acidic pharmadials were computationally Westigated.  agsomtion of compounds is strongly fluenced by the surface area of
Porogenic solvents investigated in this study are toluene, chloroform,y yers According to Brunauer, Emmett and Teller (BET) results presented
acetonitrile and acetone and these are common organic solvents that e 10 4 it was noted that larger surface area, pore volume and pore diameter
normally used during the synthesis of M[eS,30}. The effect of a pogenic oo gptained for the MIP than the NIP. Tme trend has been reported in
solvent was carried out by performing the solvent energy calculaBs.ent  other study[23]. The imprinting effect for the MIP is attributed to the more

3.3.2. Surface characterization

(kcal/moal), using Eq. (7). binding sites that are distributed in the cavity. Surface areas obtained in this
study are higher than those reported in literature by Sandg[&tJdor a MIP
2E ==E _®E 7) that was synthesized for organophosphorus pesticides analysis in fruit samples.
solvent (solution)] (vacuum) A greater total pore volume is an indicative of the MIP having a superior sample
where E(solution) and E(vacuum) are interaction energies (kcal/mol) in thgoad capacity as compared to the N#B]. Pore diameters obtained for both
liquid phase and in gas phase, respectively. Results tabulafedble 3(a) i MIP and NIP are in the range 66® nm, hence the structure for both polymers

(c) indicates that toluene is unlikely to compete for hydrogen bond formatioy mesoporoufs3].

with all the templates and ehfunctional monomer. These results also

demonstrate that high polarity porogenic solvents are likely to disturb the

monomeftemplate interactions. Toluene was therefore selected as the most .

suitable medium for the polymerization. The interactions thae talace  >-o-3- Elemental analysis and polymer morphology _
between 2vinyl pyridine and template molecules in the presence of toluengIemental analysis was performed using C_HN analyzer to detgrmme the
were investigated and the results are givefigs. 3 and 4Based on the results percentage of carbon (C), hydrogen) (&hd nitrogen (N) element in ea.ch .
presented iffig. 4 it was observed that the volume of toluene used during th@0lymer after templates removal. The percentages of C, H and N obtained in
synthesisioes not affect the quality of monortemplate interactions. These MIP were 55.9 %, 6.6 % and 0.5 %, respectively. For NIP, the results were 60.2

results clearly show that toluene is not binding to the template molecules, ngp: 6-8 % and 0.7 % for C, Hand N, respectiyely. .These resultstblammg
to the functional monomer. percentages of H and N elements were identical, however a noticeable

difference was observed for C element as a result

3.3. Characterization

Table 5
3.3.1. FFIR analysis MIP adsorption capacity (mg/g) for each compound in different solvents.
The FTFIR spectra for unwashed M) washed MIP, washed NIP, naproxen and Compound Toluene Chloroform Acetone Acetanitrile
2-vinyl pyridine is given inFig. 5 For spectral clarity, it was decided to omit
. . . . Naproxen 14.4 11.6 11.8 111
diclofenac and ibuprofen spectra frdfig. 5 Results obtained show that the lbuprofen 11.0 086 9.00 068
OH group of naproxen has disappeared Diclofenac 14.0 13.8 14.0 13.8
Genfibrozil 7.46 7.42 7.74 6.92
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of template removal proceace. The surces of nitrogen in both pahers were ~ The morphology of both washed MIP and NIP was studied using scanning
the cyanide group that was present in the initiator and the functional monomelectron microscopy. Resultsgsented irFig. 6 clearly show the differences

used in the synthesis. in the surfaces of the MIP and NIP. It was observed that
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Fig. 9. Chromatograms recorded before incubation at 200 and 230 nm for 10 mg/Lpheiditaceuticals (1 and 2), after incubation in acetone (3 and 4), after incubation in acetoaitdl&)5

after incubation in toluene (7 and 8) and after incubation in chloroform (9 and 10). Peaks are labelled as folapspxen, 2 diclofenac,31 ibuprofen and 4 genfibrozil.
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Table 6 low polarity solventsFig. 9also shows the separatiof the three teplates
Imprinting effect parameters on NIP. and the competitor.
Solvent Kd (LIg) K Furthermore, parameters related to the selectivity performance for the polymers
Naproxen  Ibuprofen Diclofenac Genfibrozil such as I§, k and loare given inTables 6 and .7Kq values for three target
Tolene 257 >33 203 > 88 T34 compounds in MIP were greater' t.han th'e. values forfigeozil in all tested
Chloroform 1.16 112 1.68 0.93 1.05 solvents which riéected in selectivity coétients that were greater than the
Acetone 2.66 1.64 4.43 1.38 1.92 value of 1. The adsorption ofrgget compounds on NIP can be associated to
Acetonitrile 2.42 1.38 4.04 1.06 2.28 nonspecfic interactions, however the selectivity of the NIP Veager than the

MIP which resuled in poor selectivity co@€ients [35]. High relative
selectivity coeficient (koof 3.22) was obtained in toluentis indicated that
the structure of the MIP was more rough and irregular on the surface than i MIP selectivity was 3.22 times greater for target compounds in the presence

NIP. of genfibrozil when compared to the NIP. In this case, the selectivity became
poor in high polarity solvents such as acetone and acetonitrile. From these
3.4. Adsorption and selecttyistudies results, it was observetat the multitemplate MIP posesses good molecular

recognition properties as it showed the capability to extract all three target
Adsorption experiments were carried out in order to examine the validity afompounds simultaneously, whereas sifiglaplate MIP can only extract one
results obtained from molecular dynamics simulation. The extracficieaty compound.
of polymers was ealuated in high polarity (acetdrile and acetone) and low
polarity omganic solvents (toluene and chloroform). The results presented in
Fig. 7 indicate that te binding afinity of the synthesized MIP for all
compounds increases in the order afetonitrile <acetone <chloroform
<toluene. Toluene gave the highest extractitfitiency for all compounds A multi-template  molecularly imprinted polymer was synthesized and
tested; this was expected as toluene was used as a porogenic solvent in {jigracterized. It was evident from i characterization that both MIP and
study. High polarity solvents yielded poor extractiofiicéncies, this is  N|p have a similar backbone structure. Higher surface area was obtained for
probable caused by the competition of solvents witgetacompounds for  he MIP and that trateted to theMIP being the poliner that have higher
hydrogen bonihg onto the MIP cavities except for diclofenac. High extraction g4sorption capacity than theP. BET results futher indicated that both MIP
efficiercy for diclofenac was observed as this template have two protons thghq NIP have mesoporous structures. SEM images showed that the surface of
are available for hydrogen bonding and was thus Iésirced by the porogen  ihe MIP was rough and irregular when compared to the NIP. Tidy lso
solvent. Extraction éitiency for naproxen was better cpared to the one of  gemonstrated the impance of carefully selecting the porogenic solvent as it
ibuprofen, this was expected as napregerinyl pyridine complex gave a might affect the monomeemplate interactions. Reis obtained from
higher binding energy as seeriliable 2 The results iffrig. 7also indicate that  molecular dpamics simulation calculations were further fioned
even in a multi template molecularly impridtgolymers, template withigher  experimentally. High adsorptidior diclofenac molecule was observed which
interaction with the mormoer will still dominant such interactions. is related to high binding energy that was obtaiftzdiiclofenac and Zinyl

pyridine complex in molecular dynamics simulation. Higher adsorptien ca
The selectivity of the MIP was investigated by performing the batch adsorpti%city was obtained for the MIP when the porogenic solvestusad as the
experiments in the presence of a @énozil. Genfibrozild structural  exiraction medium. Based on the batch selectivity studies, MIP was able to

information is shown irFig. 8 Gentibrozil is an acidic cholesterdwering  gejectively remove the target compounds from polar andpotar organic
pharmaceuticalampound that is effective indecing serum cholesterol and g ents.

triglyceride[34]. Genfibrozil was seleetd as the competitor in the selectivity
experiments as it contarsimilar functional groups to the templates #&sd
carboxylic group was expext to form hydrogen bonding with-nyl
pyridine. HPLC separation of gdilorozil from other compoundsas achieved

by using the contibns explained iBection 2.5hereas thguantfication was

performed using a UWisible detector that was set at 200 nm. The results thth's wor'k is based on the resgarch supported in part by thentibResearch
are presented iffig. 7 and Table 5show that the molecularly imprinted Foundation (NRF) of South Africa for the grant, Unique Grant No. 93986. NRF
r‘?§1d Durban University of Technology are thanked for funds allocated for

lecturer replacement of Lawrence Mzukisi Madikizela.
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ARTICLE INFO ABSTRACT

Article history:

Received 6 July 2016 In this study, selective removal of acidic pharmaceufroah aqueous media was investigated. The purpose of this work was
Received in revised form 2ftember 2016 to use the multi template molecularly imprinted polymer (MIP) for the selective extraction of naproxen, ibuprofen amadiclofe
Accepted 3 September 2016 Available online 5 from aqueous samples. A multi template MIP was synthesigid) @ bulk polymerization method. The performance of the
September 2016 MIP in agqueous solutions was evaluated by optimizing several adsorption parameters. The optimized adsorption condition:
were 50 mg of MIP, extraction time of 10 min and a sample pH of 4.6. Thentimgrfactors obtained for naproxen, ibuprofen
Keywords: and diclofenac were 1.25, 1.42, and 2.01, respectively, which corresponded to the selectivity order of diclofenac >>buprofen
Multi template molecularly imprinted naproxen. Furthermore, the synthesized MIP showed great selectivity to thectanpetunds in the presence of diamozil
polymer and fenoprofen. The data was modelled best by pseudo 2nd order which implied a chemisorption of pharmaceuticals onto Ml
Pharmaceuticals

Adsorption particles. Based onRvalues, it was determined that the adsorption fitkéa Langmuir istherm which meant that the binding
Selectivity occurred on the homogeneous sites. The recovery in wastewhteniror naproxen, ibuprofen and diclofenac was 38%, 69%
and 87%, respectively.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction polar compounds that arelsble in water{9i 12], therefore they escape the
wastewater treatment process easily. Recently, more work on the determination
Naproxen,jbuprofen and diclofenac are acidic pharmaceuticals that belong tof NSAIDs in aqueous systems have been repttdl5]. NSAIDs have been
the class of nossteroidal antinflammatory drugs (NSAID9)1L]. NSAIDs are  detected globally in wastewatgt3], surface watef14] and drinking water
analgesics that are used to treflaimmation and fever in humans. NSAIDs can [15].
lead to side effects if overdoséz]. The presence of pharmaceuticals in the Quantfication of NSAIDs is usually carried out with chromatographic
environment is a result of direct disposal to aquatic systems and incompletechniques after their extraction from aqueous matrices with a suitable sample
removal during wastewater treatment. Occurrence of such compounds in tpeeparation method. Gas chromatographic analysis employs derivatization
environment have raised serious concerns for the dateatimmunity and  procedues for the conversion of NSAIDs into volatile forfia§]. Compounds
general public at larg@]. There are presently no regulatory standards for theseselected in this study are not volatile, therefore they are best separated in a high
pharmaceuticals although they are considered to have potential for adverserformance liquid chromatographic column prior to their detection. -Solid
human and environmental effects with increased risk potential on exfj@sure phase extraction (SPE) andlid phase micrextraction (SPME) are the
Wastevater treatment plants (WWTPs) receive high concentration ofestablished techniques that are widely used as sampleupesteps prior to
pharmaceuticals through human urinary, fecal excretion and fronchromatographic separatigt?i 15]. Both techniques are based on adsorption
pharmaceutical manufacturingflents[4]. WWTPs have been reported to be of compounds onto packing materials. The adsorbents udeathnSPE and
the major source of pharmaceuticals in the aquatic emvieat5i 8]. NSAIDs SPME techniques provide limited selectivity towards target compound(s).
as shown inrable lare Selectivity is improved in SPE when molecularly imprinted polymer (MIP) is
employed as the adsorbgh?].
MIP is a stable synthetic polymer that contains highly disegites having an

* Corresponding author. affinity for a target molecul|l7]. Over the years,
E-mail addresstawrencem2@dut.ac.4&.M. Madikizela).

http://dx.doi.org/10.1016/j.jece.2016.09.012
22133437A 2016 Elsevier Ltd. All rights reserved.
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Table 1
Chemical structures and physicochemical properties of acidic phatnicald9i 12].

Compound Chemical Structure Water Solubility (mg ) pKa Log Kow

p 44 4.2 3.10
¢
Ibuprofen
(@&
|
Diclofenac % 10 4.2 4.0z

8.4 4.7 4.51

Naproxen

58 4.9 3.71

Genfibrozil

Fenoprofen f 30 4.5 4.08

Hydrogen, carbon, oxygen, chlorine and nitrogen atoms are represented by white, grey, red, green and blue, respectively.

MIPs have been synthesized in the presence of one target mglegi2é]. wastewater ad river watef3,6], there is a strong need to develop and evaluate
Different classes of pharmaceuticals are beingatieteinthe environmental  the performance of selective adsorbents for accurate analysis using HPLC
samples, hence MIPs are being designed for the removal or isolation and peystems with simple detectors such asi Mig. Besides the gain in selectivity
concentration of such pollutants. Recent work in this aspect involves thfar these materials, they can alssieused. Smart adsorbents such as MIPs
development of MIPs for selective removal of antiviral and antidiabetic drughave been well developed and applied in the removal of pharmaceutical
in agueous medi@1,22]. Recent work also demonstrate the potential for MIPs pollutants from water resources of well developed countiigs20 23],

in the removal of spefit group of pharmaceutica]@li 23]. MIPs are useful  however there are no reports on the selective removal of pharmaceuicals
adsorbents for acidic pharmaceuticals in water, hence their characterizati®outh African aqueous matrix. Therefore, the aim of this work was to give a
such as thermal stabilitig highly required for their correct utilization. The detailed report on the evaluation of the adsorption, selective washing and
removal of acidic pharmaceuticals from lake water using reitiplate MIPs  elution of naproxen, ibuprofen and diclofenac by MIP sorbent that was
have been reportd@3], however, the performance of such polymers in moresynthesized using a mulémgate approach from wastewater.

complicated sample matrix such as wastewatiuant and efluent have not

been fully evaluated. This is important because although MIPs are selective 20 Experimental

particular functional groups, they are not sfiedo certain molecule(s). The

backbone polymer of molecularly imprinted sorbent can adsorb som@.1. Chemicals

compounds based on functional groups present especially for aqueous samples.

Selective elution in this case is performed. Naproxen (98%), i bupr of en -vindpgriliee) , di
Owing to the recent studies that have reported the occurrence @§7%), 1,£azobis(cyclohexanecarbonitrile) (98%), ethylene glycol
pharmaceuticals in South African water bodies that includes di methacrylate (98%), HPLC grade met

were purchased from Sigrfddrich
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(Steinheim, Germany). HP1-Gr ade acetoni trile ( O&a(z),sae%/p)ectivalyl d glacial acetic

acid (100%) were purchased from Merck (Darmstadt, Germany). Formic aci

(approx. 98%)was purchased from Fluka (Steinheim, Germany). SodiumEXxtraction efficiency (%) = s pmm @)
hydroxide pellets were purchased from Associated Chemical Enterprise

(Johannesburg, South Africa).

Adsorption capacity (mg/g) = 2

2.2. Chromatographic separation

Separation was performed using liquid chromatography that consitd ~ Where G represent the initial concentration (mg) lbefore the adsorption and
online mobile phase degasser (Model: D@RA3), 20>L sample loop, pump  Ce thefinal concentration (mg} of target compound remaining in solution
(Model: LG-20AB), and UV/vis detector (Model: SPZDA), purchased from  after adsorption. V is the volume of the solution in literd Whrepresents the
Shimadzu Corporation (Kyoto, Japan). The mobile phase used consisted off#ss of the polymer in grarfst,25]

mixture of acetonitrile: 0.2% formic acid in water (60:40, v:v) #ow rate of
0.8 mL nin, Separation was performed on a Kinetexg @PLC column of

150 4.6 mm 2.6>m obtained from Phenominex (California, USA). Shimadzu
LC solutions software was used for data collection and processing. UV/v
detector settings were 230 nm for naproxen, 206@ nm for ibuprofen and
diclofenac.

2.6. Swelling experiments

40 mg of the polymer and 10 mL of water were added into an empty 15 mL
centrifuge tube. Swelling was allowed to occur at room temperature. The
contents of the tube wereeth centrifuged at 4000 rpm. Excess solvent was
discarded and the mass of the wet polymer was recorded. The swelling capacity

2.3. Synthesis of polymers was calculated using E(B).

Bulk polymerization of MIP was performed in two steps. Infit& step, 20 Swelling capacity = pTT @)

mg of 1,L2azobis(cyclohexanecarbonitrile) watissolved in toluene (50 mL), where swelling capacity is expressed as% (m/m),isthe mass of the wet

this was followed by the additiorf ethylene glycol dimethacrylate (1.51 mL). .
Theflask was purged with nitrogen for 10 min and sealed. Then, the reacti S\é/]ollen) polymer and gis the mass of the dry polymer

was allowed to take place with constant stirring in an oil bath set’at #t¥ 8

h. In the second step, naproxen (76.60 mg), ibupr(68.69 mg), diclofenac
(106.04 mg) were dissolved in acetonitrile (25 mL), followed by the addition
of 0.25 mL. 2vinylpyridine, 3.85 mL ethylene glycol dimethacrylate, 60 mg Batch adsorption experiments were carrmd at room temperature using

1,16-azobis(cyclo-hexanecarbonitrile) and 25 mL of toluene. These Contemsdeionized water (pH 2.5) that was spiked with§0L"" mixture of naproxen

weretransferred to the product obtained infingt step of reaction. The mixture . . ) . . .

. ) 5 . ibuprofen, diclofenac, gefibrozil and fenoprofen. 10 mL of the spiked solution
was purged with nitrogen for 10 min and sealed. The reaction was carried O\lljvtas transferred into a qlaissk containing 50 ma of the polvmehdmixture
in an oil bath set at 7% for 16 h. Resulting polymer was oven dried at@0 9 9 9 holy

. . . . was stirred at room temperature for 10 min and transferred into a 3 mL SPE
to constant mass.ofmer was then milled, sieved and particles ranging from - - .
tubes, where the liquid fraction was sent to waste. Frits were employed below

2510 50>m were collected. Non imprinted polymer (NIP) was prepared undeg g apqve the polymer to safeguard for sorbent loss. Solid material was rinsed
the same conditions in the absence of template molecules. Templates weygn, approprate solvent. Theret, desorption of extracted compounds was
eluted repeatedly from the polymer using a mixafré0% (v/v) acetic acid in  performed with 2 mL mixture of acetonitrile: acetic acid (80:20, v:v) and
acetonitrile until the target compounds were not detected by the HPLC SySte'Huantfied with HPLC.

Thereafter, 100% acetonitrile was applied in order to wash off the acetic acid

residue.

2.7. Selectivity experiments

2.8. Optimization of washing and elution steps

2.4. Characterization of polymers . L .

For these steps, spiked deionized water (10phl2.5) containing 5¢>g L*
Thermogravimetric analysi(TGA) was performed using a TA instrument, of naproxen, ibuprofen, diclofenac, gﬁ!h!lozil and fenoprofen was used as thg
model SDTQ600 (Delaware, Newcastle, USA). TGA curves were recorded sample. Adsorption was carried out using 50 mg of the polymer. The solution

a heating rate of 18C min'® from 30°C to 700°C under nitrogen purge of 50 Wwas stirred for 10 min, thereafter, the cartridge was packed with lioso
mL min™., and the liquid was sent to waste. Acetonitrile was investigated as the possible

elution solvent with the addition of acetic acid 20%) in the elution solvent.
For the optimization of the washing solvent, 20% (v:v) acetic acid in

2.5. Optimization of adsorption experiments acetonitrile was mployed as the elution solvent. Prior to elution, the cartridge
was washed with water containing methanoli @@%). Percentage recovery

Batch adsorption experiments were carried out at room temperature usingr each compound was determined in each case.

deionized water that was previously spiked with naproxen, ibuprofen and

diclofenac. Various parameters such as sample pkl X2)5polymer amount 5 g Extraction of naproxen, ibuprofen and diclofenac from

(51 50 mg), initial concentration of targetrmpounds (650 mg L) and contact contaminateavater

time (220 min) were optimized. Only one parameter was changed at a time

during the optimization. For example, while varying the pH of the sample, the;ymples were collected from a local river and wastewater treatment plant
amount of the polymer, concentration of target compounds in spiked @& |ocated in Durban, South Africa. Sampling sites have been discussed in our

contact time were kept constant. All experiments were carried out in triplicat%revious work[27]. Samples weréiltered through a 0.45m filter paper and
Extraction eficiency and adsorption capacity were determined using(Egs. . . ' N '
spiked with 50>g L™ of
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each compound. Sample pH was adjusted to 2.5, then 50 mg of the polymer
was added to 10 mL of each sample and stirred for 10 min. Samples wers
transfered into 3 mL SPE tubes, where the liquid fraction was sent to waste
Frits were employed below and above the polymer to safeguard for sorbe 30
loss. Solid material was rinsed with 2 mL of 10% (v:v) methanol in water.
Thereafter, desorption of extracted campds was performed with 2 mL
mixture of acetonitrile: acetic acid (80:20, v:v) and quadiwith HPLC.

Extraction efficiency (%)
~
[=]

——Naproxen \\
3. Results and discussions 60 Buprofen :j‘.“———— "
I e
. L S0 —m-Didofenac :
3.1. Synthesis and characterization
40
X i i . . o 2 4 3 8 10 12
Due to the widespread of naproxen, ibuprofen and diclofenac in environment pH
samples MIP that is able to adsorb such compounds from water was
synthesized. The choice of reagents for synthesis and more details
W Naproxen Ibuprofen W Diclofenac

characterization that includes Fourtesinsform infrared spectroscopy,

scanning electron ndroscopy, elemental analysis andiBauer, Emmett and 1 _ " |
Teller method have been discussed in our previous {28k 80 ; " L L
Thermogravimetric analysis for washed and unwashed MIP, washed NIP ai §
naproxen is presented in Fig. S1 (Support information). 5% of therma § 40 N
decomposition caused by the detation of templates on the surface of the 20 = I
unwashed MIP was observed at 265 This was demonstrated when naproxen I
showed 90% decomposition in a temperature range Gf2BBFC. A weight 0
5 10 15 20 25 30 40 50

loss at 250C was observed in all polymers, which marks this tentpezaas
the point where the polymer backbone collapses. The only observed differen Mass of MIP (mg)

in the curves obtained for washed NIP and washed MIP, is on 100% therm

decomposition of the MIP at 488 while the decomposition for NIP was 97%. ?‘“’:___:i-:'__-
The difference may b#ue to structural variations that might be occurred during 1 1 + .
templates removal. These results are in agreement with those report
elsewherg29], where the mass loss was observed at@50r a MIP that was
synthesized for the removal of id#sopropylure from active pharmaceutical
ingredient.

8

Extraction efficiency (%) =
3

2}
8

—=—Naproxen
Ibuprofen

~i-Diclofenac

Extraction efficiency (%)
4 8 8 8 3 8 8

3.2. Adsorption experiments

3.2.1. Effect of sample pH 0 5 10 15 20
The effect of sample pH is important in order to achieve a maximum extractio Contact time (min)

of target compounds. The sample pH was varied over the pH rangé ©12.5
while all other experimental conditions were kept constant. The constar
conditions were polymer amount (50 mg), concentration of target compounc
(20 mg LY), sample volume (10 mL) and contact time (10 min). The occurrenct
of suitable interactions between thdsorbent and target molecules in aqueous
media is dependent on the med@pH[30]. Based on the resultgi@. 1la and

Fig. S2), it was observed that the extractioficeincy for all the target
compounds was greatly affected by the sample pH. High éximaeficiency
(>70%) was achieved when target compounds were protonated. When t
sample pH was increased to basic, deprotonation of target molecules occuri
that resulted in poor extractionfiefency since hydrogen bonding is the main
cause of adsorjan. High extraction diciency for diclofenac (99%) at pH 4.6
was obtained for the MIP while 85 and 89% were obtained for naproxen and
ibuprofen, respectively. This was possible due to the fact that diclofenac hasy. 1. a. Effect of sample pH on the extractioriigEncy of naproxen, ibuprofen awitlofenac
got low polarity (log Kow = 4.02) as welas lower water solubility (10 mg L using MIP .adsorbent. b. Effect of polymer amognt on the extract@ieﬂty of selected
1) when compared to naproxen and ibuprofen, hence it diffuses easily fro NSAIDs using MIP adsorbent. c. Effect of contact time on the extractiimieety of naproxen,

N ’ ri.guprofen and diclofenacsing MIP adsorbent. d. Effect of initial concentration on the adsorption
water. Therefore, pH 4.6 was selected for subsequent adsorption experimentSpaciy of naproxen, ibuprofen and diclofenac using MIP adsorbent.

o

o

—=—MNaproxen

Ibuprofen

Adsorption capacity (mg/g)

~-Diclofenac

a 10 20 30 40 50
Initial concentration (mg L%}

concentration of target compounds (20 mg, lsample volume

3.2.2. Effect of polymer amount (10 mL) and contact time (10 min) were constant. Reskits (b) indicated
Amount of polymer ged for the batch adsorption was varied from 5 to 50 mg that when 50 mg of the MIP was employed, >91% of naproxen and ibuprofen
while conditions such as sample pH (4.6), were exracted, and 100% extraction
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efficiency was achieved for diclofenac. Higher extractidicief+ Table 2

cies were obtained for the MIFi¢. 1b) than the NIP (Fig. S3); due Calculated parameters for the kinetic models.

to the imprinting effect. Therefore, subsequent adsorption experi Polymer Compound Pseudiost-order Pseudesecondorder

ments were further carried out using 59 of the polymer. R? R k2 Qe

(g mg" min”) (mg g

3.2.3. Effect of contact time ) ) . _MIP  Naproxen 0.8154 0.9999 3.23 1.93

The effect of conte_act tlmg was |n_vest|ga_ted by deter_mlnlng the adsorption Ibuprofen 0.9766 1 11.9 201

capacity as a function of time. While varying contact time, sample pH (4.6), Diclofenac 0.102 0.9999 12.1 2.00

initial concentration (20 mg1) for all compounds, adsorbent mass (50 mg)

and sample volume (10 mL) were kept constant. Resufginic show that ~ NIP Naproxen 0.943 0.9991 2.86 1.93

the maximum adsorption was achieved in 2 min, where the extradiitierafy Ibuprofen 0.8947 0.9837 0.03 185
Diclofenac 0.7541 0.9998 3.59 1.99

was greater than 90% for albmpounds. In order to ensure the maximum
uptake of target compounds from aqueous samples, the contact time of 10 min

was employed in subsequent experiments. The adsorption capacity obtained for

MIP ranged from 1.8 to 2 mg'gFor NIP, the adsorption cagity for ibuprofen  from the batch adsorption experiments were 1.91, 1.93 and 2.00rfay ¢
increased slowly from 0.76 to 1.33 mgaver 20 min, whereas fast adsorption naproxen, ibuprofen and diclofenac, respectively. It has been proposed when

occurred for naproxen and diclofenac into NIP surface (Fig. S4). the datafits the pseudsecondorder kinetic modelthat the target molecule
o ] binds to two or more active sites at the adsorbent surface with different binding
3.2.4. Effect of initial concentration energies. Moreover, the occupation rate of the adsorption sites is-tioyir

Results obtained for the adsorption capacity asuaction of initial  to the square of the number of unoccupied §&db
concentration are depicted fig. 1d and Fig. S5. During the optimization of
initial concentration, the pH of the solution (4.6), polymer amount (50 mg)gz 3 2. Adsoption isotherms

contact time (10 min) and sample volume (10 mL) were kept constant. Thg,q isothermal analysis of the polymers was employed using(@&cnd (7)

adsorption capacity increased almost linearly as a function of initial . ) ; L .
concentration, this trend was observed until 30 mgthereafter the curves for the linearized forms of Freundlich and Langmuir isotherms, respectively.

slightly flattened towards reaching the equilibrium. The adsorpé@acityof =~

4.32 mg ¢ for naproxen at the inél concentration of 50 mgliwas achieved | 10C &1 16C 1 16C (6)
in this study, whereas Panahi et[alL] obtained the sorption capacity of 3.26

mg gt in their study. In these experiments, the concentration was not increased

beyond 50 mg tas these compounds are expectetheéopresent in water _ @)
samples aplg L™ levels. In all cases the amount of each compound adsorbed

on the NIP was lower than the compounds adsorbed on the MIP; this trend is

similar to the literature daf@1]. This was caused by the presence of cavitiesyhere Q is the amount of the adsorbed molecule at equilibrium Hnggs

in the MIP which were formed during the templates removal. the adsorption intensity or surface heteroggmeCe is the equilibrium
concentration of the target molecule (md)La is the adsorption capacity of
3.3. Binding sites characterization target molecule (Mg, Qmaxis the maximum adsorption capacity (mg¢) g

and K_ is Langmuir adsorption equilibrium constaj#5]. Based on the
P ; correhtion coeficients obtained, the daféted well with Langmuir isotherm
3.3.1. Kinetic modeling which indicates the homogeneous nature of binding s The constants,

Adsorption process was described by employing Egsand (S) for pseude | and Qnay were determined by using the intercepts and slopes of the linear
firstorder and pseudsecondorder kinetic models, respectiyel plots of G/Q versus @andthe results are given ifable 3

Table 3shows that the maximum adsorption capacibletined for the MIP
were higher than those for NIP; this was expected since MIP contains more
atfo © aeio — @ binding sites that the NIP. Furthermore, the selectivity of the MIPhiotarget

compounds was evaluated using the imprinting factors. Imprinting fa&brs (
were calculated from E@8), after determining the partition cdiefents (kp)

) from Eq.(9).
- — =0 ®)
I — (C)]
where Qis the adsorption capacity at any time (M, Qe is the adsorption
capacity at equilibrium (mg9, t is the contact time (min),1kand k are
Table 3

pseudéfirstorder (min') and pseudsecondorder sorption rate constants (g
mg? mint), respectively{32,33] The kinetic data is presented Table 2

Based on theorrelation codfcients (F?) for polymes, pseudeecondorder Polymer  Compound Langmuir Freundlich

Data extracted from the adsorption isotherms.

model was the befit, which indicates that the adsorption is of chemical nature > . . 2
" . e . . R KL (Lmg")  Qmax(mg g R
[34i 36]. The adsorption capacities obtained for MIP when employing pseude
secondorder model were 1.93, 2.01 and 2.00 migfay naproxen, ibuprofen MIP- Naproxen 0.97420.428 4.474 0.9696
and diclofenac, respectively. Whereas, the maximum adsorption capacities louprofen 0.9953 0846 359 0.9955
obtained Diclofenac 0.9999  1.060 5.453 0.7347
NIP Naproxen 0.9736  0.270 3.885 0.9657
Ibuprofen 0.9987  0.790 3.134 0.715
Diclofenac 0.9995 2.141 4.819 0.7178
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a 2o
0 — 9) 18 m B E
T 16 = = u
14 - L
where G and G are the concerdtion of target compounds (mg-Lin polymer i 12 A A
and in solution, respectively, at adsorption equilibriiT]. From the results & 10 f N a 404
-
presented ifMable 4 it can be seen from thepkvalues that the selectivity of E 2 B a 4 4 P
the polymers followed the order of diclofenac > ibuprofen > naproxen. The % a -t
value obtained for diclofenac was almodgbRl of thel value for naproxen and « 2 ENIP
!buprof(_en; this 'mlght pe caused_ by the strength of monmemplate_ 0
interactions. It is possible that diclofenac uses two protons, one in th 0 10 20 30 40 50 60
carboxylic group and the other in the amine group, for the formation o Time (min)
hydrogen bonding with-2inyl pyridine.
b &
3.4. Swelling studies v=0,(:868x+0,3315 R
5 R =0,9843 i
&
The swelling capacity (W) of the polymers wasestigated over a one hour T a Ak
period.Fig. 2a shows the rapid swelling of the polymers within 10 min and ther ¥ A T g B
the swelling rate decreased when approaching the equilibrium. The swelling E 3 a - -l
possible caused by the water absorption by the N groupiof/2pyridine used e} 2 L e ‘-’=Ur‘1541*+“r1712
in polymerization. The secoratdea swelling kinetics was invegfited using P E R*=0,9956
1 - - AMIP
Eq.(10) as follows: ﬁ =
0 ENIP
10 20 30 40 50 60
- - (10) Time (min)

Fig. 2. Sweling capacity as a function of time (a), and seeordkr kinetic swellingor the
) o ) ) polymers (b).
where Ks and W are representing the initial swelling rate (g/ (g min)) and the

equilibrium water absorbency (g/g), respectively. The swelling constants wer
determined by usingig. 2b. The initial swelling rates (i) obtained were 2.62
and 5.84 g/(g min) for MIP and NIP, respectively. And the equilibrium water

(EI } 100 M Acetonitrile W 1% Acetic acid W10% Acetic acid 1 20% Acetic acid

B0

1
I
absorbencies (¥ obtained for MIPand NIP were 11.5 and 18.5 g/g, 1 1] I !
respectively. These results indicate that water enters the network of the polyrr l L
which decreases the osmotic pressure difference between the solution and
polymer, which in turn retards the diffusion rate of w§&j. Additionally, the T
swelling of the MIP allows the water to diffuse into cavities and results in

% Removal
3

=
o

greater contact with the target compounds. Results in Fig. S6 indicate that t
pH of water does not reallyflnence the swelling.

]
o

.o . (1]
3.5. SE|9CtIVItyStUdIBS Maproxen Ibuprofen  Diclofenac Gemfibrozil Fenoprofen

Compound
The selectivity of the MIP collapsed in aqueous phase as high extractic

efficiencies were obtained for gébrozil and feneprofen at pH 2.5. pH was b} M Acetonitrile M 1% Acetic acid M 10% Acetic acid 7 20% Acetic acid
lowered from 4.6 to 2.5 in order to ensure the complete protonation c 100
competitors as well. Gefibrozil andfenoprofen are used for medical purposes

I L
as lipid regulator and as antiphlogistic, respectij8ly]. Both competitors &0 ] _I ]
contain the carboxylic group in their molecular structufiele 3. Hydrogen _ T I i
atom of the carboxylic group in competitors is expectddnd with the g € 1
nitrogen atom of inylpyridine. Hence, the extractionfigiencies obtained 5
for genfibrozil and fenoprofen were 75% and 66%, respectively. Also, bott # o
genfibrozil and fenoprofen were easily desorbed from the M. (3a)), 20
which indicate that both compounds were neslectively bound to the
polymer. The o
Naproxen |buprofen Diclofenac Gemfibrozdl Fenoprofen
Compound
Tablgé Fig. 3. Desorption of the compounds adsorbed into MIP (a) and NIP (b) by amsticin
Imprinting factors for the polymers. acetonitrile.
Template Kb (MIP) Kb (NIP) J
Naproxen 375 3.01 1,25 percent removal of compounds shownFig. 3was calclated based on the
Ibuprofen 4,60 3,24 1,42 adsorbed amount of each compoufRi. 3a) further shows that naproxen,
Diclofenac 40,47 20,12 2,01 ibuprofen and diclofenac were tightly bound on the surface of the MIP, and

hence a strong solvent was required
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for their elution. Acetic acid was added into the elution solvent as it has thBlIP was recycled by washing with 20% (v:v) acetic acid in acetonitrile,
ability to disrupt the hydrogen bonds that occur between the template moleculésllowed by acetonitrile alone. The MIP wasusged in the adsorption of target
and 2vinylpyridine. Desorption of compound®m the NIP Fig. b)) did not compounds frm spiked dedonized water at least 5 times without reducing the
require a strong solvent as the compounds were adsorbed througheufio extraction dficiencies (Fig. S7).

interactions. Mahkam and PoorghdK0] observed that the pharmaceutical

drug release from the NIP was faster when compared to the MIP. 3.6. Removal of selected acidic pharmaceuticals from contaminated water

Introdudion of methanol in the washing solvent prior to desorption of trappedafter successful optimization of adsorption and desorption experiments, spiked
compounds resulted in the reduction of genozil and fenoprofen from the river water and wastewater samples were subjected to the optimized conditions.
MIP surface £ig. 4a)). 10% (v:v) methanol in water was selected as thesamples were spiked with $y L™ as target compounds have been detected
selective washing solvent as highestiranol concentrations tend to desorb the in the irfluent and efuent at lowjlg L™ levels[6,42]. ChromatogramsH(g.

target compounds. A recovery of 48% for naproxen was obtained after Washirgaa) and (b)) obtained for ¢hcompounds extracted using MIP were cleaner
the MIP with 10% methanol, whereas recoyeries optained fofilyeil and when compared to those for the NIPig, 5c) and (d)). Some degree of
fenoprofen .w.ere. _42% and 34%, respgct!vely. Th!s could be mt ref selectivity was evident as the NIP chromatograms showed high degree of
structural similarities and presence of similar functional groups in naproxen; wanted peaks due to interfering species. MIP was not really affogte
genfibrozil and fenoprofen. Percent recoveries were reducedfis@ily 5y effects as less noise was observed compared to the NIP, hence this is an
during the washing of the NIFFig. 4(b)) as the NIP possesses neither cavities jqication of the MIP being more selective than the NIP. Furthermore, higher
nor the recogmion sites[40]. In another study41], the use of 30% (v:v)  recoveries for target compounds were obtained when using the MIP rather than
acetonitrile in water as the washing solvent resulted in a decrease of targat, N p Eig. 6. This is a result of strong interactions between the MIP and
compound from the NIP, while the recovery remained unchanged for the MIRgget compounds. Regardless of the lack of available data on removal of group
In this study, high portions of methanoll(3%) in the washing solvent resulted 4 hharmaceuticals from di€ult matrix such as wastewateflirent, the current

in poor recovery for target compounds. Sanagi g#al.observed a decrease york was compared to multemplae MIPs used in analytical applications like

in the quinalphos recovery when they used >40% acetonitrile in the washingjidphase extractiof82,43,44] For example, in the study reported by Manzo
solvent due to the disruption of spiéciinteractions between thiarget et a1 [32] where they used a MIP as the sorptive phase immobilized in a rotating
compounds and binding sites. disc extraction device, a recovery of 50% was oletifor diclofenac; whereas
Overall, this work resulted in pmoncentration factor of 5 for target in the current study the recovery of diclofenac ranged from 64 to 86%. In a
compounds which could result in the improvement of detection andjjfferent case, Gilart et d43] used a commercial MIP as an SPE sorbent for
quantfication limits. Hence, the detection limits a§iled by the signalto &2 the determination of acidic pharmaceuticals in environmental watetiseiin t
ratio of 3 improved to 1.5, 7.5 and 44g L™ for naproxen, ibuprofen and  study[43], the recovery for diclofenac was 56, 62, and 88% for ultrapure water,
diclofenac, respectively. Peoncentration factor is based on the sample wastewater éiuent, and ifiuent, respectively, whereas higher recoveries were
volume (10 mL) extracted and volume of extract (2 mL), therefore it can bebtained for other acidic pharmaceuticals. It is of interest to note that multi
increased by the extractiofilarge sample volumes. Another advantage of the template MP can extract a wide range of compoundgiehtly. For instance,
proposed work was evident when the synthesized Farrington and Regafi8] reported a recovery of 83% for ibuprofen when
using an ibuprofen MIP, whereas poor recover#&35¢6) were obtained for
naproxen and ketoprofen. In this work, ibofen percent recovery ranged from

Notwashed ®10% MeOH § 15% MeOH #20% MeOH ; L . v
(@) 200, Mot washe oe oMe one 57 to 69%. Recoveries for acidic pharmaceuticals obtained in a study reported

> ,} by Duan et al[44] for a multitemplate MIP that was used as SPE sorbent were
g 8 I greater than 95% in lake water and wastewatesft, howevemwastewater
E 60 { influent was not included in their study which is known as the complicated
I L I ; matrix. Besides the application in SPE, this study have also demonstrated that
o 40 Il I I H I multi-template MIPs can be applied in the removal of pharmaceuticals in highly
° H 111 contaminatedvater like irfluent.
20 I
0 4. Conclusion
Naproxen Ibuprofen Diclofenac Gemfibrozil Fenoprofen
Compound A multi-template molecularly imprinted polymer with homogeneous binding
sites was successfully synthesized by a simple bulk polymerization method.
(b) Notwashed ~ 110% MeOH  H15% MeOH  §20% MeOH The extraction diciencies achieved for naproxen, ibuprofen and diclaé
100 when using molecularly imprinted polymer were higher than those obtained
5 80 ‘l{ when non imprinted polymer was used as the adsorbent. The MIP synthesized
§ i demonstrated a high selectivity to diclofenac rather that naproxen and
x > 60 I 1 ibuprofen. The adsorption kinesiavas besfitted with pseud@econdorder,
20 i q I 1 indicating that chemisorption took place and the target molecules bind to two
8 H JI or more active sites at the surface of the polymer. The swelling of the prepared
2 H I I I MIP allowed the diffusion of water with polar compaisrinto the
0 B! il ! g
Naproxen lbuprofen Diclofenac Gemfibrozil Fenoprofen

Compound

Fig. 4. Selective washing of the MIP (a) and NIP (b).
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This study describes the application of multi-template molecularly imprinted polymer (MIP) as selec-
tive sorbent in the solid-phase extraction (SPE) of naproxen, ibuprofen and diclofenac from wastewater
and river water. MIP was synthesized at 70°C by employing naproxen, ibuprofen and diclofenac as
multi-templates, ethylene glycol dimethacrylate, 2-vinyl pyridine and toluene as cross-linker, functional
monomer and porogen, respectively. Wastewater and river water samples (pH 2.5) were percolated
through SPE cartridge packed with 50 mg of the MIP. The cartridge was washed with 2mL of methanol-
water 10:90% (v:v) prior to elution with 2 mL of acetic acid-acetonitrile 20:80% (v:v). Quantification of
eluted compounds was performed with high performance liquid chromatography equipped with photo
diode array detection. The detection limits were 0.15, 1.00 and 0.63 p.gL-! for naproxen, ibuprofen and
diclofenac, respectively. Recoveries for naproxen, ibuprofen and diclofenac in deionized water spiked
at 5 and 50 pgl-! were greater than 80%. Ibuprofen was the most frequently detected compound with
maximum concentrations of 221, 67.9 and 11.4 pgl~! in wastewater influent, effluent and river water,

respectively.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Ibuprofen, naproxen and diclofenac (molecular structures in
Table 1) are acidic pharmaceuticals that belong to the class of
nonsteroidal anti-inflammatory drugs [1]. These compounds are
released into the environment through human wastes [2]. The com-
pounds are polar, therefore, they are not significantly adsorbed in
the subsoil and may be transported into the groundwater aquifers
from the contaminated surface water [2]. Another important source
of acidic pharmaceuticals in the environment is their incomplete
removal during the sewage treatment [3]. Occurrence of ibupro-
fen, naproxen and diclofenac in wastewater and river water is well
documented in Europe and some well developed countries [4-8].
However, in some parts of South Africa, these compounds have
been reported to be present in wastewater and river water [9-12].
In Spain, these compounds have been detected in drinking water
at ng/Llevels [13,14].

* Corresponding author at: Department of Chemistry, Durban University of Tech-
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A simple determination of non-volatile pharmaceuticals in
the environment requires the use of a high performance liquid
chromatographic (HPLC) equipment for separation and quan-
tification. A suitable sample preparation technique for analyte
pre-concentration and removal of sample interfering species is
employed prior to chromatographic separation. Solid-phase extrac-
tion (SPE) is one of the most widely used sample preparation
technique for the determination of pharmaceuticals in the environ-
ment. Published work inveolves the use of commercial SPE sorbents
such as Oasis HLB, Oasis MCX, Strata X and Cyg [15-20]. The dis-
advantages of the mentioned SPE sorbents include poor selectivity
and they can only be used once.

Application of molecularly imprinted polymers (MIPs) as SPE
sorbents can overcome these disadvantages. MIP is a tailor-made
material, which has high affinity and selectivity for its template
[21]. MIPs are now widely used as SPE sorbents as they offer high
selectivity, easy preparation and regeneration. A great amount of
work has been directed towards the use of a MIP for the solid-phase
extraction of a single compound from various sample matrices.
For instance, a selective extraction of naproxen from urine sam-
ples using molecularly imprinted solid-phase extraction (MISPE)
have been reported by Caro et al. [22]. In separate studies, a
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Table 1
Molecular structures of the selected compounds.

Compound Molecular structure
CH,4
OH
we LI
Naproxen 3\0
CH;
CH; OH
(8]
Ibuprofen
Diclofenac
H3C O, OH
0
Gemfibrozil
Fenoprofen : %

MIP was developed by Farrington and Regan [23] for the recog-
nition of ibuprofen from the pharmaceutical capsules, whereas,
Sun et al. [24] synthesized a MIP for SPE of diclofenac from sur-
face and wastewater samples. Ibuprofen, naproxen and diclofenac
are usually detected simultaneously in the environmental sam-
ples; hence, nowadays more work is being presented on the use
of multi-template MIPs for the extraction of such compounds from
aqueous samples [25-27]. Previous works [25,27] have presented
the use of multi-template MIPs as SPE sorbents prior to mass spec-
trometry detection. Due to budget constraints, most laboratories
cannot afford the high cost of mass spectrometry detection system.
Therefore, in this study, multi-template MIP was used to selec-
tively extract ibuprofen, naproxen and diclofenac from river water
and wastewater, as well as to improve the sensitivity of the less
expensive HPLC coupled to photo diode array detection method.

In view of the scope presented above, the aim of this work was
to imprint a polymer using three template molecules (ibuprofen,
naproxen and diclofenac), and to apply the polymer as the selec-
tive SPE sorbent for ibuprofen, naproxen and diclofenac in water.
Furthermore, the objective of the work was to provide a detailed
screening of these drugs in South African wastewater and river
water by using a cheap method that is highly accurate, simple,
sensitive, selective and rapid.

2. Experimental
2.1. Reagents and materials

Naproxen (98%), ibuprofen (>98%), diclofenac sodium salt, 2-
vinylpyridine (97%), 1,1’-azobis-(cyclohexanecarbonitrile) (98%),

ethylene glycol dimethacrylate (98%), HPLC grade methanol
(=99.9%) and toluene (99.7%) were purchased from Sigma-
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Aldrich (Steinheim, Germany). HPLC-grade acetonitrile (=99.9%)
and glacial acetic acid (100%) were purchased from Merck (Darm-
stadt, Germany). Formic acid (approx. 98%) was purchased from
Fluka (Steinheim, Germany). Sodium chloride (=99.5%) was pur-
chased from Associated Chemical Enterprises (Johannesburg, South
Africa).

Oasis MAX cartridges packed with 150 mg of sorbent and vac-
uum pump were obtained from Waters Corporation (Milford,
Massachusetts, USA) and Millipore (Darmstadt, Germany), respec-
tively.

2.2. Synthesis of multi-template molecularly imprinted polymer

Bulk polymerization of MIP was performed in two steps. The
first step was carried out by dissolving 20mg of 1,1’-azobis-
(cyclohexanecarbonitrile) in 50 mL of toluene, followed by the
addition of 1.51 mL of ethylene glycol dimethacrylate. The reac-
tion flask was purged with nitrogen for 10 min and sealed. Then,
the reaction was allowed to take place with constant stirring in
an oil bath set at 70°C for 8h. In the second step, naproxen
(76.60 mg), ibuprofen (68.69 mg), diclofenac (106.04 mg) were dis-
solved in 25 mL of acetonitrile, followed by the addition of 0.25 mL
2-vinylpyridine, 3.85mL ethylene glycol dimethacrylate, 60 mg
1,1"-azobis-(cyclohexanecarbonitrile) and 25 mL of toluene, These
contents were transferred to the product obtained in the first step.
The mixture was purged with nitrogen gas for 10 min and sealed.
The reaction was carried out in an oil bath set at 70°C for 16 h. The
resulting polymer was oven dried at 60°C to constant mass. The
polymer was then milled, sieved and particles ranging from 25 to
50 p.m were collected. Non-imprinted polymer (NIP) was prepared
under the same conditions in the absence of template molecules.
Templates were eluted from the polymer using a mixture of 10%
(v/v) acetic acid in acetonitrile. Elution step was repeated several
times until the target compounds were not detected by the HPLC
system. Thereafter, 100% acetonitrile was applied in order to wash
off the acetic acid residue.

2.3. Apparatus

Agilent VNMRS Wide Bore 500 MHz nuclear magnetic resonance
(NMR) spectrometer with a 1H frequency of 500 MHz and a Car-
bon 13 (13C) frequency of 125 MHz was used for characterization.
The spectra were acquired utilizing a dual-channel 4mm Che-
magnetics TM T3 HX MAS probe using 4 mm zirconia rotors. The
cross-polarization (CP) spectra were recorded at 25 °C with proton
decoupling using a recycle delay of 10s. The CP pulse power param-
eters were optimized for the Hartmann-Hahn match using a glycine
standard sample. The radio frequency fields for the match were
yCB1C=+HB1H~55kHz. The contact time for cross-polarization
was optimized to 2.0 ms. Magic-angle-spinning (MAS) was per-
formed at 10 000 revolutions per second (10 kHz).

Chromatographic separation was performed on a HPLC system
that consisted of an online mobile phase degasser unit (Model:
DGU-20A3), 20 pL sample loop, pump (Model: LC-20AB), and
photo diode array detector (Model: SPD-M20A), all obtained from
Shimadzu Corporation (Kyoto, Japan). The mobile phase used con-
sisted of a mixture of acetonitrile: 0.2% formic acid in water (60:40,
v:v) at a flow rate of 0.8 mLmin~!. Separation was performed on a
Kinetex Cyg HPLC column of 150 x 4.6 mm x 2.6 .m obtained from
Phenominex (California, USA). Shimadzu LC solutions software was
used for data collection and processing. Photo diode array detector
was set at 230 nm for naproxen measurement, while ibuprofen and
diclofenac were both monitored at 200 nm.



212 LM. Madikizela, L. Chimuka / Journal of Pharmaceutical and Biomedical Analysis 128 (2016) 210-215

24. Sampling

The samples collected consist of wastewater influent (col-
lected after solid removal from raw waste), effluent (collected
after chlorination) and river water samples. Samples were col-
lected monthly from January to March 2016 using pre-cleaned glass
bottles. These samples were collected from Northern wastewater
treatment plant (WWTP) (GPS: $29.79635° E30.996307), Amanz-
imtoti WWTP (GPS: $30.00749° E30.917209) and Mbokodweni
river (GPS: $30.00592° E30.92440%). All sampling sites are located
in the province of Kwa-Zulu Natal (South and North of the city of
Durban) in South Africa. The collected samples were transported
in cooler bags to the laboratory. On arrival in the laboratory, the
individual samples were filtered through a 150mm filter paper
with pore size of 10 wm that was obtained from Munktell and Fil-
trak GmbH (Bernstein, Germany). The samples were kept in the
refrigerator at 4 C after adjusting the pH to 2.5.

2.5. Preparation of molecularly imprinted solid-phase extraction
(MISPE) cartridge

A slurry of 50mg MIP particles was prepared with 3mL of
acetonitrile. The slurry was transferred into an empty 3 mL SPE car-
tridge. Frits were placed at the bottom and top of the MIP sorbent.
For regeneration after each use, the cartridge was washed repeat-
edly with 20% (v:v) acetic acid in acetonitrile to remove impurities
and target compounds, followed by washing with 3 mL of acetoni-
trile.

2.6. MISPE and oasis MAX SPE procedures

MISPE cartridge was conditioned with 2 mL of acetonitrile, fol-
lowed by 2mL of deionized water (pH 2.5). With the aid of the
vacuum pump, 50 mL of the acidified sample (pH 2.5) was per-
colated at 0.3 mLmin~!. Thereafter, 2mL of 10% (v:v) methanol
in water was used to wash the cartridge. Elution of retained
compounds was performed with 2mL of 20% (v:v) acetic acid in
acetonitrile. Thereafter, 20 L of eluted extract was injected into
the HPLC system.

For comparison in terms of selectivity, the commercial Oasis
MAX cartridge was used to percolate the samples using the opti-
mized procedure as follows: The SPE cartridge was conditioned
with 5mL of acetonitrile followed by 5 mL of acidified deionized
water (pH 2.5) both loaded at a flow rate of 1 mLmin—!. The
acidified wastewater sample (pH 2.5, 100mL) was loaded onto
the SPE cartridge at a flow rate of 1 mLmin~!. 2mL of 10% (v:v)
methanol in water was used to wash the cartridge prior to elution
of retained compounds. Thereafter, the retained compounds were
eluted sequentially with 2 mL methanol, 2 mL mixture of methanol-
acetic acid 90:10, (v:v) and 2mL of 2% (v:v) formic acid diluted
using methanol-acetic acid 40:60, (v:v). The components of the elu-
ates were combined and evaporated under nitrogen atmosphere to
0.5 mL prior to HPLC analysis.

2.7. Validation of analytical method

A mixture of target compounds (100 mgL-1 for each compound)
was prepared in acetonitrile. Thereafter, a series of standard solu-
tions were prepared from the stock solution and analyzed using an
HPLC system. Instrument detection limits, limits of quantification
and linearity were computed.

Accuracy and precision of the analytical method were per-
formed using deionized water that was spiked with target
compounds at concentration levels of 5 and 50 p.gL~!. The opti-
mized MISPE method was employed for the extraction and
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Fig. 1. Solid-state '*C CP/MAS NMR Spectra of the MIP and NIP.

pre-concentration of target compounds prior to HPLC quantifica-
tion.

3. Results and discussion
3.1. Characterization of polymers

The solid-state 13C CP/MAS NMR spectra for the MIP and NIP
(Fig. 1) were Fourier transformed, baseline corrected and the rel-
evant peaks indicated in accordance to the information obtained
from the literature [28,29]. The results showed no differencesin the
chemical shifts obtained for MIP and NIP, which indicates that both
polymers were chemically equivalent. The resonances observed
that corresponds to the various methyl groups were represented
by the broad peak at 22 ppm. Other groups detected were methy-
lene groups in cross linker at 45 and 60 ppm, and CO;R group
at 175 ppm. All the assigned signals were in agreement with the
expected composition of the polymers.

Further characterization was performed with Fourier-transform
infrared spectroscopy for functional group analysis, scanning
electron microscopy for polymer morphology, organic elemental
analyzer for carbon, hydrogen and nitrogen contents of polymers,
and Brunauer, Emmett and Teller method for surface area deter-
mination in polymers. Details of such tests were presented in our
recently published work [30].

3.2. Optimization experiments for MISPE

The success of any SPE experiments relies entirely on opti-
mization experiments. In this work, the effect of sample volume
(10-50mL), salt content (0.0-0.3%), elution volume (2-5 mL) and
presence of foreign compounds in sample matrix (selectivity study)
were studied. Other parameters such as sorbent mass, sample pH,
washing solvent and elution solvent were optimized in our pre-
vious work. All the experiments were conducted using deionized
water that was spiked with 50 p.gL~! of target compounds.

Effect of sample volume was investigated as large sample
volumes lead to greater pre-concentration factors. The percent
recoveries obtained increased slowly from the sample volume of
10 mL to 30 mL, thereafter they remained unchanged. However, the
sample volume of 50 mL was selected for subsequent experiments
as it promoted the sensitivity by increasing the pre-concentration
factor. The maximum recoveries obtained for naproxen, ibuprofen
and diclofenac were 58, 73 and 56%, respectively.

Addition of saltin water increases the ionic strength which tends
to affect the retention of target compounds in the SPE sorbent, due
to the salting out effect [31]. Furthermore, salt can be added in
aqueous samples to improve the extraction of several analytes as
the increase in ionic strength usually brings a reduction on the sol-



L.M. Madikizela, L. Chimuka / Journal of Pharmaceutical and Biomedical Analysis 128 (2016) 210-215 213

100 =MIP 1 NIP

80
5\60 _
8 ;
z 40 | I
ES

I I |
20
0
Naproxen lbuprofen Diclofenac Fenoprofen Gemfibrozil

Compound

Fig. 2. Selectivity of the polymers.

ubility of the hydrophobic analytes in the water solution and forces
more of these analytes into the extracting phase [32]. In this work,
salt content did not affect the percent recoveries therefore it was
not added into the environmental samples.

Flow rates play a significant role in the SPE. The decrease in
flow rates from 1 mLmin~! to 0.3 mLmin~! resulted in the increase
of recoveries for target compounds due to the prolonged contact
between the adsorbent and target compounds.

The effect of elution volume was investigated in order to ensure
the complete removal of target compounds from the MISPE car-
tridge. The results showed no improvement in the recoveries when
the elution volume exceeded 2 mL. Therefore, the elution volume
of 2 mL was maintained throughout this work.

Finally, selectivity of polymers was investigated using gem-
fibrozil and fenoprofen as competitive species. Gemfibrozil and
fenoprofen are acidic pharmaceuticals that belong to the therapeu-
tic classes of lipid regulator and anti-inflammatory, respectively
[33]. Both competitive species contain similar functional groups
as the target compounds (Table 1). The two competitors have
been previously detected in environmental water samples that
contain the target compounds [33,34]. For selectivity study, deion-
ized water was spiked with five compounds (naproxen, ibuprofen,
diclofenac, gemfibrozil and fenoprofen), followed by adjusting pH
to 2.5. In order to assess the success of molecular imprinting tech-
nology, parallel experiments were carried out using cartridges that
were packed with a non-imprinted polymer. Thereafter, 50 mL of
the spiked water was percolated into a pre-conditioned cartridge.
After loading the sample, the cartridge was washed with 2 mL mix-
ture of methanol-water 10:90% (v:v) and elution was performed
with a 2mL mixture of acetic acid-acetonitrile 20:80% (v:v). Fig. 2
shows the recoveries obtained for five compounds from the MISPE
cartridges. The recoveries of MIP were higher than those obtained
for the NIP, due to molecular recognition. Also, the recoveries of the
competitive species were lower when compared to those of target
compounds due to the shape of the molecules. Ibuprofen had the
highest recovery (66%), this could be explained by the fact that the
structure of ibuprofen as shown in Table 1, contains one aromatic
ring, whereas both naproxen and diclofenac have two rings in their
respective molecular structures. Fenoprofen contains two aromatic
rings, therefore it was expected to compete more strongly with
naproxen and diclofenac for adsorption and elution. While gemfi-
brozil contains one aromatic ring, it was poorly recovered, probable
due to long aliphatic chain in its molecule.

3.3. Method validation
The chromatograms obtained for the separation of target com-

pounds are presented in Fig. 3. The target compounds were well
separated using a C;g HPLC column with resolution values greater
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Fig. 3. The chromatograms for 1000 pg/L each of naproxen (1), diclofenac (2) and
ibuprofen (3) at 200 nm and 230nm.

Table 2
Calculated values of LOD, LOQ, linearity and percent recoveries obtained for deion-
ized water spiked with 5 and 50 p.g/L (n=3) of each target compound.

Compound LOD (pgl~') LOQ(pgl-') Linearity (R?) % Recovery=SD (%)

Spgl-!  50pgl!
Naproxen 0.15 0.49 0.999 85428 86+89
Ibuprofen  1.00 333 0.999 974+97 103+86
Diclofenac  0.63 211 0.998 88+1.1 82149

than 1.5 for all the compounds. Limit of detection (LOD) and limit
of quantification (LOQ) were used to measure the sensitivity of the
method. LOD and LOQ were defined as the concentration where
signal to noise ratio is 3 and 10, respectively. The results obtained
(Table 2) show that the method can be applied to the quantitative
analysis of target compounds at low pgL~! levels. These results
(Table 2) are in agreement with those reported in literature for the
same compounds using HPLC with fluorescence [9] and diode array
|10] detection. The solid-phase extraction of target compounds
yielded the recoveries that ranged from 82 to 103% which is an
indication of a highly accurate method. Standard deviation (SD)
was used as a measure of method precision. The experiments were
carried out in triplicates and the SD values are reported as £ values
in Table 2. Deviations were generally smaller for 5pgL-! spiked
solutions as it may be difficult to notice any errors associated with
measurements at such low concentrations. Furthermore, the car-
tridges were re-used up to at least five times without reducing the
percent recoveries.

3.4. Environmental application

The developed MISPE procedure was applied in the environ-
mental monitoring of target compounds in WWTPs and river water
that were described elsewhere [35,36]. As shown in Table 3, the
target compounds were detected in all influent samples. Naproxen
was the least detected compound with maximum concentration of
39,6 ugL ! found in Northern WWTP, whereas, ibuprofen had the
highest concentration of 221 pugL~! in the same treatment plant. In
some cases, the concentrations of target compounds were higherin
the effluent due to malfunctioning of WWTPs at the time of sample
collection. Traces of target compounds were detected in river water,
which calls for the detailed screening of such compounds in sedi-
ments, aquatic plants and animals. The concentrations obtained in
this study are in agreement with the data reported for the same
compounds in various samples collected in other parts of South
Africa [9-12]. Amdany et al. [9] reported the comparable concen-
tration of 12.6 p.gL~"! for ibuprofen in Goudkoppies WWTP effluent
located in Johannesburg. The concentrations of naproxen obtained
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Table 3
Range of concentrations (wgL-') for naproxen, ibuprofen and diclofenac in contaminated environmental samples.
Sampling site Compound
Naproxen Ibuprofen Diclofenac
Minimum Maximum Minimum Maximum Minimum Maximum
Northern WWTP influent 1.84 39.6 6.02 221 10.1 104
Northern WWTP effluent <LOQ <LOQ 3.87 13.0 <LOQ <LOQ
Amanzimtoti WWTP influent 1.22 2.62 14.9 236 3.72 139
Amanzimtoti WWTP effluent nd. 5.34 12.0 67.9 <LOQ 208
Mbokodweni river nd. 0.68 nd. 114 nd. <LOQ
Where, nd means the compound was not detected, while <LOQ, means the compound was detected at a concentration that is below the limit of quantification.
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Fig. 4. The chromatograms for river water, Amanzimtoti WWTP influent and effluent. Peaks I, 2 and 3 are for naproxen, diclofenac, and ibuprofen, respectively.

in the current study were lower than those reported by Amdany
et al. [9]. Interestingly, the ibuprofen concentration in Northern
WWTP effluent of 12,94 pgL-! reported by Matongo et al. [11]
where they used Oasis HLB sorbent for SPE and HPLC-MS/MS for
separation and quantification agreed well with the current results.
This indicates that the proposed method is highly reliable. Gener-
ally, some concentrations reported in other parts of the World were
lower than those observed in the current study [37-39]. This could
be probable due to differences in the WWTP design, the pharma-
ceutical consumptions in different countries and population served
by the WWTPs.

River water, Amanzimtoti WWTP influent and effluent were
also extracted using Oasis MAX as SPE sorbent. Oasis MAX is made
of a mixed-mode polymer sorbent with both reversed-phase and
anion-exchange functionalities [37].The chromatograms obtained
were compared to those of MIP sorbent. The peaks were more
intense in the Oasis MAX chromatograms due to higher pre-
concentration factor (Fig. 4). Unwanted peaks were reduced when
using MIP sorbent and the chromatograms were cleaner due to
improved selectivity (Fig. S1 in support information). The re-use
of SPE cartridges packed with MIP gave this work an economical
advantage.
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4. Conclusions

A new method for the rapid determination of naproxen, ibupro-
fen and diclofenac in water has been optimized. Molecularly
imprinted polymer was applied as an alternative SPE sorbent for the
selective extraction and pre-concentration of acidic pharmaceuti-
cals in aqueous samples. The primary advantage of using MISPE is
the re-use of cartridges without reducing the recovery of the target
compounds. It is important to apply this type of study to all water
bodies in order to understand the extent of pharmaceuticals in the
environment.

All three compounds were detected in the wastewater influent
and effluent samples, which indicate the incomplete removal of
such compounds from the wastewater treatment process. Among
the target compounds, ibuprofen was the most frequently detected
pharmaceutical in all samples at higher concentrations. Naproxen
concentrations were lower in the environmental samples. The pres-
ence of target compounds at trace levels in river water indicates the
contamination of Mbokodweni river. To the best of our knowledge,
this is the first detailed study of the quantitative determination of
naproxen, ibuprofen and diclofenac in aqueous samples obtained
from Mbokodweni river and Amanzimtoti WWTP.
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Fig. S1.The chromatograms for river water, Amanzimtoti WWTP influent and effluent. Peaks I, 2 and 3 are for naproxen,

diclofenac, and ibuprofen, respectively. Long arrows points where the peaks appear when the chromatograms are zoomed.
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Abstract

The present paper reports a detailed study that is based on the monitoring of
naproxen, ibuprofen and diclofenac in Mbokodweni River and wastewater
treatment plants (WWTPSs) located around the city of Durban in KwaZulu-Natal
Province of South Africa. Target compounds were extracted from water
samples using a multi-template molecularly imprinted solid-phase extraction
prior to separation and quantification on a high performance liquid
chromatography equipped with photo diode array detector. The analytical
method yielded the detection limits of 0.15, 1.00 and 0.63 pg/L for naproxen,
ibuprofen and diclofenac, respectively. Solid-phase extraction method was
evaluated for its performance using deionized water samples that were spiked
with 5 and 50 pg/L of target compounds. Recoveries were greater than 80%
for all target compounds with RSD values in the range of 4.1 to 10%. Target
compounds were detected in most wastewater and river water samples with
ibuprofen being the most frequent detected pharmaceutical. Maximum
concentrations detected in river water for naproxen, ibuprofen and diclofenac
were 6.84, 19.2 and 9.69 ug/L, respectively. The concentrations of target
compounds found in effluent and river water samples compared well with some
studies. The analytical method employed in this work is fast, selective, sensitive
and affordable, therefore, it can be used routinely to evaluate the occurrence
of acidic pharmaceuticals in South African water resources.

Keywords: molecularly imprinted solid-phase extraction, wastewater, river

water, naproxen, ibuprofen, diclofenac
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Introduction

Naproxen, ibuprofen and diclofenac are weak organic acids that belong to the
group of non-steroidal anti-inflammatory drugs (NSAIDs) (Table 1).
Compounds such as ibuprofen and naproxen are widely used by humans for
the treatment of rheumatoid arthritis (Mahkam and Poorgholy 2011). These
compounds become part of the human waste and they are excreted into the
environment as un-metabolized parent compounds and metabolites
(Koutsouba et al. 2003). High concentration of pharmaceutical compounds
enter wastewater treatment plants (WWTPs) daily through urinary or fecal
excretion and from pharmaceutical manufacturing facilities (Farre et al. 2001).
Due to the polar nature of naproxen, ibuprofen and diclofenac, they escape the

wastewater treatment process easily and contaminate the river water.

Mostly, the environmental monitoring of NSAIDs involves the use of
chromatographic tools with solid-phase extraction (SPE) for the reduction of
matrix effects and pre-concentration of target compounds. For solid-phase
extraction of naproxen, ibuprofen and diclofenac, sorbents such as multi-walled
carbon nanotubes (Dahane et al. 2013), single-template molecularly imprinted
polymer (Farrington and Regan 2007), multi-template molecularly imprinted
polymer (Madikizela and Chimuka 2016; Duan et al. 2013), Oasis HLB (Zhao
et al. 2009), Oasis MCX (Lindgvist et al. 2005), Cis (Rigobello et al. 2013) have
been used. Most of these SPE sorbents except the molecularly imprinted
polymers have limited selectivity, and their single usage leads to the production
of waste and economic disadvantage. Recent studies are focusing on the
application of molecularly imprinted polymer (MIP) for SPE due to its properties
that include thermal stability, re-usability, improved selectivity, mechanical
strength, etc (Prasad and Rai 2013).

Development of molecularly imprinted solid-phase extraction (MISPE) for
NSAIDs is well documented (Caro et al. 2005; Duan et al. 2013; Zorita et al.

2008). However, such technique is not yet fully exploited for the routine
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monitoring of selected NSAIDs in wastewater and river water. This is probable
due to the slow progress/success in the development of multi-template
molecularly imprinted polymers (MIPs) for this purpose. This is important in
order to employ a cheap analysis method as there is a growing need for the

determination of NSAIDs in aqueous samples.

NSAIDs in aqueous samples such as wastewater, river water and drinking
water have been studied extensively in well developed areas such as European
and American countries (Carmona et al. 2014; Dahane et al. 2013; Santos et
al. 2005; Yu et al. 2006; Yu et al. 2013). However, most African countries
including South Africa are lagging behind in this aspect due to limited access
to the robust analytical methods and instrumentation. Regardless of these
facts, few papers have been published recently that reports on the presence of
NSAIDs in South African wastewater and surface water (Agunbiade and
Moodley 2014; Agunbiade and Moodley 2016; Amdany et al. 2014; Amdany et
al. 2015; Matongo et al. 2015a; Matongo et al. 2015b). These papers
demonstrated the occurrence of such compounds in low pg/L levels in
wastewater and rivers found in South African major cities that includes Durban
and Johannesburg. Moreover, in other African countries such as Kenya and
Algeria, all three target compounds have been detected in wastewater, river
water and ground water (Kermia et al. 2016
of pharmaceuticals from wastewater to drinking water has already been
reported in Europe (Carmona et al. 2014). This might be due to compounds
being hydrophilic and stable in aqueous medium, hence the low removal
efficiencies have been documented in some cases. The reported removal
efficiencies for naproxen, ibuprofen and diclofenac are in the ranges of 73-
100%, 55-100% and 9-98%, respectively (Kermia et al. 2016; Larsson et al.
2014; Lindgivist et al. 2005; Yu et al. 2006).

As a consequence, it is highly important for South African Scientists to develop

procedures for the monitoring of NSAIDs in wastewater and rivers as some of
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these sites are not restricted from the public use. Therefore, this study is
designed to focus on the application of multi-template MIP for the extraction of
naproxen, ibuprofen and diclofenac from wastewater and river water. The aim
of the study was to determine the concentrations of selected compounds in
WWTPs managed by eThekwini Municipality in KwaZulu-Natal Province which
is ranked number 3 in terms of pharmaceutical consumption in South Africa
(Matongo et al. 2015b). EThekwini Municipality have approximately 28
WWTPs, and there is currently no available data on the simultaneous
monitoring of naproxen, ibuprofen and diclofenac in most of these sewage
treatment facilities. Therefore, this is the first detailed study based on the
occurrence of these acidic pharmaceuticals in the effluent of Amanzimtoti, New
Germany and Umhlathuzana WWTPs. This is also the first study that is aimed
to monitor the presence of naproxen, ibuprofen and diclofenac in Mbokodweni

River.
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Table 1 Common name, IUPAC name and Molecular structures of target

compounds.

Common IUPAC name Molecular structure

name
- CH3

Ibuprofen U-methyl-4-(2- c oM
methylpropyl)benzene s
acetic acid HaC o
CHs

Naproxen  (S)-6-methoxy-U-methyl-2-

naphthaleneacetic acid | OH
H3C\o O

cl
Diclofenac  2-[(2,6-
dichlorophenyl)amino]benz N

ene acetic acid

Cl OH
o}
Materials and methods
Analytical reagents
Naproxen (98%), i buprofen (O 98%) and d

purchased from Sigma-Aldrich (Steinheim, Germany) and used as standards
and templates in the synthesis of MIP. 2-vinylpyridine (97%), 1 , -4z0bis-
(cyclohexanecarbonitrile) (98%), ethylene glycol dimethacrylate (98%) and
toluene (99.7%) purchased from Sigma-Aldrich (Steinheim, Germany) were
used in the synthesis of MIP as functional monomer, radical initiator, cross
linking monomer and por ogen, respectivel y. HPLC gr ad

from Sigma-Aldrich (Steinheim, Germany), HPLC-gr ade acetoni tril e
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and glacial acetic acid (100%) purchased from Merck (Darmstadt, Germany)
were used as solvents. Formic acid (approx. 98%) was purchased from Fluka

(Steinheim, Germany) and used in the chromatographic mobile phase.

Sampling and sample pre-treatment

Influent and effluent samples were collected from WWTPSs located around the
city of Durban in the Province of KwaZulu-Natal, South Africa (Table 2).
Samples were also collected from three points in Mbokodweni River (identified
as Mbokoweni River A, B and C in this paper) that is found in South of Durban
city. In this case, Mbokodweni River A represent a river sample that was
collected approximately 1 km downstream from Amanzimtoti WWTP outfall.
Whereas, Mbokodweni River B and C samples were collected from 1 km and
3 km upstream of the WWTP. These samples were collected monthly from
January to May in 2016 using glass bottles that were thoroughly cleaned with
soap, deionized water and rinsed in sampling sites with real sample. Samples
were immediately protected from light and transported to the laboratory where
they were filtered twice with filter papers having pore sizes of 10 pm and 0.45
pum purchased from Munktell and Filtrak GmbH (Bernstein, Germany) and
Millipore (Darmstadt, Germany), respectively. pH in each sample was adjusted
to 2.5, thereafter, samples were stored in the refrigerator at 4 “C until further

processing.

Synthesis of multi-template molecularly imprinted polymer

Synthetic procedure was adopted elsewhere (Dai et al. 2012; Duan et al. 2013)
and modified in the previous work (Madikizela and Chimuka 2016; Madikizela
et al . 2016) . Synthesi s was p e ratobis-
(cyclohexanecarbonitrile) in 50 mL of toluene, thereafter, 1.51 mL of ethylene

glycol dimethacrylate was added. The reaction flask was purged with nitrogen
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for 10 minutes and sealed. Then, the reaction was allowed to take place with
constant stirring in an oil bath set at 70 C for 8 hours. Thereafter, naproxen
(76.60 mgq), ibuprofen (68.69 mg) and diclofenac (106.04 mg) were dissolved
in 25 mL of acetonitrile, followed by the addition of 0.25 mL 2-vinylpyridine, 3.85
mL ethylene glycol dimethacrylat e , 60 m-@zobis-
(cyclohexanecarbonitrile) and 25 mL of toluene. These contents were
homogenized and transferred to the product obtained in the first step. The
resulting mixture was purged with nitrogen gas for 10 minutes and sealed. The
reaction was allowed to polymerize in an oil bath set at 70 “C for 16 hours. The
obtained polymer dried at 60 "C, milled, sieved and particles ranging from 25 to
50 em were collected. Naproxen, i bu

the polymer using a mixture of 10% (v/v) acetic acid in acetonitrile.

Multi-template molecularly imprinted solid-phase extraction

Solid-phase extraction cartridge (3 mL) was packed with a slurry that was made
with 50 mg of MIP and acetonitrile. Frits were employed below and above the

MIP to safeguard against the sorbent loss.

MISPE procedure was adopted from published work (Madikizela and Chimuka
2016). Prior to loading of samples, each MISPE cartridge was conditioned with
2 mL of acetonitrile and equilibrated with 2 mL of acidified deionized water (pH
2.5). With the aid of the vacuum pump, 50 mL of acidified sample (pH 2.5) was
percolated at 0.3 mL/min. Thereafter, 2 mL of 10% (v:v) methanol in water was
used to wash the cartridge prior to elution of retained compounds with 20%
(v:v) acetic acid in acetonitrile (2 mL). The eluted extract (20 pL) was injected
into the high performance chromatography (HPLC) system.
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Chromatographic separation and quantification

Separation and quantification of target compounds was performed on an HPLC
system purchased from Shimadzu Corporation (Kyoto, Japan). HPLC was
equipped with an online mobile phase degasser unit (Model: DGU-20A3), 20
eL sample | oop, -304B)mnd(phodtodiede :array detector
(Model: SPD-M20A). Compounds were separated on a Kinetex Cis HPLC
col umn (150 x m@urdhasedrfironxPhénontinex(California, USA)
using a mixture of acetonitrile: 0.2% formic acid in water (60:40, v:v) as mobile
phase at a flow rate of 0.8 mL/min. Naproxen was monitored at 230 nm,
whereas, ibuprofen and diclofenac were both studied at 200 nm. The
chromatographic system was equipped with Shimadzu LC solutions software

for data collection and processing.

Monitoring of physicochemical parameters

Physicochemical properties such as sample pH, conductivity, salinity,
dissolved oxygen and total dissolved solids were measured in sampling sites
using a calibrated Bante900P multi-parameter water quality meter that was
purchased from Bante instruments (Shanghai, China). The calibration of the
multi-parameter water quality meter was performed using the pH calibration
buffers (pH 4, 7 and 10) and conductivity calibration solutions (84 uS/cm, 1413
puS/cm and 12.88 mS/cm) that were provided by the supplier. Single point

calibration for dissolved oxygen was carried out in air.
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Table 2 Sampling sites and GPS co-ordinates representing the geographical

location of study areas.

Sampling site GPS Co-ordinate

Amanzimtoti WWTP S30.007497E30.91720°
Marrianridge WWTP S29.87692"E30.88397"
New Germany WWTP S29.80586 "E30.89602 "
Northern WWTP S29.79635"E30.99630"
Shallcross WWTP S29.87692"E30.88397"
Mbokodweni River A S30.00592"E30.92440"
Mbokodweni River B S30.00876 “E30.90587
Mbokodweni River C S30.00460"E30.90045°

Results and discussion
Performance of analytical method

As shown in Fig. 1, well resolved peaks within six minutes for all three target
compounds were obtained using a reverse-phase chromatographic column. In
order to evaluate the performance of the analytical method, figures of merit
such as limits of detection (LOD), limits of quantification (LOQ), precision,
linearity and extraction recoveries were determined for each analyte using
deionized water that was spiked with 5 and 50 pg/L mixture of target
compounds. LOD and LOQ were defined as the concentration where target
compounds gave a signal to noise ratio of 3 and 10, respectively. The detection
and quantification limits (Table 3) were similar to those reported for the analysis
of the same compounds in wastewater using HPLC with photodiode array
detection (Payan et al. 2011; Santos et al. 2005). Calibration curves were
plotted for each target compound in the concentration range of 30-1000 pg/L.
All calibration curves were linear with correlation coefficients greater than 0.99.
As shown in Table 3, the extraction recoveries were greater than 80% with
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relative standard deviation (RSD) values ranging from 4.1 to 10%, which is an

indication of accepted accuracy and precision.
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Fig. 1 Chromatograms recorded at 200 and 230 nm for the separation of 1000
Mg/L of naproxen (peak 1), diclofenac (peak 2) and ibuprofen (peak 3).

Table 3 Limits of detection, limits of quantification, linearity, relative standard

deviation and recovery studies (n=5).

Compound LOD LOQ Linearity Recovery (%) + RSD
(ng/L) (Hg/L) (R?) (%)
5 ug/L 50 pg/L
Naproxen 0.15 0.49 0.9925 83+8.6 84+4.1
Ibuprofen  1.00 3.33 0.9919 101 +£10 99 + 8.7
Diclofenac 0.63 2.11 0.9954 81+9.6 86+4.8
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Study areas

Wastewater treatment plants sampled in this study have been described in
previous studies (Bux and Kasan 1994; Mhlanga et al. 2009; Madikizela et al.
2014; Nzimande 2014). New Germany and Northern WWTPs treat wastewater
from the local industries and domestic sources (Bux and Kasan 1994,
Nzimande 2014). The treated water is then discharged into the nearest rivers.
Shallcross and Mariannridge WWTPs are both located in a site known as
Umbhlathuzana Works. Their effluent is combined prior to the discharge point.
Shallcross receives domestic wastewater only, whereas Mariannridge receives
wastewater from industrial (30%) and domestic (70%) sources (Mhlanga et al.
2009). For the purpose of this work, the combined effluent from Shallcross and
Mariannridge WWTPs is identified as Umhlathuzana WWTP effluent.
Amanzimtoti WWTP receives water from industrial areas and semi-urban areas
(Madikizela et al. 2014). Previously, a non-steroidal anti-inflammatory drug
known as ketoprofen and triclosan (antibacterial agent) were detected in both
influent and effluent of Amanzimtoti WWTP (Madikizela et al. 2014).
Mbokodweni River was sampled on the upstream (2 points) and downstream
(1 point) of Amanzimtoti WWTP outfall. On the upstream of the River, there is

an informal settlement on the river banks with poor sanitation system.

Occurrence of naproxen, ibuprofen and diclofenac in wastewater and river

water

Typical chromatograms obtained for environmental analysis are given in Fig.
2. Target compounds were identified in environmental samples based on
matching the retention times and photodiode array spectra (Fig. S1) with those
of standard solutions. To simplify the presentation of some Figures, the use of
acronyms as described in Table 4 was applied.
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The results obtained for wastewater and river water concentrations are
summarized in Fig. 3 and Table 5. The maximum concentrations in wastewater
and river water were compared with the data available in literature (Table 6).
As can be seen in Fig. 3, the highest concentration of 221 ug/L was obtained
for ibuprofen in Northern WWTP influent with the average concentration of 72
pg/L. The maximum concentration of 128 pg/L with average of 120 pg/L have
been reported for Northern WWTP influent located in Johannesburg, South
Africa (Amdany et al. 2014). lIbuprofen was also the most frequently detected
acidic pharmaceutical in various samples as reported for different matrices in
other studies (Bayen et al. 2013; Carmona et al. 2014). This observation was
not surprising as ibuprofen has been reported to be the most consumed
pharmaceutical in South Africa among the three NSAIDs selected in this study
(Matongo et al. 2015a). The average concentration of ibuprofen in Northern
WWTP effluent was 10 pg/L, whereas 12 ug/L has been reported previously
(Matongo et al. 2015b). Traces of ibuprofen were also detected in river water.
At this point, the source of pharmaceuticals in the river could not be traced as

the compounds were also detected in the upstream of the river.

The concentrations for naproxen were generally lower in all samples except in
New Germany WWTP influent, which could be explained by the lower
consumption of this drug in South Africa as per the published script lines
(Matongo et al. 2015a). Although the consumption of naproxen is low in South
Africa, its presence in the wastewater could not be ignored as it has also been
found present in other WWTPs located in another South African Province
(Amdany et al. 2014). In most cases, there have been a decrease of
pharmaceuticals from the raw influent to the final effluent. This may be due to
the adsorption of target compounds on solid sludge. The treatment process in
all the investigated WWTPs consists of screening, settling tanks, aeration and

chlorination.
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Diclofenac was detected in wastewater and river water (Fig 3 and Table 5). The
presence of diclofenac in river water was probable due to its poor removal
during the wastewater treatment process as reported elsewhere (Rosal et al.
2010; Zorita et al. 2009). The concentration of diclofenac in wastewater and
river water is higher than the levels reported for WWTPs and rivers in Europe
(Carmona et al. 2014; Gilart et al. 2013; Martin et al. 2012). For instance, the
average concentration for diclofenac in wastewater ranges from 3 to 53 ug/L,
whereas, a mean concentration of 0.72 pg/L has been reported for the same
compound in North WWTP located in Spain (Martin et al. 2012). This could be

due to variations in pharmaceutical consumption rates from country to country.

Table 4 Acronyms used for sampling sites

Sampling site Acronym
Amanzimtoti WWTP influent AWWTP influent
Amanzimtoti WWTP effluent AWWTP effluent
New Germany WWTP influent NGWWTP influent
New Germany WWTP effluent NGWWTP effluent
Northern WWTP influent NWWTP influent
Northern WWTP effluent NWWTP effluent
Shallcross WWTP influent SWWTP influent
Marrianridge WWTP influent MWWTP influent
Umbhlathuzana WWTP effluent UWWTP effluent
Mbokodweni river A River A
Mbokodweni river B River B
Mbokodweni River C River C
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Table 5 Average concentrations (n = 5) and quantification frequency of naproxen, ibuprofen and diclofenac in

water samples.

Naproxen Ibuprofen Diclofenac

Sampling site Concentration Frequency Concentration Frequency Concentration Frequency

(Mg/L) (Ma/L) (Mo/L)
AWWTP influent 3 5 28 5 9 5
AWWTP effluent 3 4 21 5 9 4
NGWWTP influent 37 5 30 5 21 5
NGWWTP effluent 5 4 5 5 3 3
NWWTP influent 11 5 72 5 46 5
NWWTP effluent 4 2 10 5 15 2
SWWTP influent 3 5 34 5 53 5
MWWTP influent 4 5 30 5 6 3
UWWTP effluent 4 2 19 5 4 4
River A 1 2 5 3 0 0
River B 2 3 4 4 3
River C 4 2 11 2 5 2

*Average values were calculated considering below detection and quantification limits as zero.
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Table 6 Comparison of maximum concentrations (ug/L) found in current study with data in literature.

Compound Influent Effluent River water Country Reference
Naproxen 109.3 14.4 6.8 South Africa Current study
55.0 13.5 Not studied South Africa Amdany et al. 2014
9.49 0.78 Not studied Sweden Larsson et al. 2014
11.4 3.12 Not studied Spain Santos et al. 2005
52.9 0.83 Not studied Spain Santos et al. 2009
Ibuprofen 220.9 67.9 19.2 South Africa Current study
128 24.6 Not studied South Africa Amdany et al. 2014
22.8 0.52 Not studied Sweden Larsson et al. 2014
143.0 10.1 Not studied Spain Santos et al. 2005
603 40.2 Not studied Spain Santos et al. 2009
117.5 58.7 8.5 South Africa Matongo et al. 2015a
5.8 12.9 62 South Africa Matongo et al. 2015b
Diclofenac 115.1 23.5 9.7 South Africa Current study
2.25 0.36 Not studied Sweden Larsson et al. 2014
<LOD <LOD Not studied Spain Santos et al. 2005
<LOD <LOD Not studied Spain Santos et al. 2009

<LOD: Concentration was less that the method detection limit.
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Physicochemical parameters of collected samples

Results for physicochemical analysis are given in Table 7. The pH for all the
samples was neutral. Hence the pH of collected solutions was reduced to 2.5
in order to allow for the protonation of target compounds prior to MISPE.
Salinity was measured as practical salinity unit (psu) and represents the
concentration of the dissolved salts in wastewater. Salinity results indicated
that the samples contained small amounts of soluble inorganic salts that were
not expected to affect the proposed analytical method. High salinity water is
known as water with large quantities of soluble inorganic salts and organic
compounds (Zhang et al. 2012). On the other hand, a decrease in TDS
between the raw influent and effluent was observed. The results of the current
study were much lower than those reported in other study, where Anderson et
al (2015) reported a minimum of 981 mg/L for TDS in a wastewater collected
from Canada. The conductivity of 703 and 589 uS/cm for wastewater influent
and effluent, respectively, has been reported elsewhere (Rosal et al. 2010). In
all the investigated WWTPs there was an increase in dissolved oxygen (DO)
between the raw influent and final effluent, curtesy of aeration process. In this
regard, DO increased from 0.85 to 3.02 mg/L in Amanzimtoti WWTP in which
case almost similar concentration of 3.56 mg/L was observed in river water
sampled in the downstream of the plant. In comparison to Thesis river in
Mpumalanga Province (South Africa) where DO of 1.11 mg/L was recorded
(Wanda et al. 2016), Mbokodweni river had much higher value. Based on this
data, the WWTPs investigated in this work performs in a similar manner as

other treatment works in the world.
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Table 7 Physicochemical properties (n = 5) of collected environmental samples. Standard deviations are given

as * values.
Sampling site Parameter
pH DO (mg/L)  Conductivity (us/cm) TDS (mg/L) Salinity
(psu)
Amanzimtoti WWTP influent 7.22+0.19 0.85+0.52 1399 + 159 699 + 80 0.70 £ 0.09
Amanzimtoti WWTP effluent 7.61+0.06 3.02+0.52 1110+ 120 557 + 60 0.56 + 0.06
Marrianridge WWTP influent 7.49+0.06 0.74+0.38 1003 =57 508 + 20 0.50 £ 0.03
New Germany WWTP 7.02+£0.21 0.55%x0.28 1206 + 152 601 + 72 0.60 £ 0.08
influent
New Germany WWTP 7.17+0.16 3.75+0.52 1000 = 226 500+115 0.49+0.12
effluent
Northern WWTP influent 7.15+0.04 0.64+0.43 95975 479 + 36 0.48 £ 0.04
Northern WWTP effluent 7.07+0.17 231+0.82 699+19 351+9.3 0.34+£0.01
Shallcross WWTP influent 7.25+0.08 0.74+0.42 681+ 88 341 + 43 0.33+0.04
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Umhlathuzana WWTP
effluent

River water 1 sample A
River water 1 sample B

River water 1 sample C

7.25+0.15

7.32+0.19

7.17 +0.24

7.17 £ 0.26

3.73+0.90

3.56+£0.73

3.99+1.63

417 +1.61

607 + 82

777 £ 321

357 + 27

331 +£50

302 £ 42

388 + 161

178 £ 13

165 + 25

0.29+0.04

0.38 +£0.16

0.17+0.01

0.16 £ 0.02
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4. Conclusion

A rapid analytical method that involves the use of multi-template molecularly
imprinted polymer as selective SPE sorbent and HPLC with photodiode
array detection for the separation and quantification has been applied for
the environmental monitoring of naproxen, ibuprofen and diclofenac. All
three pharmaceutical compounds were detected in wastewater and river
water. In all samples (influent, effluent and river water), ibuprofen was
detected most frequently with higher concentrations. The occurrence of
pharmaceuticals in the upstream of Mbokodweni River was observed which
could indicate that human activities play a major role in contamination of
water resources. The results of this study demonstrated the necessity to
conduct more research on the occurrence of acidic pharmaceuticals in all
South African water bodies including lakes and dams. Also, the
improvement in the wastewater treatment processes is required in order to

reduce the pollution of precious resources such as river water.
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ABSTRACT

In this study, the extraction of naproxen, ibuprofen and diclofenac in
Ladysmith water resources wa conducted by means of a muliemplates
molecularly imprinted polymer (MIP) as selective sorbent in solidbhase
extraction. Quantification was done using high performance liquid
chromatography with photo diode array detection system Bulk
polymerization of MIP was carried out at 70‘C for 24 hours and characterized
with differential scanning calorimetry, x-ray diffraction and zeta potential.
The analytical method detection limits for naproxen, ibuprofen and diclofenac
in wastewater treatment plant effluent were 0.23, 1.02 and 0.30gpL %,
respectively. Recoveries obtained for wastewater, river water, deionized water
and drinking water treatment plant (DWTP) samples spiked with 5 g L ! of
target compounds were greater than 80%. All compounds were not detected
in DWTP samples, whereasin river water the concentrations were generally
higher in the upstream than the downstream. The maximum concentrations
detected in river water for naproxen, ibuprofen and diclofenac were 2.77, 6.72
and 2.58 |g L, respectively. Only diclofenac was premt in wastewater at
concentrations above the limit of quantification. In conclusion, the high levels
of naproxen, ibuprofen and diclofenac detected in river water could be

attributed to poor sanitation in Ladysmith.

KEYWORDS

Molecularly imprinted polymer, pharmaceuticals, water resources, solid

phase extraction
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1. Introduction

Analyte extraction and preoncentration are very crucial stepstlie analysis of
environmental pollutants. For instance, in environmental monitoring, both
sampling and sapte preparatiorare labour intensive and they constitute more than
80% of the analys time! To date, several sample preparation techniques including
solidphase extraction (SPE), solithase microextraction, hollow fibéased
liquid phase microextractiomd stir bar sorptive extraction have been reported for
the quantitative analysis of plmaaceuticals in the environment.In all these
aforementioned procedureSPE is the most used system where various traditional
sorbents that include hydrophilic lipoiic balance (Oasis HLB), Oasis MCX,
Strata X andCisare employe&?® Most recently, the application of molecularly
imprinted polymers (MIPs) as selective sorbents in gafidse extraction of
pharmaceuticals from agqaus samples have been repotfed Nowadays, MIPs
gain popularity due to higlselectivity and thermal stabilityre-usability, and

stability in agueous and orgarsiolventst314

Once extracted, pharmaceuticals are usually quedhtiising gasand high
performance liquid chromatograptiyPLC).%1>1®Derivatizationis required in gas
chromatographyGC)in order to improve the volatilitgf naproxen, ibuprofen and
diclofenac'®>!® It has been reported thagrivatizationhas a tendenctp increase
the analysis time and may lead to the faioraof unwanted productd.Due to
derivatization which is one of the cumbersome step inf8fb, performance liquid
chromatography (HPLC) is a preferred teiciue for the quantification ofaproxen,
ibuprofen and diclofenac in environmental samples. @ete of pharmaceuticals
using HPLC is usually caed out using photo diode array, fluoresceacd mass
spectrometry (MartineSena et al., 2016) detectdfs®

Naproxen, ibuprofen and diclofenac are acidic pharmaceuticals that belong to the
class of na-steroidal antinflammatory drugs (NSAIDs), hence, they are used to
treat inflammation and fevem humans® Upon consumption, naproxen, ibuprofen
and diclofenac are eliminated with 70, 10 and 10% of unchangeds,dr
respectively’® The sources of theserugs in the environmeratre associated with

the industries that manufactuneedical mixtures, the impact opharmaceutical
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industry on the environment, @issalof expired drugs, hospital wastewater and
wastes, and excretion of drugs and their metadsatiy animals and huma#As

Due to these reasons, naproxen, ibuprofen and diclofenac are widely detected in
water samples. In well developed countries such as in Europe, the evidence of
environmental monitoring of pharmaceutical compounds exist. In this, cas
pharmaceuticals have been detected ist@vaater influent and effluent, river water

dam waterlake watems well asn drinking water.®*82223n the context of African
continent, there is currently a lack of dadse which gives a map out overvietv

the distribution ofpharmaceutical drugs in the environment. This can be due to
unavailability of sensitive instrumentation such as liquid chromatogrepiyled

with quadrupole time of flight mass spectrometry detection system as most African
researchinstitutions are unable to afford the purchase or/and the running costs
associated with this modern technology. To address this, more research is directed
towards the development of sample preparation techniques that could enhance the
sensitivity of lesgxpensive laboratory instrumentation. In recent years, few papers
that are based on the occurrence of naproxen, ibuprofen and diclofenac in South
African wastewater andver water have been publish&*?’ These published
papers focused more on envimental monitoring of these drugs in water samples
that were collecteéfom major cities such as Durban and Johannesiloglate,

there are currently no South African reports on the occurrence of naproxen,
ibuprofen and diclofenac watersamples colleeid from rurabasedareas. Further

to this, the assessment of naproxen, ibuprofen and diclofenac in South African

studies have only been conducted in wastewater and river water.

To address these problertisis paper was aimed pyovide an initial assessmigof

water quality inrural based.adysmith by monitoring the occurrence of naproxen,
ibuprofen and diclofenac in water resources that includes the wastewater, river
water and drinking water. To achieve this din@ existing method for the synthesis

of multi-templagé molecularly imprinted polymerSPE application and HPLC
quantification was usett. The application of selective SPE sorbent was very

important as this could enhance the detection of target compounds at low levels.
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2. Experimental
2.1. Chemials, reagents and apparatus

The andytical standards that werased as templates in MIP synthesis were
naproxen (98%), ibuprofen (O 98%) and di
SigmaAldrich (Steinheim, Germany). In the synthesis of MIFvir2ylpyridine

(97 %) , -azobis(cytl@hexanecarbonitrile)  (98%), ethylene  glycol
dimethacrylate (98%) and toluene (99.7%) purchased from SAddrech

(Steinheim, Germany) were used as functional monomer, radical initiator, cross

linking monomer and porogenic selut, respectively. Solvents used in template

removal, soligdphase extraction and chromatographic mobile phasemetteanol

( 099. 9 %, H froin GSigngaAldridhe($teinheim, Germany), acetonitrile

(099. 9%, HPLC grade) from Merck (Dar mst
(100%) from Merck (Darmstadt, Germany) and formic acid (approx. 98%) from

Fluka (Steinheim, Germah Deionized water was produced from a water

purification system purchased from Lasec (Durban, South Africa).

2.2. Synthesis of multtemplates molecularly imprinted polymer

MIP was synthesized based method reported by Dat al'® 2012 andDuan et

al. 23, and modified fotheextraction of naproxen, ibuprofen and diclofemaour
previous work't®28 n t hi s wo r lazobisgcyclohaxganecafbonitrile)l 6
was dissolved in 50 mL of toluen¢hereafter1.51 mL of ethylene glycol
dimethacrylatavas addedNitrogen gasvas bubbledor 10 minutego provide the
inert atmosphere. The reaction vessel sealed and kept in an oil bath set atZ0
with constant stirring for 8 hours. Thereafter, the following chemicals were added
into the reaction mixire; naproxen (76.60 mg), ibuprofen (68.69 mg), diclofenac
(106.04 mg), acetonitrile (25 mL),~\2nylpyridine (0.25 mL), ethylene glycol
di met hacr yl at eazobigcyc®lexamadanpgnitrild) ,(6D dng) and
toluene (25 mL). The resulting solutionsyaurged with nitrogen gas for 10 minutes
and sealed. Thereafter, thelymerizationreaction wagefluxedat 70-C for 16

hours. The produced solmblymer was dried &0"C andmilled. The polymer was
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sieved and the particlesangi ng from 25 t o &nprintedn wer e

polymer (NIP) was synthesizedllowing similar reaction conditions with the
excluson of templates. Polymers were washed repeatedly to ensure complete
removal of templates with acetic acid in acetonit{l®% (v/v) followed by
acetonitrile Washng solutions from each cycle wesaalyzed with HPLC for the
presence of templates.

2.3.Characterization

Characterization of polymers was done with differential scanning calorimetry
(DSC), xray diffraction (XRD) and zeta potential. DSC was performed using a
thermal analysignstrumentmodel SDTQ60Pfrom Delaware (Newcastle, USA).
Both MIP and NIP were heated from 30 to 700-C using a heating rate of 0
C/min in DSC under nitrogen purge of 50 mL/min. In XRD analysis, the instrument
from Bruker AXS (Karlsruhe, Germany) was equipped with XRD commander for
data collection and Eva softveafor processing. The zeta potentials of polymer
particles dispersed in water were determined atQ4using a zeta instrument
(Model: Nanosight NS 500) obtained from Malvern Instruments Limited
(Worcestershire, UK).

2.4. Swelling studies

40 mg of each @lymer was transferred into a 15 mL centrifuge tube followed by
the addition of 10 mL of appropriate solve8blvents investigated were toluene,
acetone, acetonitrile and watdihe centrifuge tube was sealed and left at room
temperature for 48 hours, foled by centrifugation at 4000 rpm for 10 minutes.
The excess solvent was discarded and the weight of the wet (swollen) polymer was
recorded.Each experiment was done in triplicatEhe swelling capacity was

calculated using equation (1):

Swelling capacg =———— p T Q)
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where swellig capacity is expressed as % ifmy & is the weight of the wet
MIP/NIP andd is the weighof the dry MIP/NIP?°

2.5. Samplingand study sites

Water samples were collected from Ladytbrvater resources (Table 1 and Fig. 1)
using precleaned glass containefSamples were collected from the following
water resources; wastewater treatment plants (WWTPs) (site numbers 3 and 6),
river water (site numbers 2, 4, 5 and 7) and drinking wetdatment plant (DWTP)

(site number 1)Field measurements that includes dissolved oxygen, conductivity,
pH, total dissolved solids and salinity were recorded in the sampling sites using a
potableBante900P mukiparameter water quality meter that was pased from

Bante instruments (Shanghai, Chindjie collected samples wesentto the
laboratory wherethe suspended solids were immediately removed by filtration
through a 0.45 um membrane filters purchased from Pall Corporation (Michigan,
United States The pH in each sample was adjusted to 2.5, thereafter, samples were

kept in the refrigerator at®€ until analysis.

Study sites are located in KwaZtiNatal povince which is positioned on the
southeastern seaboard of the Republic of SAtriba. Thegeographic area dhe
province is94,361 km. This province has @opulation of just over ten miti
people with a density of 110 people perfidhLadysmith has one WWTP that
receives used water for treatment from the local householdown and
surroundingarea and small industries, whereas another plant is located in eZakheni
Township. EZakheni WWW only receives wastewater from domestic sources of
the township. Water after treatment from both WWTPs ishdigged into Klip
River. Sampling was doni& the upstream and downstream of the Klip River.
Within the Ladysmith region, there is a drinking watteatment facility. In this
case, the water is withdrawn from the local dam for treatment prior to its release to
the consumers. In this study, water prior and post treatment in drinking water

treatment facility is referred to aaw waterand effluentyespectively.
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Table 1 Global Positioning System (GPS)-oadinates for the sampled water

resources
Sampling site GPS Ceordinate Site number
Ladysmith WWTP S28.57136'E29.80273 3
EZakheni WWTP S28.63787'E29.92303 6
Ladysmith DWTP S28.56119'E29.777794 1
River upstream of Ladysmith WWTI S28.55212'E29.74923' 2
River downstream of Ladysmit S28.58744'E29.8149Y 4

WWTP

River upstream of eZakheniWTP  S28.6343%'E29.91869
River downstream of eZakhel S28.6385¢’'E29.9235% 7
WWTP

a1
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Figure 1 Maps showing the study area, where (a) shows nine South African

Provinces, (b) shows the location of Ladysmith in KwaZnatal and sampling
sites areshown in (c)
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2.6. Molecularly imprinted solid-phase atraction

For sample preparation, the method described prdyiowss adopted and
applied!! This was done by packing 50 mg of MIP particles in a form of acetonitrile
slurry in 3 mL SPE cartridge Polypropylene frits were fitted at the bottom and top
of the prepared MIP sorbent. dlecularly imprinted soligphase extraction
(MISPE) cartridge was conéined with 2 mL of acetonitrile. Equilibration was
done with 2 mL of deionized water at pH 2With the assistancef the vacuum
pump, 50 mL of the sample acidifigd pH 2.5 was loadedat 0.3 mL/min.
Thereafterwashing of the matrix interfering species was done @ithL of 10%
(v:v) methanol in watefThe retained compoundsere removed from theosbent
with 2 mL of acetic acid in acetonitril@0% (v:v). This was followed by the
injection of20 pL of eluted extracinto the HPLC system. For regeneration of MIP
after single application, the cartridge wsshedwith acetic acid in acetonitrile
(20% (v:v))followed by washing with 3 mL of acetonitrile.

2.7. Chromatographic conditions

Compounds were analyzed using HPLC system that was purchased from Shimadzu
Corporation (Kyoto, Japan). HPLC system was equipped with an online mobile

phase degasseniti(Model: DGU2 0 A3 ), sampl e |l oop {20 eL),
20AB), photo diode array detector (Model: SRR20A) and Shimadzu LC

solutions software. The chromatographic separation was performed on a Kinetex
CsHPLC col umn of 150 x 4 fré&m Phnenomiex 2. 6 e
(California, USA) using a mixture of acetonitrile: 0.2% formic acid in water (60:40,

v:v) as the mobile phase at a flow rate of 0.8mih?. Detector wavelengths were

200 nm for monitoring ibuprofeand diclofenac while naproxevas quanfied at

230 nm.

2.8. Quality assurance and analysis

The analytical method was verified using linearity, precision, accuracy, method
detection and quantification limitsor analysistarget compounds werbserved

in the chromatograms of environmental gdas based onthe retention times
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obtained from direct injection of standard solutions and those of real samples after
extraction For quality assurance, the standard solutions and prepared samples were
injected in triplicateThe presence of target compmisin environmental samples

were confirmed with photo diode array (PDA) spectfomindividual compounds

as previously described This was done by matching the spectrum of the pure
compound with the one obtained during the analysis of the environnsantgle.
External calibration method was used for quantification of naproxen, ibuprofen and

diclofenac in water samples.

3. Results and Dscussion
3.1. Characterization and swelling analysis

Characterization with DSC resulted in two endothermic peaksajoroxen which

were due to the melting transition at 160and thermal degradation of the drug at
270C, as shown in Fig. 2. These two peaks were not observed in both polymers
which is an indication of total removal and omission of templates from the MIP and
NIP, respectively. DSC thermograms of MIP and NMere similar with
endothermic peak at 38D which is associated with the thermal decomposition of

both polymers.

The Xray diffractograms (Fig. 3) indicate that the prepared polymers have
amorphous nature, due to the lack of pedkss observation isniagreement with

the study which showed the lack of crystallinity MiP designed for abacavir (an
antiviral drug) and the corsponding NIP3! Amorphous nature of MIP and NIP
was justified due to strong interactions between the template and the masecher

in pdymerization®!

Zeta potentials for MIP and NIP wei6.5 mV and18.9 mV, respectively (Fig. 4

() and (c). This means that the hydrodynamic surface charge of both polymers
was negative, which also explains high adsorption of templatebathtdlIP and

NIP surface that was observed previously especially at low®pHhas been
reportecthat the maximum adsorption of target compounds onto the surface of the
MIP takes place in acidic conditions where the analytes atenated1° MIP

that was loaded with all target compounds at pB @ave a zeta potential of 0 mV
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(Fig. 4 (b)). This phenomenon waspictedusing a scheme in Fig. Which showed

the orientation of adsorbed compounds on the surface of MIP molecule. In this
figure, a clear pictre of the protonated templates which are attached via their
carboxyl end is demonstrated. In this case, the pH control played a significant role
on the retention of these acidic molecules on the surface of the MIP. This
phenomenon implied that the acidmolecules at their ionized forms which can be
obtained at high pH would have been less retained by the MIP. However, this can
be reversed by lowering the pH of the system which led to high retention of the
acids. Further to this, it was previously explathehat the hydrogen bonding
interactions takes place between the carboxylic groups of target compounds and the

nitrogen atom of the functional monomer as showpravious worlk®

From swelling analysis, it was discovered that the swelling of the MIP agas |
when compared to the NIP (Fig. @)his trend was observed organicsolvents
(with differentpolarities) and wateiThe swelling trend followed the polarity order
of toluene>acetone>acetonitrile>water. It has already been docuntieatedhen
bulk pdymerization wa used in the synthesis of MIP, the partielesild increase
in size (diameter) depending on the type of the solvent used in rebindirtlyigsind
could cause variatios in the binding site caviti€$ This could ultimately altethe
arrangemeiof funcional groups of the MIP, and coukehd to a loss of recognition
by affecting interactions between tlaeget compounds and the polymi&rhis was
evident in previous study, where the recognition abilities of aertiplates MIP

varied in diffeent organic solvents.
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Figure 2 DSC curvedor the characterization ®fllP, NIP and naproxen.

Figure 3 X-ray diffractogramdor the characterization ®flIP and NIP.
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