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Abstract. This review focuses on the occurrence and distribution of 17 targeted human pharmaceutical
compounds from the most common therapeutic classes. These include one analgesic (acetaminophen), three non-
steroidal anti-inflammatory drugs (NSAIDs) (acetylsalicylic acid, diclofenac, ibuprofen), two antidiabetic drugs
(gliclazide, metformin), three antihistamines (cetirizine, chlorphenamine, ranitidine), four antihypertensives
(amlodipine, atenolol, metoprolol, prazosin), one lipid regulator (simvastatin), one anti-convulsant
(carbamazepine), one bronchodilator agent (salbutamol) and one stimulant (caffeine) which have been detected
globally in various aquatic environmental matrices such as surface water, drinking water, ground water, seawater,
influent and effluent of municipal wastewater treatment plants (WWTPs), hospital and industrial treatment plants,
among others. The most common analytical method used involved solid phase extraction (SPE) and liquid
chromatography coupled to mass spectrometry. The concentrations of all drugs investigated in all aqueous
matrices varied from 0.5 to 85,000 ng/L for the highest concentration in the aqueous matrices in Southeast Asia.
This review provides the first compilation on human pharmaceuticals in Southeast Asia in surface water, domestic
wastewater (influent and effluent) and drinking water.

Keywords: Pharmaceutical; Malaysian aquatic environment; LC-MS/MS; Southeast Asia.

Resumen. Esta revision se centrd en la aparicion y distribucion de 17 farmacos de uso humano pertenecientes a
las clases terapéuticas mas comunes y consiste en un analgésico (acetaminofeno), tres medicamentos
antiinflamatorios no esteroideos (AINE) (4cido acetilsalicilico, diclofenaco, ibuprofeno), dos antidiabéticos
(gliclazida, metformina), tres antihistaminicos (cetirizina, clorfenamina, ranitidina), cuatro antihipertensivos
( atenolol, metoprolol, prazosina), un regulador de lipidos (simvastatina), un anticonvulsivo (carbamazepina), un
agente broncodilatador (salbutamol) y un estimulante (cafeina), y que se han detectado globalmente en varios
tipos de matrices ambientales acuaticas como el agua superficial, agua potable, agua subterranea, agua de mar,
afluente y efluente de plantas de tratamiento de aguas residuales municipales (EDAR), plantas de tratamiento
hospitalarias e industriales entre otras. El método analitico mas utilizado involucro extraccion en fase sélida (SPE)
y cromatografia liquida acoplada a espectrometria de masas. Las concentraciones de todos los farmacos
investigados en todas las matrices acuosas variaron de 0,5 a 85.000 ng / L, y presentaron la concentracion mas
alta en las matrices acuosas en el pais del sudeste asiatico. Esta revision proporciona el primer informe
recopilatorio sobre un estudio de productos farmacéuticos humanos que se ha realizado en el sudeste asiatico y se
centra en aguas superficiales, aguas residuales domésticas (afluentes y efluentes) y agua potable.

Palabras clave: Farmacéutica; medio acuatico de Malasia; LC-MS / MS; Sudeste de Asia.
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Introduction

The issue of pharmaceutical pollution in aquatic environments has received critical attention globally
since the first determination of pharmaceutical compounds i.e. colibric acid and salicylic acid was reported in
1971 with a concentration of 1-2 pg/L in the German municipal sewage [1]. Expanding from that, various water
matrices have been investigated to confirm the ubiquitous and widespread presence of such compounds in
drinking water [2,3], surface water [4,5], wastewater from municipal, hospital and industrial sewage plants [6-
10], groundwater [11,12] seawater [13, 14] and even swimming pools [15,16]. Global concern has arisen due to
the potential risks and adverse health effects among aquatic organisms, wildlife and humans through water
consumption or food chain, although the specific effects of these compounds are little known or unclear [17]. The
presence of several pharmaceutical compounds especially in drinking water has increased health concerns in the
public since these compounds are usually designed to be biologically active and interact with specific pathways
and processes in humans and animals [18]. Although the concentration of any given drug might be very low (in
the range of few ng/L) compared to the therapeutic doses (in the ranges of milligrams), consideration must be
given to the combinatory effects and toxicological concerns regarding the release of pharmaceuticals in the
environment, including the inducement of abnormal physiological processes and reproductive impairment,
increased incidences of cancer, development of antibiotic resistant bacteria and the potential for increased
toxicities when complex chemical mixtures sharing a similar mode of action occur in the environment [19,20].
Consequently, several pharmaceutical compounds have been classified as potential endocrine disruptors, such as
diclofenac [21] and metformin [22], which are capable of disrupting the human endocrine system and wildlife.

Pharmaceuticals are a diverse group of chemicals either synthetic or natural that consist of prescription
medicines, over-the counter therapeutic drugs and veterinary drugs which aid the diagnosis, cure, treatment, or
prevention of disease [23]. The extensive use of pharmaceuticals has led to the increased presence of these
emerging pollutants in the source water of the sewage treatment plants (STPs) [24]. Pharmaceuticals taken by
humans that are not completely absorbed in the bodies will enter wastewater during excretion (urine and feces)
together with their metabolites/ transformation products. However, conventional STPs are not designed to
eliminate these complex, multiple-classed micro-pollutants, thus carrying those residues via effluent discharge
into the receiving river. Other sources may also come from groundwater leachate, production residues, improper
disposal of expired medicines and unused drugs, landfill leachates and accidental spillage during manufacturing
and distribution of drugs, all of which eventually end up in surface water and the groundwater system [25]. A raw
water supply from aquatic environments such as rivers, lakes or groundwater which contains these pharmaceutical
residues will be then treated and supplied as drinking water to residential areas. Again, conventional drinking
water treatment systems also have limited capability to eliminate these micropollutants; thus, humans can be
exposed to these pharmaceutical residues via drinking water consumption [26].

Southeast Asia (SEA) consists of 11 countries including Brunei, Cambodia, Malaysia, Laos, Vietnam,
Singapore, Indonesia, Myanmar, Philippines, Thailand and Timor-Leste (Fig. 1). Relatively little is known about
the occurrence of the pharmaceuticals in water bodies in developing Southeast Asian countries, as the use of
pharmaceuticals is rapidly growing, and environmental regulations are not well established. Even so, there are a
few publications on the occurrence of selected pharmaceuticals studied in SEA that have been reported in surface
water [27], seawater [28], wastewater from domestic and hospital sewage treatment plants [6] and groundwater
[29]. Conversely, such studies have been well documented in several developed regions such as Europe [30,31]
America [33,34], the United Kingdom [13,35], the United Arab Emirates [13,35], Australia [36,37], China
[38,39], India [40,41], Japan [42,43] and Korea [44,45]. Other non-targeted compounds reviewed in this paper
also have been investigated previously in SEA water bodies, including antibiotics and hormones [46-48]. SEA
may have been neglected by studies such as these because the pollutants are not regulated yet as environmental
pollutants. Additionally, detecting very low or trace level concentrations requires expensive and highly sensitivity
analytical instruments [20].
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Fig. 1. Maps of South East Asia (SEA) countries.

Thus, this review aims to provide comprehensive information on the occurrence and distribution of 17
selected human pharmaceutical compounds in different aquatic environments, focusing in surface water and
domestic wastewater (influent and effluent) in Southeast Asia and with particular reference to Malaysia. There
are no reports available in the literature on the occurrence of the targeted compounds in drinking water matrices
in Malaysia and other Asian countries. The analytical methods and procedures used for sample preparation
(extraction), detection and quantification of these pharmaceuticals are also presented. To the best of the authors’
knowledge, this is the first comprehensive review of the occurrence and distribution of pharmaceuticals in
Southeast Asia. The data compiled in this study will serve as reference and baseline for future research aimed
towards the prevention and mitigation of environmental water safety and security around the world.

Experimental

Selected pharmaceuticals
Target compounds

This review focuses on 17 target pharmaceutical compounds representing a wide range of different
therapeutic classes. The molecular structures of these target compounds are shown in Fig. 2. Malaysia has been
taken as a reference for selecting pharmaceutical compounds in this study. Fourteen (14) of these have been
selected based on top 50 medicines utilized in the last published Malaysian Statistic of Medicine 2011-2014 report
[49] i.e. amlodipine (AML), gliclazide (GLI), metformin (MEF), simvastatin (SIM), atenolol (ATE),
acetylsalicylic acid (ASA), metoprolol (MET), acetaminophen (ACE), cetirizine (CET), salbutamol (SAL),
chlorphenamine (CHL), ranitidine (RAN), diclofenac (DIC) and prazosin (PRA). The other three (3) compounds
i.e. caffeine (CAF), carbamazepine (CBZ) and ibuprofen (IBU) have been selected based on previous high
frequency detection in Southeast Asian environment water samples [27,28,50] as well as in other countries [34,
51-53]. A few of the pharmaceuticals selected in this study are also classified as over-the-counter (OTC) medicines
in Malaysia, such as ACE and ASA, while some have been reported as having potential to be endocrine disruptors,
such as DIC [21] and MEF [22].
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Fig. 2. Molecular structure of 17 targeted compounds.

Drug consumption in Malaysia

Drug consumption or usage patterns for a given country may differ from other countries or even between
areas within that country due to numerous factors including differences of demographic, epidemiology of disease,
medical approaches or economic conditions [54]. The consumption of drugs in a country affects the presence of
these drugs in its aquatic environment, particularly in sewage. In Malaysia, pharmaceutical use is published by
the Ministry of Health (MOH) via Malaysian Statistics of Medicines (MSOM) since 2006. They report on the
pattern of medicine consumption in the country both from public and private sectors. The Anatomical Therapeutic
Chemical (ATC) code set by World Health Organization (WHO) is used as an international classification system
to present the statistics of medicine use in Malaysia, and the unit of measurement is based on defined daily doses
(DDDs) per-1,000 population per-day. Based on the ATC code, the target pharmaceuticals with ranking among

top 50 drugs (2014) are shown in Table 1.

National estimates for use of target compound studied in Malaysia for ten years (2004 to 2014) are
presented in Fig. 3. An antihypertensive (AML) and antidiabetic (GLI) were among the most commonly used

drugs among the Malaysian population.

Table 1. Top 50 drugs by utilization in Malaysia, 2014 [49].

Rank | Therapeutic Group (ATC) ATC Drug DDD/1000P/ day®
1 Calcium c?ég;)el blockers | ogca01 Amlodipine 50.1211
2 Diabetics (A10) A10BB09 Gliclazide 41.0273
3 Renin'ang(iggeg)sm system | 09AA04 Perindopril 25.9873
4 Diabetics (A10) A10BA02 Metformin 20.6369
5 Lipid m"(‘gflyoi;‘g agents | c10AA01 Simvastatin 16.2547
6 Diuretics (C03) CO03AA03 Hydrochlorothiazide 12.4333
7 Beta blocking agents (C07) C07AB03 Atenolol 10.9477
8 Antithrombotic agents (B01) | B0O1AC06 Acetylsalicylic acid 10.3979
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9 Beta blocking agents (C07) C07AB02 Metoprolol 9.4438
10 Analgesics (N02) NO02BEO1 Acetaminophen 8.2070
11 Antihistamines (R06) RO6AE(07 Cetirizine 6.5933
12 Obs"““‘“;ﬁ:)gv)vay diseases | p03AC02 Salbutamol 6.4898
13 Lipid modifying agents (C10) | C10AA05 Atorvastatin 6.1656
14 Remn'a“g(‘gg;)sm System | c09AA02 Enalapril 6.0175
15 Lipid modifying agents (C10) | C10AA02 Lovastatin 5.9679
16 Diuretics (C03) C03CA01 Furosemide 5.9522
17 Antihistamines (R06) R06AB04 Chlorphenamine 4.9917
18 Diabetics (A10) A10BBO1 Glibenclamide 4.3279
19 Antihistamines (R06) ROGAAS2 Diphenhydramine, 4.3129
combinations
20 Antihistamines (R06) R0O6AX13 Loratadine 4.2883
21 Calcium C?gggfl blockers | cogca02 Felodipine 42768
22 Acid related disorders (A02) | A02BA02 Ranitidine 4.0886
23 Antianaemic B03AA02 Ferrous fumarate 3.9781
24 Antiinflammatory (M01) MO01AB05 Diclofenac 3.9591
25 Corticosteroids (H02) HO02AB06 Prednisolone 3.9256
26 Sex hormones (G03) GO3AA07 Levonorgestrel and 3.8746
ethinylestradiol
27 Sex hormones (G03) G03AC06 Medroxyprogesterone 3.7497
28 Diabetics (A10) A10BD02 Metformin and 3.5345
sulfonylureas
29 Sex hormones (G03) GO3AA09 Desogestrel and 3.3859
ethinylestradiol
Insulin (human),
L intermediate- or long
30 Diabetics (A10) A10ADO1 acting combined with fast 3.3272
acting
31 Obsmtwe(gorg")ay diseases | p03BA02 Budesonide 3.1825
Imidazoles/triazoles in
32 Antifungals (DO1) DO01AC20 combination with 3.1752
corticosteroids
33 Antibacterials (JO1) JOICA04 Amoxicillin 3.0531
34 Calcium C?éggfl blockers | o305 Nifedipine 3.0030
35 Corticosteroids (D07) D07ACO01 Betamethasone 2.9002
36 Acid related disorders (A02) A02BCO1 Omeprazole 2.8203
37 Antiinflammatory (MO1) | 161 A g1 Mefenamic acid 2.7791
38 Cardiac therapy (C01) CO1EBIS5 Trimetazidine 2.6615
39 Remn'a“g(‘gg;)sm SYStem | c09CA07 Telmisartan 2.6592
40 Remn'a“g(‘gg;)sm System: | co9cA01 Losartan 2.2919
41 Antihypertensives (C02) C02CA01 Prazosin 2.2055
42 Antithrombotic agents (B01) | B01AC04 Clopidogrel 2.1637
43 Corticosteroids (D07) D07AA02 Hydrocortisone 2.1467
44 Ophthalmologicals (S01) SO01AAO01 Chloramphenicol 2.1004
45 Diabetics (A10) A10ABO1 Insulin g;‘t‘ir:ll;“)’ fast- 2.0415
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Renin-angiotensin system

46 (C09) C09CA04 Irbesartan 2.0365

47 Renm'a“g(‘g%";)sm system | c09AA01 Captopril 1.8622

48 Diabetics (A10) A10ACO1 Insulin (human), 1.8621
intermediate-acting

49 Corticosteroids (D07) D07ADO01 Clobetasol 1.8257

50 Lipid modifying agents (C10) | CI0AAQ07 Rosuvastatin 1.7380

2DDD/1000/P/day: defined daily dose/ 1000 population/ day
*Bold font refer to target compound
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Medicine Utilisation
DDD/1,000 inhabitants/day
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2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 | 2014
e AML 6,580 6,610 5,270 9,000 13,610 16,310 29,720 20,920 41,430 46,250 50,120
e=GLl 5,650 5,300 5,960 20,080 18,810 19,860 25,760 25,390 33,470 37,260 41,030
e VIEF 11,740 11,990 13,150 14,390 13,550 13,590 14,310 13,970 17,040 17,720 20,640
e—SIM 7,900 8,310 6,570 4,550 4,320

e ATE 13,080 10,360 12,030 12,780 10,190

e AS A

e MET 10,990 11,660 12,340 12,110 10,890

e ACE

e CET 2,650

e SAL 6,340

e CHL 5,730

e RAN 3,180
DIC 5,350
PRA 2,450

6,230 7,420 7,060 6,030

1,830
3,690
3,200
1,600
3,720
2,400

1,730 2,340
4,350 5,730
3,950 4,100
1,710 1,830
3,590 4,160
2,330 2,370

2,130
3,770
2,820
1,830
3,170
1,960

3,740 5,020 6,410 11,830 15,290 16,250
8,940 9,150 10,260 10,160 /10,260 10,950

6,520 6,960 6,650
9,980 9,980 8,160

7,810

4,690
2,780 4,510
5,650 5,350 4,000
2,120 3,580 2,640
4,890 3,310 3,510
1,810 2,190 1,720

8,140
8,880
7,880
6,120
5,000
4,400
3,200
4,380
1,640

9,470 10,400
9,370 9,440
8,180 8,210
7,070 6,590
5,640 6,490
4,640 4,990
3,510 4,090
4,080 3,960
1,960 2,210

Fig. 3. National estimates for use of target compound studied in Malaysia year 2004-2014 [49,54-58].
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Physico-chemical properties of target compounds

The physical and chemical properties of pharmaceuticals, such as molecular weight, acid dissociation
constant (pKa), octanol/water partition coefficient (Log Kow), solubility, vapor pressure or Henry’s law constant
(KH), provide important information about the transportation of chemicals in the human body in addition to the
air-water-soil environment compartment and also the transport between immiscible phases during analytical
extraction. Log Kow, also referred as Log P, determined the hydrophobicity based on the n-octanol reference
system. The larger the value of Ko, the greater is the tendency of a solute to escape from water and transfer to a
bulk hydrophobic phase. Log Kow can be defined as low, if its value is less than 2.7, medium, if 2.7 <log Kow <3.0
and high, when the value is larger than 3.0. Solubility is the maximum amount of a chemical that can be dissolved
into another at a given temperature. Vapor pressure refers to the volatility of a pure substance into the atmosphere,
while Henry’s law constant refers to the volatility of a compound from liquid solution into the air. The larger the
magnitude of the Henry’s law constant, the greater the tendency for volatilization from the liquid solvent into the
gaseous phase. These properties are vital in determining whether a compound is more likely to concentrate in the
aquatic or atmospheric environmental compartment. Vapor pressure and water solubility can be ranked as low,
medium and high with values of 107, 10°<KH<10"2 and >102 mm Hg, for the former, and <10 ppm, 10-1000
ppm and >1000 ppm, for the latter. Generally, high water solubility is accompanied by low hydrophobicity. The
pH of the aqueous phase determines the distribution of ionized-non ionized species in the solution. When the
solution pH = pKa, half of the compound is ionized while half is non-ionized. When pH > pKa for compound, the
ionized species become predominant and vice versa [59]. The physicochemical properties of target compounds
are shown in Table 2.

Sample preparation and analytical techniques

The key for the successful detection of the trace level pharmaceutical residues (ng/L to lower pug/L) in
various environmental water samples is largely attributed to advances in analytical techniques and instrumentation
currently available [60]. Since there is no standard method at present to detect vast number of pharmaceuticals
currently in use, it is necessary the continuous development of new analytical method [61]. Developing techniques
for pharmaceuticals analysis is challenging because drugs represent a broad spectrum of compounds with their
unique physical and chemical properties [62]. Sample preparation is the most tedious and time-consuming step
and the source of much imprecision and inaccuracy of the overall analysis [63]. This step requires the removal of
interfering compounds from the sample, isolate analytes, enrich the analyte or improve the detection properties
through derivatization [64]. Among a number of extraction techniques, solid phase extraction (SPE) allows
simultaneous extraction, sample clean up and sample concentration and can be performed either online or offline.

Various analysis techniques have been found to be suitable for reliable detection of such drugs
compounds in the aqueous environmental matrices. However, a highly sensitive method is required to attain lower
ng/L of quantitation limits. The separation of non-volatile to mid-volatile compound with high hydrophilicity
characteristic such as pharmaceutical compounds is often best carried out by using liquid chromatography (LC)
[65]. However, other analytical approaches such as gas chromatography (GC) have also been reported to separate
these compounds by adding derivatization agents such as PFBBr, BSTFA, or TMCS to increase compound
volatility prior to analysis [66,67]. Among the various detectors used in conjunction with LC, mass spectrometry
(MS) has become one of the most widely used in pharmaceutical method development because it allows quick
molecular weight confirmation and structure identification. Other detectors that can be used include the diode
array detector (DAD) and ultraviolet (UV) detector [68-71].

Nowadays, a combination of advanced solid phase materials together with analytical instruments such as
ultra-high-performance liquid chromatography tandem mass spectrometry (UHPLC-MS/MS) is the most suitable
approach [1,60]. Numerous applications of LC-ESI-MS/MS have been reported for determining the presence of
pharmaceuticals in environmental water samples [72-74] since it allows the determination of a broader range of
polar compounds and thus permit more comprehensive assessment of environmental contaminants. LC-MS-MS
offers very good sensitivity and selectivity in the trace analysis of environmental pollutants [75].

The analytical techniques for detecting the compounds targeted in this study in different water matrices
are presented in Table 3. The influence of the type of SPE (online and offline) occupied and SPE cartridges used
on the recovery result have also been highlighted. The detection limits for each analysis are also shown.
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Therapeutic . Water Vapour R
Group/ CAS No. Molecular Formula h{g‘:;’:)gl)h t (%Eé) %{(:g Solubility pressure Hemg tinL:r‘l?; E(:)lll)stant
Compound i (mg/L) (mm Hg)
Analgesics/ Anti Inflammatory/ NSAIDs
ACE 88150-42-9 CsHoNO, 151.16 9.38 0.46 14000 7.00 x 106 6.42x 103
ASA 21187-98-4 CyHzO4 180.17 3.49 (at 25°C) 1.19 4600 2.52x10° 1.30x 10°
DIC 657-24-9 C14H19CLbNO,.Na 318.13 4.15 4.51 2.37 6.14x 10 4.73 x 102
IBU 79902-63-9 C13Hiz0, 206.28 491 3.97 21 1.86 x 10+ 1.50 x 107
Anticonvulsant
CBZ | 50-782 | CisHi2N>O 23627 | 13.9 | 245 | 17.7 | 1.84x107 | 1.08 x 1071
Antidiabetic
GLI 51384-51-1 CisH21N;0sS 323.41 4.07/1.38 2.12 190 - 7.7 x 10710
MEF 103-90-2 CaHiNs 129.16 12.4 -2.64 soifftfrm 7.58x 10° | 7.64x 107 atm-cu m/mole
Antihistamine
CET 83881-51-0 C21H25CIN,O;3 388.89 3.6/7.79 -0.61 101 2.98x 10" | 4.19 x 10”7 cu cm/molec-sec
CHL 18559-94-9 C16H19CIN, 274.79 9.13 (at 25°C) 338 | 5500 (at 37°C)
1.12x 10° 4.07x 1010
RAN 113-22-9 C13H22N40sS 314.40 8.08 0.27 24700 1.20x 107 3.42x 10°1°
Antihypertensive
AML 66357-35-5 C20Ha5CIN>Os 408.88 19.12/9.45 3.00 75.3 1.19x 107 2.91x 107
ATE 15307-79-6 C14H2N, 05 266.34 9.6 0.16 13300 2.92x 10710 1.37x 10°'8
MET 26787-78-0 Ci5Ha2sNOs 267.36 14.09/9.67 1.88 16900 2.88 x 107 1.4x1018
PRA 19216-56-9 Ci9H21N504 383.40 7.24 1.28 | 500 (HCl salt) - 7.95x 10
Bronchodilator
SAL | 18559-94-9 | C13H,NO; 23931 | 10.3 | 0.64 | 14300 | 89x10° | 6.4X10"° atm-cu m/mol
Lipid regulator
SIM | 79902-63-9 | CasHis0s 41857 | 1491/-28 | 468 | 0.765 | 423x10"2 | 2.8X10'° atm-cu m/mol
Stimulant
CAF |  58-08-2 | CsH10N4O, 19419 | 104 (at40°C) | -0.07 | 21600 | 15 (at 89°C) | 1.9x 10"
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Compound Matrices Analytical techniques SPE cartridge Analytical column Detection Limit | Recovery (%) Ref
MET, SAL, RAN, Oasis HLB Metasil Basic C18 MDL
ACE, CAF,1BU | SW>GW | SPE HPLC-ESI-MS (0.5 g, 6mL) (150mm x 2.0mm, 3 um) | 3.4-30 ng/L >4-116 [73]
ATE, IBU, RAN, SPE, HPLC-ESI- Oasis MCX, pH 2 Luna C8 LOQ
SAL. CBZ WW, SW MS/MS Lichrolut EN,pH7 | (50mm x 2.0mm, 3um) 0.9-2.08 ng/L 36-106 [74]
Oasis HLB Prospekt
. Luna C18 (2)
DW, SW, Online SPE-LC- (30um, 2.5 mg, LOQ
ATE, CBZ WW MS/MS 10mm x 1mm, 96 (150mm x 4.6mm, 5pm) 20-70 ng/L 97-117 [78]
tray)
ACE, AML, X ZORBAX SB-C18,
ATE, CHL, MEF, | SF,WW | SPE,LC-ESLMSMS | SUF 1\6/[&( )(3°m > | (2.1mmx100mm, 1.8um) QL L8110 1]
MET, SAL, SIM, (EFF) & ZORBAX Extend-C18, 10-10000 ng/L
DIC, GLI (2.1mm x 100mm, 3.5um
CAF, CBZ, DIC, SF, DW, Oasis HLB (3cm?, Thermo Scientific C18 IQL
GLI PRA. SIM WW SPE, LC-ESI-TOF/MS 60me) (250 mm x 2.1 mm, 5um) | 800-5000 ng/L 15-110 [79]
. PLRP-s
ATE, CAF, CBZ, Online SPE-LC- Poroshell 120 EC-C18 MDL
DIC, IBU WW, SW MS/MS (125 mmx 2.1 mm, | 50005 {mm, 2.7um) 0.1 2.8 ng/L 86-118.5 [72]
15 - 20 mm)
Oasis WAX (150 mg;
ACE, ATE, CBZ, . : BEH C18 (100mm x MQL
1BU, MET. SAL DW SPE/UPLC-MS/MS | 6 mL), Oasis HLB 2 1o, 1.7um) 0.02-2 nglL 64.7-124.3 [80]
(500 mg; 6 mL)
SPE, LC-ESI-MSD Oasis HLB (6 mL, Agilent C18 (150 mm x LOQ
ASA, DIC, IBU SW Trap 150 mg) 46mm,5 pm) 4.68-969 ng/L, | 131008 [68]
. Kinetex™ XB-C18 100 A
CBZ, DIC, MET TapW SPE, UHPLC-Ms/Ms | Q2SS HEB (150mg, | =05 5 1 mm, 17 MQL 100.6-109.3 2]
6 mL) um) 0.15-0.59 ng/L
ACE, CAF, CBZ, OASIS HLB (200 | UPLC BEH C18 (100 mm LOQ
IBU SW SPE, UPLC-MS/MS me) x 2.1mm, 1.7 um) 0.3-0.6 ng/L >7-130 [4]
CAF, CET, MEF, SPE, HPLC-ESI-MS- Oasis HLB 3cc Agilent Extend-C18 (50 LOQ
RAN ww MS (60mg) mm x 2.1 mm, 1.8um ) 0.1-2.3 ng/L 15.2-96.06 [36]
. Agilent XDB C18
ACE, CAF, CBZ, SPE, UHPLC-ESI-MS- | Oasis HLB (200mg, MDL
DIC, MET SW MS 6mL) (150mm i r3n;) mm, 3.5 0.9-59 ng/L 66.6-112.7 [81]
ACE, AML, SPE, UHPLC-QqLIT- Oasis HLB (60 mg, Acquity HSS T3 (50 mm
ATE, CBZ, DIC, SW MS/MS 3mL) x 2.1 mm, 1.8 pm) 0.3-17.4 ng/L 26-91 [82]
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IBU, MET, RAN, Acquity BEH C18 (50 mm
SAL x 2.1 mm, 1.7 um)
ACE, ASA, DIC, Taf\;t\&;w SPE, UHPLC-ESI-MS- Strata-X s ggzefzcll fnm MDL 54.120 (83]
IBU, CBZ SW. SeaW MS (200 mg, 3 mL) 1.7um) 0.04-32.9 ng/L
Oasis HLB SPE Agilent SB-C18 (100 mm LOQ
DIC, IBU SW SPE, HPLC MS/MS (500mg, 6mL) x 3.0 mm, 1.8 um) 0.26-0.38 ng/L 94-106 [84]
*SW- Surface water, GW- Groundwater, DW- Drinking water, WW- Wastewater, TapW- Tap water, BotW- Bottle water.
Table 4. Occurrence and distribution of targeted human pharmaceuticals in various water matrices in SEA countries
) ) Concentration Range (ng/L)
Location Sampling Info Compound SW INF STP EFF STP GW Ref
April 2008 - March 2009
. (dry), n=12-14
Singapore 1 Jan - 14 April 2010 (wet), IBU <2-76 [85]
n=23-24
24 Ph ACE 25-1163 1530-337,035 <MQL (5)-485
GW (n:§O) CAF 265-14,418 4219-359,400 97-5066
Singapore SW (n=42) CBZ 0.5-53.5 6.1-939 <MQL (0.3)-93 [29]
Raw WW (n=20) DIC <MQL (1.5) <MQL (3)-950 <MQL (1.5)
IBU <MQL (5)-111 <MQL (10)-2445 <MQL (5)
ACE 28-435 67-1970 4-734
June 2011, Sept 2011 ASA 181-7520 75-16000 40-553
Bangkok, Thailand Jan 2012 ATE 22-101 92-304 5-62.5 [50]
n=144 CAF 91-1610 759-4550 13-1720
5 WWTPs, 4 rivers, 6 canals DIC 34-121 58-367 25-182
IBU 60-419 385-1260 22-149
Selangor, Malaysia May 2009 ACE 30.3 2211
(Langat River) 7 rivers, 5 STP EFFs AML ~MDL 16.9 [27]
’ ATE 86.6 1491
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CHL ND ND
DIC 280.9 65.8
GLI 19.7 162.3
MEF 189.6 34228
MET 190.7 1612
SAL 4.5 27.7
SIM ND ND
. CBZ <144-670
Don‘f;pta’ Hanoi, 13 Il’(hs DIC <140310 [86]
fetham axe 1BU 100-1100
Hanoi GW, n=43,
and Ho Chi Minh 26 GW wells CAF 27,000 ng/L (max) [87]
City, Vietnam Sept 2013, Aug 2014
Reservoir (urban water) & ACE <4-485.5
Singapore river [18]
Dec 2012 - March 2014 CAF 33.9-2980
CAF 116-1213 590-9099 117-1464
CBZ 6-33 27-250 11-344
N.Sembilan, 4 STPs, river DIC 9-54 32-5049 0 [6]
Malaysia May-Dec 2013 GLI 5-36 22-130 9-70
PRA 2-30 14-525 7-116
SIM 4-6 19-37 7-22
ACE 148-448 3173-4776 73-196
. . ATE 9-41 58-106 25-32
Selangor, Malaysia 3 rivers (n=3) CAF 33269 24.438-26 499 103-122 [88]
(Langat River) 1 STP (n=3)
DIC 165-886 1867-2107 616-650
MET 14-110 439-959 158-189
6 -7 Oct 2012 (river) (18 CAF 280-8900
. locs) DIC <10-100
Jakarta, Indonesia [89]
2-4 Oct 201% Jakarta Bay (22 IBU 30-1700
0cs)
. SW (n=14
Selangor, Malaysia 22 Nc()v 201)4 SAL 4.3-19.1 [90]
(Langat River)
14 locs
Hanoi, Vietnam n=20 ATE ND [91]
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DIC <3900
IBU 8000-40,000
MET ND
Sel Malavsi 13 1i ACE 660-1450 6930-191,900 140-760
¢ EnBor, Malaysia vl CAF 570-20,620 6590-68,800 ND-1810 [71]
(Klang River) Aug-Oct 2014
DIC 40-3210 ND-88,950 ND-350
SW 2 locs (n=6) ACE ND-110 1891-4919 ND-122
N.Sembilan, HSP EFF 2 locs (n=6) ATE 19-55 152-1009 20-181 [92]
Malaysia STP 4 points (n=12) CAF 91-821 980-8700 ND-1190
Samplg 2014 MET 34-190 11-153 ND-36
n=80 CBZ 30-190 <LOQ-50
R 8 - 14 Dec 2015 (WWTP A ACE 11,00-30,000 <LOQ
Ho Chi Minh ’ 2 2
OV(i:etlnar;“ ’ n=7) CAF 12.140-41,000 60-1600 [93]
20 - 22 Dec 201 TP B
0 e n33§ (WWTP B, IBU 160-1700 <LOQ
Selangor, Malaysia CAF 16.27-36.75
(Lui, Gombgk & 9 Phs DIC 4.49-15.49 [26]
Selangor river)
Kuala Lumpur ACE 5340 26800 1720
Malaysia (Klang SW 3 locs (n=15) CAF 6830 30890 2530
. =~ CBZ 160 ND 150 [94]
river, WWTP WWTP 1 loc (n=15)
Pantai Dalam, KL) MET 170 1900 150
’ SIM 460 140 <LOQ (0.031)
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Pharmaceuticals in surface water
Analgesic/ Non-steroidal anti-inflammatory drugs (NSAIDs)

ACE, ASA, DIC and IBU have been detected in SEA’s surface water at varied concentrations. These
pharmaceuticals have been found ubiquitously not only in SEA but worldwide, due to their widespread use as
over-the-counter (OTC) medicine, low price and effective medicine as pain relievers [66].

The concentration of ACE in surface water in SEA ranges between 4 to 1,450 ng/L. Subari et al. has
reported the highest concentration of ACE (1,450 ng/L) in Malaysian rivers [71]. A comparable concentration
has been reported by Tran et al. in Singapore (1163 ng/L). Ma et al. so far reported highest concentration of
ACE in Beiyun River Basin, China (3,577 ng/L) [81]. The amount of ACE obtained was relatively very low in
some other countries; i.e. 32 ng/L in a Japanese river [ 52] and 69.15 ng/L in a Portuguese river [95].

The concentration of ASA (also known as aspirin) in SEA has only been reported by Tewari et al. in
Chao Phraya River, Thailand with a maximum concentration of 7,520 ng/L. Agunbiade and Moodley reported
the highest concentration of ASA ranging from 13,708 to 25,345 ng/L in Msunduzi River, South Africa [68].

DIC has been observed in the concentration range of 1.5-3,900 ng/L in SEA surface water. The highest
concentration of DIC (3,900 ng/L) in SEA has been recorded by Le et al. in Hanoi, Vietnam [91]. A relatively
significant concentration of DIC (3,210 ng/L) was also observed by Subari et al. [71]. Higher concentrations so
far have been reported with a concentration of 8,174 ng/L by Agunbiade and Moodley [68]. A much lower
concentration of DIC in surface water has been reported with values smaller than 100 ng/L by Paiga et al. (38
ng/L) [96], Pereira et al. (58 ng/L) [95], Brieudes et al. (30 ng/L) [97].

IBU has been reported in a wide range of concentrations, from 2 to 40,000 ng/L in surface water of
SEA. This highest amount of IBU has been reported by Le et al. in Hanoi, Vietnam [91]. Agunbiade and
Moodley reported very high concentration of IBU among others in the world (689,000 ng/L) in a South African
river [68]. Other countries in SEA reported much lower concentrations, ranging from 76 ng/L to 111 ng/L
[29,85]. These amounts are similar to those found in most of the developed countries i.e. 62 ng/L [98] and 116
ng/L [82].

Antidiabetic

Two antidiabetics in this study, GLI and MEF, have been investigated in Malaysian rivers, the only
report among SEA countries. In Malaysia, GLI and MEF have been listed among the top 5 drugs consumed as
antidiabetic medication [49].

The presence of GLI has been reported by Al-Odaini et al. and Al-Qaim et al. in Malaysian rivers with
maximum amounts of 19.7 ng/L and 36 ng/L, respectively [27,99]. A comparable amount of GLI (53.9 ng/L)
has been reported by Archer et al. in South Africa [51].

Meanwhile, MEF has also been reported by Al-Odaini et al. with a maximum concentration of 189.6
ng/L [27] and this amount is comparable with the concentration reported by Asghar et al. i.e. 121.4 ng/L [62],
Wood et al. i.e. 179 ng/L [100] and Archer et al. i.e. 174.6 ng/L [51]. The highest amount of MEF was detected
in Colorado, USA with a maximum concentration of 7,130 ng/L [101].

Antihistamine

The three antihistamines studied were CET, CHL and RAN. However, these pharmaceuticals have not
been widely studied in the aquatic environment. The presence of RAN and CET in SEA’s surface water has not
been investigated yet.

CHL has been reported as not being detected in SEA’s surface water probably due to its high
hydrophobicity (Log Kow =3.38) that possibly led to less partitioning in aqueous phase [27]. In South Africa,
Wood et al. reported that the presence of CHL was < LOQ (1.1 pg) [100], while Mandaric et al. reported the
presence of RAN <LOQ (0.3 ng/L) in Italian river [82].

Antihypertensives

Four antihypertensive drugs, namely AML, ATE, MET and PRA were investigated in SEA’s surface
water. AML has only been investigated by Al-Odaini et al. with concentration lower than MDL in all samples
in a Malaysian river [27].
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ATE has been detected within 9-101 ng/L in SEA with the highest amount reported by Tewari et al.
and in agreement with Al-Odaini et al. i.e. 86.6 ng/L [27,50]. A comparable amount of ATE, i.e. 272 ng/L has
been reported by Archer et al. in a South African river [51].

MET has been quantified in SEA’s surface water with equivalent concentrations reported by Al-Odaini
et al. and Al-Qaim et al. of 190 ng/L [27,92] and Tahrim et al. (170 ng/L) [94]. Higher concentrations of MET
have been detected in USA and China, with concentrations of approximately 500 ng/L [81,101].

PRA has only been investigated in Malaysian rivers among SEA countries, observing a maximum
concentration of 30 ng/L found by Al-Qaim et al. [6].

Lipid regulator

A maximum amount of SIM i.e. 460 ng/L has been detected in a Malaysian river by Tahrim et al. [94].
This amount contrasts with previous levels found by Al-Odaini et al. and Al-Qaim et al. i.e. not detected and 6
ng/L, respectively [6, 27]. Pereira et al. also reported SIM as not detected in a Portuguese river [95].

Anti-convulsant

CBZ has been reported with concentrations ranging from 0.5 to 670 ng/L in SEA’s surface water, with
the highest amount observed in a Vietnamese river [86]. This amount is considered high compared to those
reported in other countries. Comparable amounts of CBZ have been detected in low concentrations, less than
200 ng/L, in Malaysia [94], Japan [4], China [81] and Italy [82].

Bronchodilator

The highest concentration of SAL, i.e. 19.1 ng/L in surface water in SEA has been detected by Sakai
et al. [90]. This amount is comparable with that reported by Al-Odaini et al., both in Malaysian rivers [27].
Asghar et al. reported a slightly higher amount of SAL at 35 ng/L in China [62].

Stimulant

CAF has been detected abundantly in SEA’s surface water, with a maximum amount reported as
20,620 ng/L in a Malaysian river [71]. A comparable high amount of CAF was also reported by Tran et al. in
Singapore and Dsikowitzky et al. in Indonesia, with concentrations of 14,418 ng/L and 8,900 ng/L, respectively
[29,89]. CAF has been found ubiquitously in surface water due to its direct discharge from beverages into
nearby drain/ river besides from STP. A relatively low concentration of CAF; i.e. below 500 ng/L has been
reported by Tan et al. (269 ng/L), Praveena et al. (37 ng/L), Azuma et al. (166 ng/L) and Asghar et al. (220
ng/L) [26,52,62,88].

Pharmaceuticals in Influent of Sewage Treatment Plants (STPs)
Analgesic/ Non-steroidal anti-inflammatory drugs (NSAIDs)

The analgesics/NSAIDs ACE, ASA, DIC and IBU have been detected in raw domestic STP (influent)
in SEA at various concentrations. The concentration of ACE showed a wide range between 67-337,035 ng/L
with the maximum amount reported by Tran et al. in Singapore [29]. The concentration is in agreement with
data reported by Subari et al. and Petrie et al. of 191,900 ng/L and 138,164 ng/L in Malaysian and English
rivers, respectively [34,71]. Paiga et al. reported the highest amount of ACE around the world i.e. 615,135 ng/L
in STP’s influent in Portugal [96].

ASA has been detected in raw STP in SEA, reaching a maximum concentration of 16,000 ng/L in
Thailand [50]. A higher concentration of ASA i.e. 118,000 ng/L was detected in Msunduzi River, South Africa
by Agunbiade and Moodley [68].

Wide variation in concentration of DIC has been observed in SEA’s STP influent with a concentration
range from 32 to 88,950 ng/L with the highest amount recorded by Subari et al. in Malaysia [71]. High
concentration of DIC (22,300 ng/L) has also been reported in South Africa [68].

IBU has been reported with the maximum amount of 2,445 ng/L by Tran et al. in Singapore [29], which
is in agreement with values reported for SEA’s STP influent in Thailand [50] and in Vietnam [93] with
concentrations of 1,260 ng/L and 1,700 ng/L, respectively. Paiga et al. reported a higher amount of IBU i.e.
24,505 ng/L in STP influent in Portugal [96] which is comparable with the concentration of 17,341 ng/L
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reported by Azuma et al. in Japan [52]. Relatively low concentrations (< 2000 ng/L) of IBU have been detected
in STP influent in Thailand (1,260 ng/L), Vietnam (1,760 ng/L) and South Africa (1,380 ng/L) [50, 68, 93].

Antidiabetic

GLI in STP influent in SEA has been investigated in Malaysia with a concentration of 130 ng/L [6].
Lower concentrations of GLI have been reported by Al-Qaim et al. and Petrie et al. as 34.5 ng/L and 60 ng/L,
respectively [34, 102].

MEF has not been investigated yet in SEA’s STP influent. High amount of MEF has been found in
STP influent in South-West England and Saudi Arabia, with concentrations of 44,204 ng/L and 31,200 ng/L,
respectively [ 34, 35]. Kosma et al. reported a slightly lower amount of MEF i.e. 1167 ng/L in raw STP water
in Greece [103].

Antihistamine

The presence of CET, CHL and RAN in STP’s influent in SEA has not been investigated yet. CHL
has been investigated by Shraim et al. and was not detected in STP influent in Madinah [35]. Petrie et al.
reported the presence of CET in South-West England STP’s influent with a high concentration of 1,571 ng/L
[34], and this is comparable with the concentration reported by Papageorgiou et al. i.e. 816 ng/L in Volos,
Greece [104]. RAN has been found in STP influent by Petrie et al. at a concentration of 781 ng/L [34].

Antihypertensive

AML has not been investigated yet in STP’s influent in SEA. The maximum amount of ATE in SEA’s
STP influent has been reported by Al-Qaim et al. at a concentration of 1,009 ng/L [92]. A much higher
concentration of ATE was found in STP influent in the USA i.e. 14,000 ng/L by Anumol and Snyder [72].
Anumol et al. also reported a high amount of ATE in STP influent in Chennai, India, at a concentration of 6,900
ng/L [7]. These amounts are comparable with those reported by Shraim et al. and Petrie et al., i.e. 4,030 ng/L
and 1,689 ng/L, respectively [34, 35].

In SEA, MET has been only investigated in Malaysian STP influent, with the highest amount
quantified by Tahrim et al. at 1,900 ng/L [94]. A moderate high concentration of MET has been recorded by
Tan et al., i.e. 959 ng/L [88]. It is in agreement with the concentration reported by Papageorgiou et al. (474
ng/L) in a STP influent in Greece [104]. A much lower concentration of MET; i.e <200 ng/L has been found
in a STP influent by Petrie et al. and Al-Qaim et al. at concentrations of 37.0 ng/L and 153 ng/L, respectively
[34, 92].

The only reported amount of PRA in SEA’s STP influent has been reported by Al-Qaim et al. at a
concentration of 525 ng/L [6].

Lipid regulator

SIM has been detected in a Malaysian STP influent with low concentration i.e. 37 ng/L [6]. Meanwhile
a high concentration of SIM has been observed by Papageorgiou et al. with a concentration of 718 ng/L in a
STP influent in Greece [104].

Anti-convulsant

CBZ has been reported with a maximum concentration of 939 ng/L in SEA’s STP influent [29] and is
comparable with the value 920 ng/L recorded by Anumol et al. in India [7]. Very high concentration of CBZ
(4,524 ng/L) has been measured by Morosini et al. in STP influents in Northern Italy [105]. This value is also
in agreement with the concentration reported by Al-Tarawneh et al. i.e. 3600 ng/L in Jordan [106]. Lower
concentrations of CBZ (< 200 ng/L) in STP influents have been reported in Japan (137 ng/L) [52], Greece (114
ng/L) [104] and Vietnam (190 ng/) [93].

Bronchodilator

SAL has not been investigated yet in any SEA’s STP influent. Low concentration of SAL has been
reported by Morosini et al. with a concentration of 8.95 ng/L in Italy [105].
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Stimulant

The highest amount of CAF has been reported in SEA STP influents in Singapore with a maximum
concentration of 359,400 ng/L [29]. Subari et al., Nguyen et al., Tahrim et al. and Tan et al. also reported high
concentrations of CAF in SEA’s STP influents with a concentration of 68,800 ng/L, 41,000 ng/L, 30,890 ng/L
and 26,499 ng/L, respectively [71, 88, 93, 94]. This amount is also comparable with those reported by Anumol
and Snyder (85,000 ng/L) [72], Petrie et al. (74,813 ng/L) [34] and Anumol et al. (65,000 ng/L) [7].

Pharmaceuticals in effluent of Sewage Treatment Plants (STPs)
Analgesic/ Non-steroidal anti-inflammatory drugs (NSAIDs)

The maximum concentration of ACE recorded in SEA’s STP effluents was 2211 ng/L [27]. This
amount is in agreement with the that reported by Tahrim et al. i.e. 1,720 ng/L [94] and Petrie et al. (1,454 ng/L)
[34]. Tewari et al. and Subari et al. obtained a comparable amount of ACE in SEA with a moderate concentration
of 734 ng/L and 760 ng/L, respectively [50, 71]. Low amounts of ACE (<200 ng/L) have been reported by Tan
et al. and Al-Qaim et al. both in Malaysian STP effluents [88, 92]. Shraim et al. reported the highest amount of
ACE (90,500 ng/L) in the world in a STP effluent in Madinah [35]. A very low amount of ACE i.e. 39 ng/L
was detected in a Japanese river [52].

ASA only has been observed in STP’s effluents in SEA by Tewari et al. in Thailand, with a maximum
concentration reported of 553 ng/L [50]. A very high amount of ASA, i.e. 47,100 ng/L has been reported by
Agunbiade and Moodley in STP effluent in South Africa [68].

DIC has been detected in STP effluents in SEA, reaching a maximum concentration of 650 ng/L in
Malaysia [88]. The concentration of DIC in SEA’s STP effluents was quite low compared to those reported in
other countries. A comparable amount of DIC has been detected in other countries, i.e. 724 ng/L and 436 ng/L
in Portugal and the UK, respectively [34, 96]. Agunbiade and Moodley reported a high amount of DIC in South
Africa with a concentration of 19,000 ng/L [68]. A moderate amount of DIC has been reported by Papageorgiou
et al. (2,668 ng/L) [104], Anumol and Snyder (1,800 ng/L) [72], Becerra-Herrera et al. (1,390 ng/L) [107] and
Al-Tarawneh et al. (1,100 ng/L) [106].

IBU has been detected in relatively low concentrations in STP effluents in SEA, with a maximum
amount of 149 ng/L [50]. Higher concentrations of IBU have been reported by Paiga et al. with a maximum
value of 3,304 ng/L [96], in agreement with levels reported by Al-Tarawneh et al. (2200 ng/L) [106], Azuma
et al. (1,763 ng/L) [52] and Agunbiade and Moodley (1,380 ng/L) [68].

Antidiabetic

The presence of GLI has been reported with relatively low concentrations in STP effluents in SEA
with a maximum concentration of 162 ng/L [27]. Very low amount of GLI was also recorded by Al-Qaim et al.
and Petrie et al. with concentrations of 70 ng/L and 30 ng/L, respectively [6, 34].

Huge amounts of MEF have been detected in STP effluents in SEA by Al-Odaini et al. with a maximum
concentration of 34,228 ng/L [27]. Other countries also reported a relatively high amount of MEF in STP
effluents in the UK, Australia and Madinah, i.e. 19,784 ng/L [34], 9,080 ng/L [36], 5,510 ng/L [35] respectively.
In contrast, Kosma et al. found very low levels of MEF in Greece i.e. 26 ng/L [103].

Antihistamine

The presence of CET and RAN in STP’s effluents in SEA has not been investigated yet. CET has been
reported with a comparable amount of 1,961 ng/L [34], 1,238 ng/L [104] and 1,130 ng/L [36], respectively.
Petrie et al. also reported the presence of RAN in UK STP’s effluents with a concentration of 475 ng/L [34].
CHL has been investigated by Al-Odaini et al.; however, it has not been detected in SEA’s STP effluents [27].

Antihypertensive
AML has been detected in STP’s effluents in SEA with a maximum concentration of 16.9 ng/L [27].
The maximum amount of ATE in SEA’s STP effluents has been found by Al-Odaini et al. with a
concentration of 1,491 ng/L [27]. This amount is in agreement with the concentration reported by Shraim et al.
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(2,010 ng/L) in Madinah [35], Anumol et al. (1,600 ng/L) in India [7] and Papageorgiou et al. in Greece (1,707
ng/L) [104].

A low concentration of ATE has been detected in STP effluents in SEA i.e. 62.5 ng/L and 32 ng/L,
respectively by Tewari et al. and Tan et al [50, 88]. Morosini et al., Petrie et al. and Anumol and Snyder reported
a comparable amount of ATE in the range of 600-700 ng/L in STP’s effluents [34, 72, 105].

The presence of MET in STP’s effluents in SEA has been detected by Al-Odaini et al. reaching the
maximum amount of 1,612 ng/L [27]. On the contrary, a low concentration of MET has been reported (< 200
ng/L) by Tan et al. (189 ng/L) [88], Tahrim et al. (150 ng/L) [94] and Al-Qaim et al. (36 ng/L) [92].
Papageorgiou et al. found 780 ng/L of MET in STP’s effluents in Italy [104].

PRA has only been quantified in Malaysia in SEA’s STP effluents with a maximum value of 116 ng/L

[6].

Lipid regulator

Very low concentration of SIM has been obtained in STP effluents in SEA i.e. 22 ng/L by Al-Qaim et
al. [6] while Al-Odaini et al. reported as not detected [27]. Meanwhile, Papageorgiou et al. reported high
concentrations of SIM in STP effluents in Volos, Greece at a maximum concentration of 1,738 ng/L [104].

Anti-convulsant

A maximum concentration of CBZ in STP’s effluents has been detected by Al-Qaim et al. i.e. 344 ng/L
[6]. The amount of CBZ reported is similar to other studies by Anumol and Snyder, Petrie et al. and Paiga et al.
with concentrations of 340 ng/L, 316 ng/L and 245 ng/L, respectively [34, 72, 96]. However, a much higher
concentration of CBZ has been found in STP’s effluents in Italy and Jordan i.e. 5,721 ng/L and 1,300 ng/L [105,
106].

Bronchodilator
A low concentration of SAL (27.7 ng/L) has been detected in STP effluents in SEA [27]. This amount
of SAL is comparable with the concentration reported by Morosini et al., i.e. 10 ng/L [105].

Stimulant

CAF has been well investigated in STP effluents in SEA, with a maximum amount recorded as 2,530
ng/L [94]. This amount is in agreement with Subari et al. (1,810 ng/L) [71], Tewari et al. (1,720 ng/L) [50],
Nguyen et al. (1,600 ng/L) [93], Al-Qaim et al. (1,464 ng/L and 1,190 ng/L) [6, 92] in SEA. Higher
concentrations of CAF in STP effluents have been observed by Petrie et al. and Anumol et al., with levels of
5,991 ng/L and 5,400 ng/L, respectively [7, 34]. Low concentrations of CAF; i.e. below 150 ng/L have been
reported at 122 ng/L [88] and 124 ng/L [52].

Conclusion

To the authors’ knowledge, this review paper depicts the research done until now regarding emerging
contaminants of pharmaceuticals in SEA’s water bodies, specifically for Malaysia. The information on targeted
compounds reported here is valuable for research into the occurrence and distribution of pharmaceuticals in
SEA aquatic environment. Although studies on the presence of pharmaceuticals in SEA’s water bodies are
increasing, only certain countries in SEA have taken part in doing this research. The successful measurement
of pharmaceuticals requires enhancement of analytical facilities, technical capabilities and resources. There are
no national databases that provide inventories and assessments of environmental distributions of
pharmaceuticals in SEA. The coordination of these activities in determining individual interests in evaluating
pharmaceutical compounds will be a first step for all countries in the region, followed by the evaluation of
individual capabilities and resources to be able to accomplish pharmaceuticals measurements. A large variety
of other topics need to be addressed, such as metabolites, transformation products, the presence of chemical
pathogens in environmental waters and correlation of these levels of micro-pollutants with potential sub lethal
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toxicological endpoints for risk assessment. Future research should be expanded geographically within SEA
countries and include various type of water matrices and sediment in aquatic environment, especially in drinking
water, and cover different sources of pollution. Understanding of the occurrence and distribution of complex
organic contaminants will help predict and mitigate their potential effects on ecological and human health in
aquatic environments, allowing data usage for toxicological assessments and comparisons to move forward on
a regional basis. Future studies will provide significant information for authorities to set up guidelines and
regulations along with proper implications.
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