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Abstract 

The objective of this study is two-fold, first to investigate the occurrence and fate of 20 selected 

pharmaceuticals and personal care products (PPCPs) and 13 drugs of abuse (DOAs) in a 

wastewater treatment plant of New Zealand for the period of one year; second, to design a 

novel photocatalytic treatment for the removal of selected PPCPs from wastewater. The 

samples were analysed by Triple Quadrupole Liquid Chromatograph Mass Spectrometer (LC- 

MS/MS) in both positive and negative Electrospray Ionization (ESI) mode. The results showed 

that all of the monitored PPCPs and 13 DOAs were detected in the wastewater influent. 

Nonsteroidal anti-inflammatory drugs (NSAIDs) and caffeine were predominant in the 

category of PPCPs, whereas ethyl sulfate, one of the metabolites of alcohol, was detected at the 

highest concentration in the wastewater influent. The average removal efficiency was found to 

be >99% for acetaminophen, caffeine, Tris (2-chloroethyl) phosphate (TCEP), naproxen, 

ibuprofen, morphine, ethyl sulfate, and hydroxycotinine and <50 % for trimethoprim, 

metoprolol, benzotriazole, methadone, and 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine 

(EDDP). The primary treatment was ineffective for the removal of PPCPs as well as DOAs. 

There were no significant differences in the removal efficiencies of PPCPs and DOAs through 

two secondary treatment units, membrane bioreactor (MBR) and Bardenpho. Monitored PPCPs 

and DOAs exhibited seasonal variations with PPCPs dominating in autumn and winter, 

whereas, DOAs’ concentrations were highest in summer. 

In the second phase of the study, photocatalytic removal of selected PPCPs using a novel 

conducting polymer, poly (3, 4-ethylenedioxythiophene) (PEDOT) was investigated. PEDOT 

showed >80% removal of metformin, an antidiabetic drug within 30 minutes of UV light 

irradiation. The photocatalytic study was extended to a mixture of seven PPCPs in ultrapure 

water and wastewater matrix. The results showed >99% removal of most of the PPCPs, 

whereas, the removal efficiency decreased in wastewater due to the presence of dissolved 

organic matter. The reaction mechanism was elucidated, and it was found that charge carriers 

and radicals, played an important role in degrading PPCPs from water. To demonstrate 

practicality, the PEDOT was immobilized on fiber mat through electrospinning; immobilized 

PEDOT again exhibited excellent removal (>90%) of metformin. 
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1.1 Thesis framework 

This thesis consists of six chapters. Chapters 3 and 4 have been published in the Journal of 

Environmental Management and Science of the Total Environment, respectively. Chapter 5 is 

under process to submit in the relevant journal. As a result, some of the materials are repetitious, 

particularly the materials and methods section of Chapter 3 and Chapter 4. In this thesis, the 

following outline has been followed. 

Chapter 1 includes the thesis framework, research background, and research objectives. The 

research background has been divided into three subsections, which serves as the background 

of three research objectives. 

Chapter 2 is a literature review. It summarizes past literature focussing on the occurrence and 

fate of pharmaceuticals and personal care products (PPCPs) and Drugs of Abuse (DOAs) in 

wastewater treatment plants. This chapter also discusses the recent progress and pitfalls in the 

domain of photocatalysis with conducting polymers. 

Chapter 3 discusses the occurrence and removal of PPCPs in a wastewater treatment of New 

Zealand. The data obtained from this study were also compared with the occurrence and 

removal data reported in studies elsewhere. 

Chapter 4 discusses the occurrence and removal of DOAs in a wastewater treatment of New 

Zealand. The mass load and consumption of DOAs were estimated and compared with similar 

studies conducted elsewhere. 

Chapter 5 details the photocatalytic treatment of selected PPCPs using Poly (3, 4- 

ethylenedioxythiophene), PEDOT polymer. The efficiency of photocatalytic treatment was 

also examined in the real wastewater sample and through immobilized PEDOT for real-world 

applications. 
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1.2 Research Design 
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1.3 Background 

1.3.1 Occurrence and fate of PPCPs in a wastewater treatment plant 

The fate and toxicity study of pharmaceuticals and personal care products (PPCPs) have drawn 

significant scientific attention over the last decade. PPCPs include a wide range of chemical 

compounds, including antibiotics, antidepressants, anti-inflammatory drugs, flame retardants, 

and insect repellents (Evgenidou et al. 2015, Sui et al. 2015b, Tran et al. 2018). PPCPs are 

present in the aquatic environment, including surface water, groundwater, and drinking water, 

at concentrations ranging from ng/L to µg/L (Yang et al. 2017). Recent advancements in 

analytical methodology and instrumentation have lead us to detect PPCPs present in trace 

environmental concentrations (Wang and Wang 2016). 

PPCPs can enter into environmental matrices through different pathways including the partially 

treated discharge of sewage treatment plants, hospitals, and industrial units, agricultural runoffs 

(Yang et al. 2017) It is well known now after numerous studies to date that wastewater is the 

main source of PPCPs in the aquatic cycle (Kumar et al. 2019a, Ort et al. 2010b). These PPCPs, 

once released into the environment, may remain in their original form, or they can get 

transformed to other toxic or non-toxic organic compounds due to their physical, chemical, or 

biological interactions (Yang et al. 2017). 

The conventional wastewater treatment plants are unable to remove these PPCPs completely, 

causing their presence in the environment. Previous studies have shown that these PPCPs can 

affect water quality and impose ecotoxicological risks even if they are present in trace 

concentrations in the environment (Wang and Wang 2016). Some of these PPCPs are 

endocrine-disrupting chemicals (EDCs), which can trigger sex changes and can impose 

reproductive disturbance in the aquatic organisms (Liu et al. 2009). Apart from EDCs, the 

presence of antibiotics and antimicrobial agents in water bodies may lead to the development 

of antibiotic-resistant genes, which can reduce the potency of these drugs (Tran et al. 2018). It 

is important to note that PPCPs are present in the complex mixture in the environmental 

samples, which can give a cocktail effect. The study by (Pomati et al. 2006) revealed that 

complex mixtures of PPCPs, even in environmental concentration, could inhibit the growth of 

human embryonic growth cells. 
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1.3.2 Occurrence and fate of DOAs in a wastewater treatment plant 

The drugs of abuse or, more precisely, illicit drugs have been added recently to the list of 

emerging contaminants (Evgenidou et al. 2015). These include alcohol, tobacco, and a wide 

range of illicit drugs and their metabolites, including cocaine, methamphetamine, 

amphetamine, and opioids (heroin, morphine, codeine, and methadone). Illicit drugs are 

administered into the human body through oral, intranasal, injection, or inhalation. The 

incomplete metabolism inside the human body or illegal dumping of these drugs are the 

possible causes of their detection in wastewater influent (Pal et al. 2013, van Nuijs et al. 2011b). 

Illicit drugs and their metabolites have been detected worldwide in the range of <1 ng/L to >10 

µg/L concentration in wastewater influent and effluents (Kumar et al. 2019b). The wastewater 

treatment plants being unable to remove illicit drugs completely causes their appearance in 

wastewater effluents or final discharge, which may lead to long term environmental impacts 

(Andrés-Costa et al. 2014, Terzic et al. 2010). These drugs and their metabolites have also been 

detected in the tap water at the ultra-trace level (Rosa Boleda et al. 2011). However, the effect 

of these trace level contaminants on humans and the aquatic ecosystem is mostly unknown 

(Yadav et al. 2017). 

There is growing interest nowadays to use wastewater as a tool to provide near real-time 

estimates of community drug consumption. This approach is non-invasive and non-targeted 

and commonly termed as wastewater-based epidemiology (WBE), which can reveal the drug 

use pattern of communities connected to the municipal wastewater treatment plants without 

hurting their privacy (Choi et al. 2018, Kumar et al. 2019b, Yadav et al. 2017). Population drug 

consumption is usually back-calculated by measuring population normalized mass loads of 

stable biomarkers considering the human excretion factor of drugs (van Nuijs et al. 2011c, 

Zuccato et al. 2008). The parent compounds or their metabolites excreted after consumption are 

referred to as “biomarkers.” Excretion rates of drugs are usually based on previous 

pharmacokinetic studies; however, it is associated with high uncertainties (McCall et al. 

2016). The WBE approach can provide information on temporal (daily, weekly, monthly, and 

annually) and spatial variations (transnational) in drug use, which can be useful in 

understanding the short- term and long- term trends in illicit drugs consumption. Wastewater 

studies have also revealed that illicit drug consumption is relatively high in urbanized regions 

compared to rural areas (Ort et al. 2014). WBE data can complement traditional socio-

epidemiological methodologies, including surveys, seizure data, and crime statistics (van 

Nuijs et al. 2018). 
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1.3.3 Photocatalytic removal of PPCPs 

The limitations of conventional water and wastewater treatment methods such as 

bioremediation, sedimentation, filtration, and chemical oxidation have led to rapid 

development in the field of advanced oxidation processes (AOPs). These AOPs are based on 

the highly efficient and reactive transient oxidative species such as H2O2,
.OH, and O2

.-. 

Heterogeneous photocatalysis is one of the promising AOPs for the degradation of recalcitrant 

organic contaminants (Agustina et al. 2005, Chong et al. 2010). In general, photocatalytic 

reactions initiates when the light of photonic energy equal to or greater than the bandgap of 

photocatalyst trigger electron transition from the filled valence band to an empty conduction 

band. This process produces electron/hole pairs that get involved in the redox reactions, 

producing highly reactive oxidative species (Ong et al. 2018). Inorganic photocatalysts with 

semiconducting properties such as CdS, SnO2, WO3, SiO2, ZnO, and TiO2, have been widely 

used to date for the photocatalytic applications. TiO2 is the most studied inorganic photocatalyst 

until now because of its wider availability and application, low cost, and stability (Fujihara et al. 

2000, Nakata et al. 2012). However, it still faces some technological challenges such as low 

efficiency towards hydrophobic organic compounds, the tendency of agglomeration, low 

optical response in the visible light, and post-treatment separation of catalysts. These barriers 

limit the technology transfer from the lab-scale to field scale (Dong et al. 2015a). 

Recently, organic conjugated polymers have attracted a major scientific attraction for their 

photocatalytic applications for water treatment (Muktha, et al. 2007a). Conducting polymers 

are also conjugated structures with alternating single and double bonds and possessing very 

high electrical and optical properties. They are highly efficient, cheap, scalable, and 

biocompatible (Zhou and Shi 2016). Polyaniline (PANI), poly (3,4-ethylenedioxythiophene) 

(PEDOT), polyacetylene (PA), polypyrrole (PPy), and polythiophenes (PTh) are some of the 

examples of commonly used conducting polymers. PANI nanocomposites have been the most 

studied CP for photocatalytic water treatment purposes. It has been found that nanocomposites 

of PANI with metal oxides such as TiO2 have enhanced photocatalytic ability compared to 

PANI homopolymer for degrading dyes, due to the synergistic effect between the two (Li et al. 

2008). CP-based photocatalysts may be considered as the next generation photocatalysts for 

water decontamination
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1.4 Research hypothesis 

1. The influent and final effluent of the wastewater treatment plant of New Zealand contains  

                 significant concentration and mass loads of PPCPs and DOAs. 

2. There is a seasonal trend in concentration, consumption of drugs and the wastewater  

  treatment efficiency. 

3. The wastewater quality parameters, PPCPs/DOAs mass loads, and wastewater removal 

efficiencies are correlated with each other. 

4. Photocatalysis has the potential for the real scale application in treating PPCPs effectively. 

1.5 Research objectives 

The overarching aim of this thesis was to study the occurrence and fate of PPCPs and DOAs 

in a wastewater treatment of New Zealand and to investigate the removal of selected PPCPs 

from water with efficient advanced oxidation as conventional processes were found to be 

ineffective for the removal of most of the studied PPCPs. The specific objectives of this study 

were to: 

1. Investigate the occurrence and removal of PPCPs in a wastewater treatment plant of New 

Zealand 

2. Estimate concentration, mass loads, consumption and removal of DOAs in a wastewater 

treatment of New Zealand 

3. Examine the photocatalytic ability of the conducting polymer, Poly (3,4-

ethylenedioxythiophene), PEDOT, to remove selected PPCPs from water. 
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2.1 Occurrence and fate of PPCPs in a wastewater treatment plant 

2.1.1 Occurrence of PPCPs in wastewater influent and effluent 

PPCPs have drawn major attention since the last decade due to their widespread production, 

uses, and their potential to harm the environment (Zhang et al. 2014). They include a wide 

range of organic compounds originating from pharmaceuticals, such as antibiotics, NSAIDS, 

antidiabetics, hormones, β-blockers, and personal care products, including cosmetics, 

fragrances, preservatives, and insect repellents, etc. The veterinary medicines are also part of 

the PPCPs (Wang and Chu 2016). PPCPs are detected in most of the environmental matrices, 

including surface water, groundwater, drinking water, biosolids, biota, and atmospheric 

precipitation (Ratola et al. 2012). Some of these PPCPs are associated with adverse endocrine 

and reproductive functionality, along with carcinogenic effects in the biological systems 

(Fairbairn et al. 2016). 

Wastewater has been considered as the major point source of PPCPs in the environment 

because of their inefficiency incomplete removal of these trace contaminants. Their 

concentration can range from ng/L to µg/L in wastewater influents and effluents (Tran et al. 

2018). The advancement in the analytical techniques has enabled researchers to detect and 

quantify PPCPs at trace levels with high accuracy (Wang and Wang 2016). The other potential 

sources of PPCPs in surface water could be leaking sewer pipes, stormwater, managed aquifer 

recharge, and agricultural run-offs (Fairbairn et al. 2016). Table 2.1 shows the influent and 

effluent concentrations of selected PPCPs in wastewater treatment plants located in different 

geographical concentrations. Antibiotics included in Table 2.1 were from different classes, 

including β lactams, fluoroquinolones, macrolides, sulphonamides, and tetracyclines. NSAIDs 

or non- steroidal anti-inflammatory drugs included acetaminophen, ibuprofen, naproxen, etc. β 

blocker drugs such as atenolol and metoprolol are used mainly for the treatment of angina and 

hypertension (Huggett et al. 2003). Carbamazepine and gemfibrozil are the examples of 

anticonvulsants and lipid regulators, respectively, whereas, Bisphenol-A and DEET are 

examples of plasticizers and insect repellents, respectively. As can be seen from Table 2.1, 

most of the class of PPCPs concentrations were higher in raw sewage in the Asian region 

compared to European and North American counterparts. However, differences in consumption 

patterns, climatic conditions, catchment size, sampling mode, and frequency, WWTP 

operational parameters may lead to variations in the concentrations of PPCPs in raw sewage 

and treated effluent. Pharmaceuticals consumption has been found to be higher in urban 

areas compared to suburbs (Sun et al. 2016). Table 2.2 shows the studies conducted on the 
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occurrence of selected PPCPs in New Zealand and elsewhere globally. 

Table 2.1 Concentration ranges (ng/L) of selected PPCPs in wastewater influent and 

effluent from WWTP located in different geographical locations. (Tran et al. 2018) 

 

Class of PPCPs Asia North America Europe 

Influent Effluent Influent Effluent Influent Effluent 

Antibiotics <MQL- 

303,500 

<MQL- 

21,278 

<MQL- 

246,100 

<MQL- 

37,000 

<MQL- 

13,625 

<MQL- 

8637 

Antimicrobials <MQL- 

8880 

<MQL- 

5860 

5.2-6817 1.6-617 <MQL- 

5260 

<MQL- 

430 

NSAIDS <MQL- 

147,700 

<MQL- 

2568 

<MQL- 

500,000 

<MQL- 

62, 000 

<MQL- 

611,000 

<MQL- 

33,900 

Beta-blockers <MQL- 

294,700 

<MQL- 

519 

<LOD- 

2642 

<MQL- 

14,200 

<MQL- 

33,106 

<MQL- 

7602 

Anticonvulsants <MQL- 

18,500 

<MQL- 

8855 

<LOD-440 28-1000 <MQL- 

25,079 

<MQL- 

56,810 

Artificial 

sweeteners 

<MQL- 

389,000 

<MQL- 

9147 

<LOD- 

46,100 

<LOD- 

48,900 

2000- 

65,000 

<MQL- 

46,000 

Lipid regulators <MQL- 

454 

<MQL- 

535 

<LOD- 

36,530 

<MQL- 

1493 

<MQL- 

17,055 

<MQL- 

48000 

Hormones <MQL- 

132 

<MQL- 

51 

<MQL-242 <MQL-56 <MQL- 

670 

<MQL- 

275 

UV filters <MQL- 

2616 

<MQL- 

772 

- - <MQL- 

7800 

<MQL- 

300 

Stimulant 759- 

60,500 

13- 

51,700 

5809-82, 

882 

<MQL- 

37,200 

102- 

113,200 

30-13,900 

Insect repellent 124-2342 22-325 200-42,334 13-1663 <MQL- 

6900 

<LOD 

Plasticizers 55.6-5850 <MQL- 

123 

595-2469 2-450 <MQL- 

2376 

16-1840 
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Table 2.2 Study of regional and global occurrence of selected PPCPs. 

. 
PPCPs New Zealand study International study6 

Acetaminophen Pharmac (2014)1, 

 

(Stewart et al. 2014) 2 

(Luo et al. 2014, Ratola et al. 2012) 

Trimethoprim (Stewart et al. 2014) 2 (Luo et al. 2014, Ratola et al. 2012) 

Sulfamethoxazole (Stewart et al. 2014) 2 (Luo et al. 2014, Ratola et al. 2012) 

Roxithromycin (Stewart et al. 2014) 2 (Ratola et al. 2012) 

Carbamazepine (Stewart et al. 2014) 2 (Luo et al. 2014, Ratola et al. 2012, 

Roberts et al. 2016) 

Fluoxetine No data available (Roberts et al. 2016) 

Clarithromycin (Stewart et al. 2014) 2 (Ratola et al. 2012) 

Metoprolol (Pharmac 2014) 1, (Stewart et al. 

2014) 2, (Gielen 2007) 3 

(Luo et al. 2014, Ratola et al. 2012, 

Roberts et al. 2016) 

TCEP No data available (Luo et al. 2014, Ratola et al. 

2012b) 

Atrazine No data available (Luo et al. 2014) 

Atenolol No data available (Luo et al. 2014, Ratola et al. 2012) 

DEET No data available (Luo et al. 2014) 

Caffeine (Gielen 2007) 3 (Luo et al. 2014, Ratola et al. 2012) 

Benzotriazole (Michael Stewart 2016)4 (Reemtsma et al. 2010) 

Diclofenac Pharmac (2014) 1, (Stewart et al. 2014) 

2, (Gielen 2007) 3 

(Luo et al. 2014, Ratola et al. 2012) 
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Ibuprofen (Gielen 2007) 3, Pharmac (2014)1 (Luo et al. 2014, Ratola et al. 2012) 

Naproxen (Stewart et al. 2014) 2, (Gielen 2007) 3 (Luo et al. 2014, Ratola et al. 2012) 

Triclosan (Stewart et al. 2014)2, (Louis A 

Tremblay 2011)5 

(Luo et al. 2014, Ratola et al. 2012, 

Roberts et al. 2016) 

Bisphenol-A (Stewart et al. 2014)2, (Louis A 

Tremblay 2011)5 

(Luo et al. 2014) 

1 Prescribed drugs in New Zealand; 2-5 Occurrence in sediments/soil; 6 Occurrence in 

wastewater. 

 
2.1.2 Removal of PPCPs in wastewater plant 

The conventional wastewater treatment plants consist mainly of the primary treatment and 

secondary treatment units where organic removal takes place. Primary treatment units, where 

PPCPs are removed primarily by sorption on primary sludge, have been mostly ineffective in 

their removal. (Kumar et al. 2019a). The secondary treatment units are the place where PPCPs 

are removed mainly by biodegradation. Overall, the removal of PPCPs depends on multiple 

factors, including the physiochemical properties of PPCPs, environmental factors, type of 

treatment process, and WWTP operational parameters such as HRT and SRT (Luo et al. 2014). 

PPCPs with high Kow values have high sorption potential to the sludge and hence supposed to 

have a higher removal rate than with low Kow. Longer HRT and SRT, also contribute to the 

high removal of PPCPs (Tiwari et al. 2017). Some of the PPCPs, including diclofenac and 

gemfibrozil, exhibits negative removal in the WWTP, indicating their higher concentration in 

effluent compared to the influent. This could be due to deconjugation of metabolites or 

desorption from suspended solids/sludge (Yang et al. 2017). 

The membrane bioreactor (MBR) process is an emerging secondary treatment technology 

which is becoming more popular and being adopted more frequently compared to the 

conventional activated sludge process (CAS). However, their efficiency is still debatable since 

some of the studies claim MBR has better performance than CAS for PPCPs removal, while in 

some reports, the efficiency of both of them was found to be comparable (Sui et al. 2011). 
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According to the review article by (Deblonde et al. 2011), antidepressants and stimulants 

usually have very high removal efficiency (>90%), whereas antiepileptic drugs are one of the 

most recalcitrant PPCPs with average removal efficiency <50%. Antibiotic removal varies 

from <20% to >90%. Among NSAID, diclofenac and ketoprofen show very low removal 

(<50%). The average removal efficiency of lipid regulators and β- blockers varies from <0- 

60%. 

Due to the diverse nature of various micropollutants, there is no specific treatment technology 

that can potentially remove 100% of PPCPs or their transformation products. Advanced 

treatment technologies, including ozonation and photocatalysis, are also not capable to 

completely mineralize PPCPs (Luo et al. 2014). 

2.1.3 Seasonal variation in the occurrence and removal of PPCPs in wastewater 

The seasonal variation in some of the classes of PPCPs in the raw sewage could be due to the 

variation in consumption patterns. NSAIDs and antibiotics, for example, has a higher influent 

concentration in winter compared to summer due to higher chances of getting cold and ailments 

in the cold weather. Insect repellents are generally detected higher in the summer season than 

in the winter. The influent PPCPs concentration also influenced by the rainfall, which could 

dilute the concentration of PPCPs significantly (Golovko et al. 2014, Nakada et al. 2010, Sui 

et al. 2011). 

The biological removal of PPCPs in WWTP has found to be higher in the summer season than 

in the winter season due to higher microbial activity at a higher temperature. This could lead 

to higher PPCPs concentration in effluent in the winter season compared to spring and summer; 

however, if the temperature difference between the summer and winter is mild, there could be 

the insignificant difference in the removal of PPCPs (Kim et al. 2014, Stamatis and 

Konstantinou 2013, Sui et al. 2011, Vieno et al. 2005, Yu et al. 2013). 
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2.2 Occurrence and fate of DOAs in a wastewater treatment plant 

2.2.1 Occurrence of DOAs in wastewater treatment plants 

Illegal drugs enter into the sewerage system either through human consumption or their illegal 

dumping. The parent drug may get excreted as it is or in the form of metabolites after drug 

administration, similar to the consumption of PPCPs (Pal et al. 2013). Benzoylecgonine is the 

major urinary metabolite of cocaine (Castiglioni et al. 2011). Other minor human metabolites 

of cocaine consumption include norbenzoylecgonine and norcocaine. However, when alcohol 

and cocaine are co-consumed, another metabolite, cocaethylene, is formed due to the 

transesterification of cocaine (Rodríguez-Álvarez et al. 2015). Morphine is an analgesic used 

in therapeutic purposes; however, it is also a metabolite of heroin consumption. Normorphine 

and norcodeine; EDDP; and, 6-acetylmorphine are the major urinary metabolites of codeine, 

methadone, and heroin consumption (Boleda et al. 2009). MDA is the common metabolite of 

two drugs, MDMA (Ecstasy) and MDEA (González-Mariño et al. 2017). 

The trace amount of illicit drugs and their metabolites or transformation products have been 

detected in all the aqueous environmental matrices, including surface water, groundwater, and 

drinking water. The primary source of occurrence of illicit drugs and metabolites in the 

environment is the wastewater effluent containing these residues due to inefficient removal at 

WWTP (Yadav et al. 2017). 

Amphetamine itself is a drug, as well as the metabolite of methamphetamine consumption 

(Postigo et al. 2011). Table 2.3 shows the range of concentrations of selected biomarkers 

detected worldwide in different geographical regions (Australia, Europe, USA, and Asia) in 

the wastewater influent and effluent. The ecological effect of drugs of abuse and their 

metabolites or transformation products have not been studied in detail and hence need scientific 

attention since the treated wastewater effluent has found to contain the trace amounts of these 

drugs and their biomarkers (Rosi-Marshall et al. 2015). 
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Table 2.3 Range of concentration of selected biomarkers in influent and effluent of 

wastewater treatment plants worldwide. (Yadav et al. 2017) 

 

Selected 

biomarkers 

Influent Effluent 

Cocaine 0.7-4700 0.2-530 

Benzoylecgonine 5-7500 0.8-1500 

Amphetamine <LOQ-4310 <LOD-210 

Methamphetamine <LOQ-2000 0.4-370 

MDMA <0.5-455 <LOD-376 

MDA ND-1637 ND-902 

MDEA 1.4-114 ND-12 

Heroine 2.3-194 1.2-31 

Morphine 11-1007 12-929 

Nor-Morphine 12.5-300 11.6-107 

6-Acetyl Morphine <0.4-756 0.6-352 

Codeine 1.3-3973 3-1502 

Nor Codeine 5-161 5-72.1 

Methadone 2.6-1531 1.4-732 

EDDP ND-1029 2.6-1150 

 

2.2.2 Illicit drugs consumption 

The wastewater-based epidemiology (WBE) is a recently developed tool to monitor the 

population drug usage by analyzing the concentrations of drugs derived biomarkers in 

wastewater treatment plants (McCall et al. 2016). This approach can complement the traditional 

methods of estimation of drug consumption and provide a better understanding of the drug uses 

the pattern of a community (Ort et al. 2014). 

The usual approach to estimate daily drug consumption is shown in the equation below: - 

Daily drug consumption (mg/d/1000 people) = [C*F*(R/E)]/P (1) 

Where C is the concentration of target biomarker, F is the total flow during the sampling, R is 

the ratio of parent drug to its metabolite, and E is the average excretion rate of the drug; 

however, each factor stated in equation 1 is associated with a certain level of uncertainties (Lai 

et al. 2011). 



21  

The uncertainties associated with drug stability during sampling, storage, and analysis, in- 

sewer drugs transformation, mode and frequency of sampling, wastewater operating 

conditions, quality of analytical data, and inter-laboratory variability may lead to a misleading 

conclusion about the occurrence of drugs in wastewater treatment plants. Also, uncertainties 

related to back-calculation and population size estimation contribute to the unreliable data 

related to population drug consumption (Castiglioni et al. 2013). The catchment population 

estimation using census (de jure population) or by measuring the hydrochemical parameters 

such as BOD, COD, phosphorus, and nitrogen in the raw wastewater may contribute to 7-55% 

of uncertainty (Castiglioni et al. 2013). The major drawback of these two approaches is that the 

population estimation by census do not consider fluctuations of catchment populations, 

whereas, other potential non-human sources of these hydrochemical parameters may bias the 

population size estimation. Another approach nowadays to estimate the population is by 

measuring the human metabolites in wastewater (Been et al. 2014). 

Recently, (van Nuijs et al. 2018) have conducted a worldwide inter-laboratory analysis of illicit 

drugs in wastewater to optimize the protocols and strengthen the quality control system. It has 

also been investigated that the enantiomeric profiling of chiral drugs may help to differentiate 

between consumption, disposal, or manufacturing of drugs (Archer et al. 2018). For example, 

an enantiomeric study can help to distinguish if amphetamine in the sewage has come from its 

direct consumption or due to the metabolism of methamphetamine (Gao et al. 2018a). 

Alcohol and tobacco are some of the highly consumed legal stimulants in the world (Gao et al. 

2018a). The population-weighted mean of daily alcohol consumption in 20 cities worldwide 

had been found to be 20.6 L/d/1000 inhabitants (Ryu et al. 2016). They analyzed the wastewater 

samples from Australia, Canada, Germany, Denmark, Spain, UK, Italy, Netherlands, Norway, 

and Portugal and noticed higher consumption during the weekends in most of the samples. The 

average daily nicotine consumption in the year 2015 ranged from 750-3020 mg, which was 

equivalent to 850-3400 cigarettes per 1000 people of 15 Australian communities (Lai et al. 

2018). Ethyl sulfate and ethyl glucuronide are the two major metabolites of alcohol 

consumption, whereas, cotinine, trans-3′-hydroxycotinine, and nicotine are the main 

metabolites of nicotine consumption. However, ethyl sulfate and cotinine are relatively stable 

biomarkers showing lesser in-sewer degradation, and therefore, most commonly used for 

alcohol and nicotine consumption, respectively (Gao et al. 2018a, López-García et al. 2019). 

The cocaine and opioid consumption are dominated in North and South America, and Asia and 

Europe, respectively, whereas amphetamine-type substances are the most popular in Asia, 



22  

North America, Oceania, and Europe (Pal et al. 2013). The study by (Tscharke et al. 2016) 

revealed that Opioids and cannabis exhibited consistent consumption throughout the week, 

whereas the consumption of stimulants and some NPS are higher during the weekends. 

Table 2.4 shows the DOAs consumption in three big cities of New Zealand. It is evident from 

Table 2.4 that methamphetamine consumption is significantly higher compared to the 

traditional DOAs such as cocaine in New Zealand. 

Table 2.4 DOAs consumption in New Zealand. 

 
DOAs Christchurch 

 

(population 

~375,000) 

Auckland 

 

(population 

~1,600,000) 

Whangarei 

 

(population 

~77,000) 

Methamphetamine 240± 43a 411±50a, 

360±112b 

900± 167a 

Cocaine 15± 2a 57±4a, 

30.3±5.6b 

4± 3a 

MDMA 161± 55a 94±48a, 

 

60.2± 13.1b 

7± 6a 

Codeine No data 

available 

499±170b No data available 

Methadone No data 

available 

38 ±12.7b No data available 

a(Chappell et al. 2017); b (Lai et al. 2017) 
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2.2.3 Removal of illicit drugs 

The removal of illicit drugs and their metabolites vary with the type of wastewater treatment, 

climatic and environmental conditions, and WWTP operational conditions like the PPCPs 

removal. The methadone and its metabolite EDDP are one of the most recalcitrant compounds 

and their removal by the biological process is less than 50% due to very high partition 

coefficient, Koc, values, of these two compounds, whereas, THC-COOH shows excellent 

removal irrespective of the treatment technology (Nefau et al. 2013). The removal of 

amphetamine, methamphetamine, and cocaine removal has been found to be >99% by the study 

done by (Andrés-Costa et al. 2014). The negative removal of some of the illicit drugs and their 

metabolites have been reported previously. It could be due to the biological transformation of 

parent compounds or their metabolic processes in the WWTP processes (Subedi and Kannan 

2014). The removal of cotinine and 3´-hydroxycotinine (metabolites of nicotine consumption) 

during the wastewater treatment process has been reported as >90% by (Buerge et al. 2008). 

2.3 Conducting Polymers-Based Photocatalysis for Water Treatment 

2.3.1  Introduction 

The organic contamination of natural water has always been of major environmental concern 

as it can impose a threat to the aquatic ecosystem as well as human health (Hasan and Jhung 

2015). The conventional biological treatment is inefficient in the complete removal of these 

contaminants (Kumar et al. 2019a, Padhye et al. 2014). Advanced oxidation processes, which 

generate highly oxidizing radical species, are promising technologies to treat organics 

contaminated waters or wastewaters (Oturan and Aaron 2014, Pera-Titus et al. 2004). 

Heterogeneous semiconductor photocatalysis is one of the most studied advanced oxidation 

processes for water treatment because of its low cost, versatility, and being environmental 

friendly (Ibhadon and Fitzpatrick 2013). TiO2 is the most widely used photocatalyst for 

environmental applications, which is evident from the large pool of publications focusing on 

TiO2 nanoparticles and its composites for environmental remediation (Arbuj et al. 2010, Byrne 

et al. 2018, Dong et al. 2015b). However, there has always been a growing interest in the 

development of new photocatalysts other than TiO2 nanoparticles as TiO2 is facing 

technological challenges in the large-scale application for water treatment. Namely, its wide 

bandgap, limited photoresponse, and difficulties in post-treatment recovery of nanoparticles 

are main issues (Dong et al. 2015a). Recently, organic photocatalysts, including conjugated 

polymers, have been explored for the photocatalytic water splitting (Sprick et al. 2016). 

Conducting polymers (CPs) are conjugated organic structures with alternating double- and 



24  

single bonds and delocalized π-electrons. They have unique electrochemical and optical 

properties (Das and Prusty 2012, Zhou and Shi 2016). Polyaniline (PANI), poly (3,4- 

ethylenedioxythiophene) (PEDOT), polyacetylene (PA), polypyrrole (PPy), polyfuran (PF), 

poly(p-phenylenevinylene) (PPV), polythiophene (PTh) and their derivatives are the common 

types of CPs. CPs find a wide range of uses in chemical and bio-sensors, flexible displays, 

photovoltaics, energy storage, variety of biomedical applications as well as environmental 

remediation (Das and Prusty 2012, Ibanez et al. 2018, Nezakati et al. 2018). CPs and their 

nanocomposites have been synthesized primarily either by chemical oxidative, electrochemical, 

or vapor phase routes of polymerization (Bryan et al. 2016, Ghosh et al. 2016, Ibanez et al. 

2018). The properties of commonly used CPs are shown in Table 2.5. 

Table 2.5 Properties of commonly used conducting polymers. 
 

CPs Structure Conductivity 

(Scm-1)  

Bandgap 

(eV) 

 

Reference 

PPy 

 

10–7.5 × 103 2.2 (Kaur et al. 

2015, Zhou 

and Shi 2016) 

PANI 

 

30-200 2.8 (Kaur et al. 

2015, Zhou 

and Shi 2016) 

P3HT 

 

6.675 × 10-5-0.34 2.3 (Jana et al. 

2015, Kuila 

and Nandi 

2004) 

PEDOT 

 

0.4-400 1.83 (Kaur et al. 

2015, 

Poverenov et 

al. 2012) 

 

 

2.3.2 Mechanism of CP-based photocatalysis 

When UV/Visible light irradiates CP, a photon with energy higher than bandgap excites an 

electron from the valence band (VB) to the conduction band (CB) (Ghosh et al. 2015a, Ghosh 

et al. 2015b). This phenomenon is termed as π-π* electronic transition. The excited electrons 

migrate to the surface of CP and activate the adsorbed oxygen molecules to form superoxide 

radicals (O2
.-), which can oxidize organic contaminants in the aqueous system (Zhou and Shi 

2016). Meanwhile, the photogenerated holes can also oxidize organics directly. The holes, 
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however, cannot react with water molecules to produce hydroxyl radicals (.OH). The overall 

mechanism can be depicted as follows. 

  CP + hʋ → CP (e- 
LUMO…. h

+ 
HOMO) (1) 

  e-  + O2 → .O2
-  (2) 

  O2
- + H+ → .OOH (3) 

  2.OOH → O2 + H2O2 (4) 

  H2O2 + .O2
- → .OH + OH- + O2 (5) 

  H2O2 + h+ → 2 .OH (6)  

 

In the case of CP-metal oxide hybrid, CP acts as a photosensitizer to absorb a wide range of 

visible light because of the lower bandgap compared to metal oxide. The excited electrons in 

LUMO of CP chains are injected to the CB of transition metal oxide (for example, TiO2), which 

reacts with an adsorbed water molecule to form O2
.- radicals, whereas holes may react with 

water to form .OH (Jana et al. 2015, Muktha et al. 2007b, Wang et al. 2009). 

2.3.3 CP-based Photocatalysis 

The photocatalysis of pollutants with CPs and CP nanocomposites exhibit the first-order 

reaction in most of the recent studies, as shown in Table 2.6. PANI and its composites have 

been the most widely used conducting polymers in photocatalysis of environmental 

contaminants, and dyes have been the most studied organic contaminants for testing conducting 

polymer photocatalysis. However, it is to be noted that dyes removal is relatively simpler 

compared to complex structured emerging organic contaminants (EOCs), including pesticides, 

pharmaceuticals, and personal care products (PPCPs) and endocrine-disrupting chemicals 

(EDCs). The majority of the CP-based photocatalysis research outcomes are based on a static 

system (in a standing container), which is not complementing real industrial treatments in 

which catalysts should sustain in a dynamic and continuous flow-through system with minimal 

leaching of metals from the nanocomposites. The photocatalytic efficiency of CPs based 

photocatalyst should be tested at the pilot-scale level to realize the challenges in upscaling this 

technology. 
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Table 2.6 Photocatalysis using conducting polymers and their 

composites. 

 
Type of CPs Contaminant (s) Light % Removal Pseudo first- 

order rate 

constant 

Lamp power 

and 

irradiance 

References 

PANI/TiO2 Allura red (ALR) and UV - 3.22 × 10−4 s−1 UVC lamp, (Salem et al. 

nanocomposite Quinoline yellow   (ALR); 15 W  2009) 

 (QY)   4.57 × 10−4 s−1    

    (QY)    

 Rhodamine 

(RhB), MB 

phenol 

B 

and 

UV >80% in 175 0.0076 min-1, - (Reddy et 

  min RB, >70% 0.0068 min-1,  al. 2016)  

  in 200 min MB, 0.0038 min-1    

  >50% in 200 respectively for    

  min Phenol RhB, MB and    

   phenol    

 RhB and MB Solar 57% for MB - 30 mW/cm2 (Radoičić et 

  light and 96 % for RB  at 30 cm al. 2013) 

  simulatio in 6 hrs    

  n     
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 Methyl Orange (MO) 

and 4-CP 

Visible >96%   for MO, 

30% 4-CP in 6 h 

0.5316 min-1 for 

MO ;  0.055 min-1 

for 4-CP 

300 W, Xe 

lamp for 

visible, 4 4W 

UV lamp 

(Lin et al. 

2012) 

PANI/TiO2 Hydrogel MB UV >99% in 60 min 

(static system) 

<50% removal 

in dynamic 

system 

0.075 min-1 

(PANI/TiO2    10% 

Hydrogel; static 

system) 

100 W 

mercury lamp 

(static 

system), 11 

W (dynamic 

system) 

(Jiang et al. 

2016) 

PANI/TiO2 nanotube RhB Visible 25% in 120 min 1.00 *10-3 min-1 500 W, HP Xe 

lamp; 12.6 

mW/cm2 

(Li et al. 

2011) 

PANI-PEO/TiO2 2-chloroethyl phenyl 

sulfide (CEPS) 

UV 11% CEPS after 

60 min (With 12 

wt% of TiO2 

NPs) 

-  (Neubert et 

al. 2011) 
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PANI/M-TiO2 RhB and 4-CP Visible >99% of RhB in 

30 min (6% 

PANI/M-TiO2); 

82.4% of 4-CP 

in 7 hrs 

0.11 min-1 for 

RhB, 0.201 h-1 for 

4-CP 

300 W xenon 

lamp/100 

mW/cm2 

(Liao 

2011) 

et al. 

PANI/CdO 

nanocomposite 

MB and Malachite 

green (MG) dyes 

UV and 

natural 

sunlight 

MB  92% (UV), 

98% (Sunlight); 

MG  97% (UV), 

99% (Sunlight) 

in 4 hrs 

MB   0.016   min-1 

(UV), 0.019 min-1 

(Sunlight); MG 

0.019 min-1 (UV), 

0.021 min-1
 

(Sunlight) in 4 hrs 

UV  C  15 W, 

Solar 

radiation 

intensity 

490± 30 

W/m2 

(Gülce 

2013) 

et al. 

PANI/CNT/TiO2 Diethyl phthalate Simulate 

d solar 

light 

67.4% in 

simulated solar 

light 

- 10 W LED, 

40 mW/cm2 

(Hung 

2017) 

et al. 

PANI/Bi3NbO7 

nanocomposites 

RhB Visible >99% in 5 hrs - 300 W 

lamp, 

mW/cm2 

Xe 

700 

(Wu 

2012) 

et al. 

PANI/ZnO 

nanocomposite 

MB and MG Natural 

sunlight 

99% in 5 hrs for 

both dyes 

0.032 min-1 for 

MB 

 (Eskizeybek 

et al. 2012) 
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    0.028 for MG   

PANI/Fe0 doped 

BiOCl 

Congo red Visible 80% in 120 min 0.010 min-1 500 W 

halogen lamp 

(Tanwar et 

al. 2017) 

PANI modified 

graphite-like 

carbon nitride (PANI- 

g-C3N4) 

MB Visible 92.8% in 120 

min 

0.020 min-1 500 W Xe (Ge et al. 

2012) 

Chitosan grafted- 

PANI/Co3O4 

nanocube 

nanocomposites 

MB UV 88% in 120 min - 8 W (Shahabudd 

in et al. 

2015) 

PANI/BiVO4 RhB Visible 100% in 60 min 0.09 min-1 500 W Xe (Shang et al. 

2009) 

ZnO/PANI 

nanocomposite 

Ampicillin Sunlight 41% in 120 min -  (Nosrati 

al. 2012) 

et 

PANI/ZnO 

nanocomposite 

MB Visible 76% in 160 min - 300 W, Xe (Ameen 

al. 2011) 

et 
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PANI/Fe film MB, MG, MO and 

methyl red 

UVC >99% after 90 

mins 

0.043 min-1, 0.060 

min-1, 0.010 min-1, 

0.021 min-1 

15 W (Haspulat et 

al. 2013) 

PANI/Bi12TiO20 (In 

presence of 0.3 mL 

H2O2) 

RhB Visible 91% in 60 min 0.032 min-1 300 W, Xe (Hou et al. 

2011) 

Fe3O4@PANI/TiO2 Ethylenediaminetetr 

aacetic acid 

(EDTA) 

Visible 94% in 135 min 1.97 * 10–2 min-1 500 W, Xe (Wang and 

Chu 2016) 

PANI-CoFe2O4–TiO2- 

 

nanocomposites 

MB UV and 

Visible 

>99% in 60 min 

under UV; 

>99% in 180 

min under 

visible 

0.096 min-1 for 

UV 

 

0.011 min-1 for 

visible 

500 W Xe for 

Visible and 

11 W, 0.8 

mW/cm2 for 

UV 

(Leng et al. 

2013) 

Carbonized 

PANI/TiO2 

nanocomposites 

RhB and MB Simulate 

d solar 

light 

>99 % of MB in 

60 min 

0.078 min-1 for 

Methylene blue 

 

0.033 min-1 for 

Rhodamine B 

30 mW/cm2 

at 30 cm 

(Radoičić et 

al. 2017) 
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   95% of 

Rhodamine B in 

90 min 

   

PANI modified 

mesoporous  single 

crystal TiO2 

microsphere 

RhB and MB Visible >99 % of MB in 

150 min 

>99 % of 

Rhodamine B in 

120 min 

0.017 min-1 for 

Methylene blue 

 

0.030 min-1 for 

Rhodamine B 

300 W, Xe (Deng et al. 

2016) 

PANI/ZnO 

nanocomposite 

MO & MB Visible 

light 

98% MO in 180 

min and 99% 

MB in 180 min 

2.325*10-2 min-1 

for MO, 2.575 

*10-2 min-1 for MB 

250 

Xe 

W, HP (Saravanan 

et al. 2016) 

Al-doped ZnO-PANI MO and Rose Bengal Visible >90% for both 

in 150 mins 

1.77 × 10−2 min−1 

for MO and 2.61 × 

10−2 min−1 for RB 

200 W, 

Tungsten 

lamp/ 70 mW 

cm−2  at 10 cm 

(Mitra et al. 

2017) 

Carbon 

nitride/PANI/ZnO 

MB and 

chlorophenol 

4- Visible 90% of MB and 

50% of 4-CP in 

80 mins and 120 

0.026 and 0.0049 

min−1 for MB and 

4-CP respectively 

300 W 

Halogen lamp 

(Pandiselvi 

et al. 2016) 
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   mins 

respectively 

   

PANI/Graphene 

nanocomposite 

Rose Bengal dye Visible ~56% in 3 hrs - 300 W, 

lamp 

Xe (Ameen et 

al. 2012) 

PANI/Ag/Ag3PO4 RhB Visible >99% in 10 min - 300 W, 

lamp, 

mW/cm2 

Xe 

150 

(Bu and 

Chen 2014) 

PANI–Fe3O4@ZnO MB Visible 90.9% MB after 

40 min 

- 300 W xenon 

lamp 

(Zhang et al. 

2016) 

Polypyrrole/TiO2 MO Simulate 

d solar 

light 

>90% 

minutes 

in 120 0.01504 min-1 300 W, Xe (Deng et al. 

2012) 

Porous PPy 

composite 

TiO2 RhB Visible 90% after 2 hrs 14.89*10-3min-1 100 mW/cm2 (Luo et al. 

2014) 

PPy 

nanocomposite 

TiO2 MO Visible 

and UV 

- 0.152 min-1 (UV) 

and 0.165 (Vis) 

20 W UV 

lamp and 300 

W tungsten 

(Luo et al. 

2011) 
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     halogen lamp 

for visible 

light 

 

TiO2/polypyrrole 

nanocomposites 

MB Visible >99% removal 

in 80 min 

0.4 min-1 300 W Xe 

lamp/12.4 

mW cm−2 

(Dimitrijevi 

c et al. 2013) 

PPy/Bi2O2CO3 

composite 

RhB UV >99% in 30 

mins 

0.09592 min-1 300W Xe arc 

lamp 

(Wang, 

Zheng et al. 

2015) 

PPy-Ag-TiO2 

nanocomposite 

Gaseous acetone Visible >99% in 180 

min 

0.087 min-1 125 W HP Hg 

lamp 

(Yang et al. 

2013b) 

Ppy@Ag/g-C3N4 Mixed suspension of 

Methyl Orange, 

Danofloxacin 

mesylate, 

tetracycline, 

ciprofloxacin, 

gatifloxacin, 

Enrofloxacin 

hydrochloride 

Visible >80% after 60 

mins 

0.02041 min-1 300 W, Xe (Zhu et al. 

2016) 
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Polypyrrole Textile wastewater Solar 

radiation 

and 

UV/Vis 

98% reduction in 

color in 30 min

 (solar 

radiation) 

95.8% in 130 

min (UV/Vis) 

- 300 W Osram 

lamp (108 kJ 

m-2 s-1 

(Lima et al. 

2015) 

P3HT nanostructures Phenol UV and 

Visible 

16% in 240 min 

(Vis); >99% in 

180 min (UV) 

- 300 W Xenon 

lamp 

(Floresyona 

et al. 2017) 

P3HT-g-C3N4 MB and phenol Visible - 0.18134 

wt% 

C3N4 ) 

h−1   (0.7 

P3HT-g- 

500 W Xe 

lamp; 38 mW 

cm−2 

(Bai et al. 

2015) 

(P3HT) polymer 

nanoparticle–Au 

nanoparticle  (NP) 

composite 

MB Visible 90.59% in 180 

min 

1.29 × 10−2 min-1  (Jana et al. 

2015) 

P3HT/TiO2 Orange G UV >99% 

minutes 

in 60 -  (Muktha,et 

al. 2007b) 
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TiO2/P3HT MO Visible 88.5% in 10 hrs - 300W 

 
iodine 

tungsten lamp 

(Wang et al. 

2009) 

P3HT/TiO2 MO Visible 90% in 300 min 0.0408 min-1  (Xu et al. 

2012) 

P3HT/ Bi2MoO6 RhB Simulate 

d solar 

light 

>99% in 30 min 0.066 min-1 500 W, Xe (Zheng et al. 

2016) 

PEDOT 

nanostructures 

Phenol and MO Visible 100% in 180 

AND 240 min 

for MO and 

phenol 

- 300 W xenon 

lamp 

(Ghosh et 

al. 2015b) 

PEDOT/ZnO 

nanocomposite 

MB UV light 

and 

natural 

sunlight 

>95% in 5 hrs 

under both 

conditions 

- - (Abdiryim 

et al. 2014) 
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PEDOT, PEDOT/GO, 

PEDOT/MnO2, and 

 

PEDOT/GO/MnO2 

nanocomposite 

MB UV and 

natural 

sunlight 

21% (PEDOT), 

 
73% 

(PEDOT/GO), 

93% 

(PEDOT/MnO2 

), and 97% 

(PEDOT/GO/M 

nO2) under UV 

light and 54.7%, 

81.4%, 95.7%, 

and 98.9 % 

under  natural 

sunlight, 

respectively 

-  (Zhang et al. 

2015) 
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3.1 Introduction 

Pharmaceuticals and personal care products (PPCPs), which is one of the classes of emerging 

organic contaminants, have been widely studied due to their potential to adversely impact the 

aquatic ecosystem (Baalbaki et al. 2016, Padhye et al. 2014). PPCPs include a wide range of 

commonly used human and veterinary medicines, cosmetics, and personal care products (Sun 

et al. 2014). These can be further classified into antibiotics, anti-inflammatory drugs, beta-

blockers, antiepileptic, psychoactive, antidiabetics, insect repellents, flame retardants, 

corrosion inhibitors, herbicides, and plasticizers (Liu and Wong 2013, Ratola et al. 2012, Wang 

and Wang 2016). 

The potential risk of PPCPs to human and aquatic organisms is still debatable at their 

environmental concentrations, but numerous studies have found that many of these trace 

contaminants mimic the activity of endogenous steroid hormones, thus initiating similar 

hormonal responses (Jobling et al. 1998). Findings of (Pomati et al. 2006) suggest that the 

mixture of therapeutic drugs at environmental concentrations can inhibit human embryonic cell 

growth. Some of the PPCPs tend to bioaccumulate and trigger sex changes in the fishes as they 

are endocrine-disrupting compounds (EDCs) (Komesli et al. 2015). Additionally, antibiotics in 

the environment could potentially promote antibiotic resistance in human pathogens (Huber et 

al. 2005). 

Wastewater is considered as the major contributor towards the total concentration of PPCPs in 

the aquatic environment because of the incomplete removal of these trace contaminants by 

conventional wastewater treatment processes (Palmiotto et al. 2018, Sui et al. 2015a, Yang et 

al. 2011). The veterinary drugs, household PPCPs, and industrial/hospital wastewater are three 

most common sources of PPCPs which contaminate the soil and ultimately 

surface/groundwater bodies directly or indirectly through livestock excreta, landfill leachates, 

leakage from septic and sewer system and WWTP effluent discharge (Sui et al. 2015a). A 

recent study by (Palmiotto et al. 2018) also concluded that personal care products were present 

ubiquitously in an aqueous environment and could be treated as indicators of anthropogenic 

pollution. 

Since the wastewater matrix is complex, studies have been conducted to identify a correlation 

between influent and effluent concentrations of PPCPs and various factors such as water quality 

parameters (Kasprzyk-Hordern et al. 2009, Yang et al. 2013a), PPCPs mass load and 

population of catchment area (Gao et al. 2016), rainfall and PPCPs mobilization (Del Río et al. 



 

2013), and mode of sampling (Ort et al. 2010a). However, more global data is needed as 

geographic location can impact these correlations significantly. In addition, there is still 

uncertainty about the effectiveness of MBR, compared to conventional activated sludge, for 

the removal of PPCPs. Since in many cities around the world, including in New Zealand, only 

partially treated wastewater is discharged into the environment during heavy rainfall events, 

either due to insufficient treatment plant capacity or due to combined sewer overflows, more 

information is required on PPCPs’ fate during such events. Only a few studies have tried 

delineating such effects (Corada-Fernandez et al. 2017). This comprehensive and inter-

seasonal PPCPs’ study fills the above-mentioned research gaps. 

3.2 Materials and Methods 

3.2.1 Chemicals and consumables 

All the PPCPs, including isotope-labelled pharmaceuticals, used in this study were of analytical 

grade and purchased from Sigma Aldrich (New Zealand). Methanol and acetonitrile were of 

LC-MS grade and were purchased from Thermo Fisher Scientific (New Zealand). Oasis HLB 

6 cc cartridges (with 500 mg of sorbent) were purchased from Waters Corporation (U.S.A.). 

Ascentis reverse-phase amide HPLC column (10 cm x 2.1 mm, 3 µm) was purchased from 

Sigma Aldrich (New Zealand). Stock solutions of 1,000 mg/l concentration of individual 

PPCPs were prepared in methanol and stored at -18 °C prior to using. Subsequent working and 

calibration standards were prepared by diluting the stock solutions with methanol for each 

sampling event. PPCPs were selected based on their global occurrence (Padhye et al. 2014) as 

well as their relevance in the New Zealand context (Pharmac 2014, Stewart et al. 2014). Table 

3.1 lists the PPCPs chosen for the study. 
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Table 3.1 List of PPCPs selected for the study. 
 

 

Class Pharmaceutical pKa Log Kow 
Molecular weight Molecular formula 

Molecular structure 

Analgesics/ 

Anti 

inflammatory 

Acetaminophen 9.04a 0.46a 

 

151.16 C8H9NO2 

  

Diclofenac 4.20a 0.7 a 

 

296.14 C14H11Cl2NO2 

  

Naproxen 4.20 a 3.18 a 

 

230.26 
C14H14O3 

 

Ibuprofen 4.90 a 3.97 a 

 

206.29 
C13H18O2 
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Class Pharmaceutical pKa Log Kow 
Molecular weight Molecular formula 

Molecular structure 

Antibiotics 

Clarithromycin 8.4 a 3.24g 

 

747.95 C38H69NO13 

  

Roxithromycin 9.06g 2.44g 

 

837.04 C41H76N2O15 

  

Trimethoprim 6.80a 0.91a 

 

290.32 C14H18N4O3 

  

Sulfamethoxazole 5.70a 0.89a 

 

253.28 C10H11N3O3S 

  

β blocker and 

lipid regulators 
Atenolol 9.6a 0.16a 

 

266.33 C14H22N2O3 
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Class Pharmaceutical pKa Log Kow 
Molecular weight Molecular formula 

Molecular structure 

Metoprolol 9.6a 2.15a 

 

267.36 C34H56N2O10 

  

Antiepileptic Carbamazepine 3.19a 2.45a 

 

236.27 C15H12N2O 

  

Psychoactive Caffeine 10.4a -0.07a 

 

194.19 C8H10N4O2 

  

Antidiabetic Metformin 
10.4/12.3

/12.1b 

-1.43/-4.3 

(at pH 7.4)b 

 

129.16 C4H11N5 

  

Insect repellant DEET 0.67c 2.18c 

 

191.27 
C12H17NO 
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Class Pharmaceutical pKa Log Kow 
Molecular weight Molecular formula 

Molecular structure 

Herbicide Atrazine <2.0d 2.61d 

 

215.68 C8H14ClN5 

  

Corrosion 

Inhibitor 
Benzotriazole 8.2-8.8f 1.23f 

 

119.12 C6H5N3 

  

Antidepressant Fluoxetine 8.7d 4.05d 

 

309.33 C17H18F3NO 

  

Flame 

retardant 
TCEP  1.44e 

 

285.48 C6H12Cl3O4P 
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Class Pharmaceutical pKa Log Kow 
Molecular weight Molecular formula 

Molecular structure 

Antimicrobial Triclosan 7.80a 4.76a 

 

289.54 C12H7Cl3O2 

  

Plasticizer Bisphenol A 9.73d 3.32d 

 

228.29 C15H16O2 

  

 
a(Ratola et al. 2012); b(Kosma et al. 2015); c(Yang et al. 2011); d(Uslu et al. 2012); e(Reemtsma et al. 2008); g (Weiss et al. 2006); 

 
7 (Grushka and Grinberg 2014) 
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3.2.2 Sampling location and sample collection 

The samples were collected from an urban wastewater treatment plant (WWTP) in New 

Zealand. The WWTP, which serves a population of less than 100,000, is equipped with a 

primary treatment unit and parallel secondary treatment trains of five-stage Bardenpho and a 

membrane bioreactor (MBR). The five-stage Bardenpho process consists of anaerobic, anoxic, 

aerobic, anoxic, and aerobic zones for enhanced nutrient removal, while MBR is a combination 

of membrane filtration with biological treatment. The raw sewage, containing mostly domestic 

wastewater with small contributions coming from industries like meat processing, dairy, and 

waste management, undergoes preliminary treatment with screens and grit chamber, followed 

by primary treatment where removal occurs primarily by sedimentation. The primary effluent 

splits into two secondary treatment units, MBR and Bardenpho. The split ratio depends upon 

the flow rate. Based on the average flow data supplied by the WWTP, approximately 75% of 

primary effluent is treated by the Bardenpho process and the remaining by MBR. The treated 

effluent from the plant is discharged in a nearby forest for irrigation purposes. This approach, 

termed as land treatment system (LTS), has a two-fold benefit: nutrients in the treated effluent 

enrich vegetated soils being irrigated, and a lower amount of nutrients are discharged to the 

downstream water body. Figure 3.1 shows the process diagram and sampling points of the 

WWTP. 

Five liters each of the influent and treated 24-hour composite wastewater samples were 

collected in chilly bins for analysis. 50-80 ml of samples were collected every 15 minutes for 

24 hours using ISCO autosampler (Teledyne, U.S.) to make composite samples. Weekly 

variations were accounted for by collecting daily 24-hour composite samples of influent for the 

entire week of sampling. 24-hour composite samples were collected during a selected week in 

spring (October), summer (January), autumn (May), and winter (July) seasons of the year 2016-

2017. Additionally, composite wastewater samples were also collected during a heavy rainfall 

period of four days in April 2017 to evaluate the effect of heavy rainfall on sampling data. The 

details of the sampling are provided in Appendix I. 
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Figure 3.1 Process diagram of WWTP. 

 
3.2.3 Wastewater characterization 

Samples were analyzed in the laboratory of WWTP within 24 hours according to the Standard 

Methods (Eaton et al. 2005) for general wastewater quality parameters: pH, alkalinity, 

carbonaceous biochemical oxygen demand (cBOD), chemical oxygen demand (COD), 

dissolved reactive phosphorus (DRP), nitrogen (includes ammonia nitrogen, nitrite nitrogen, 

total Kjeldahl nitrogen, total oxidized nitrogen), total phosphorus, turbidity, and suspended 

solids. 

3.2.4 Sample processing 

Samples were acidified to pH 2 using concentrated sulfuric acid at the WWTP facility 

immediately after collection and placed on ice packs and shipped overnight to the 

Environmental Engineering laboratory at The University of Auckland. Samples were filtered 

with 0.7 µm glass fiber filter to eliminate suspended particles, and pH was measured before 

and after filtering. 

Solid-phase extraction (SPE) was performed by allowing one liter of a sample to pass through 

SPE cartridges after spiking with 1,000 ng/l of both target analytes and isotope-labelled 

standards following the steps detailed in Kosma et al. (2014), except that final SPE eluent was 

in methanol in the present study. The analytes were eluted with 10 ml (2 x 5 ml) of methanol 

at a flow rate of ~1 ml/second. Ten ml of SPE eluent was then transferred to a Speed-Vac 

concentrator (Thermo Scientific, New Zealand) to concentrate down to 1 ml ensuring minimum 

analyte loss. One ml of concentrated SPE eluent was analyzed on LC-MS/MS (Shimadzu LC- 

MS 8040, New Zealand). Details of LC-MS/MS analytical method are reported in Appendix 

II. 
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3.2.5 Quality assurance and quality control 

Quality assurance and quality control (QA/QC) was implemented to ensure accurate 

quantification of selected PPCPs. Limit of quantification (LOQ) and limit of detection (LOD) 

were set at a signal to noise ratios of 10 and 3, respectively (Appendix III). The identification 

of the target analytes was based on retention times (±0.1 min) and the ratio of quantifier to 

qualifier ions (Ngumba et al. 2016, Subedi et al. 2017). All the analysis was done in duplicates, 

and the results were reported as a mean value. 

Extraction efficiency for most of the PPCPs was calculated by matrix spike method except for 

sulfamethoxazole, trimethoprim, caffeine, ibuprofen, naproxen, metformin, bisphenol-A, and 

atenolol. The recovery of these compounds was corrected by their respective surrogates. The 

list of surrogate standards selected for the study is shown in Appendix IV. In addition, samples 

were also analyzed by the direct injection method on Sciex QTRAP 5500 LC/MS at the 

University of Queensland, Australia, to verify the concentration of three analytes for a QC 

check. Phenomenex Biphenyl (50x2 mm, 2.6 micron) column was used for high-performance 

liquid chromatography (Shimadzu Nexera UHPLC system, Kyoto, Japan) coupled to a triple 

quadrupole tandem mass spectrometer (AB SCIEX QTRAP®5500, Ontario, Canada) to verify 

concentrations of acetaminophen, atenolol, and carbamazepine. 

3.2.6 Estimation of PPCPs’ mass loads and consumption 

Influent and effluent mass loads of PPCPs were calculated by multiplying the concentrations 

of PPCPs with the daily flow. Population normalized mass loads of PPCPs were calculated by 

dividing their respective mass loads with the catchment population. The consumption of 

selected pharmaceuticals (mg/d/1000 people) was calculated by dividing the population 

normalized mass load by its excretion factor (Gao et al. 2016, Kumar et al. 2019b), using the 

following equation: 

PPCPs’ consumption (mg/d/1000 people) = [(mass load of chemical/(population of 

catchment area*excretion factor of biomarker)*(molecular weight of parent compound 

/molecular weight of its metabolite)] Equation 1 

 
Note that we have considered only parent compound while estimation of consumption through 

back calculations. 
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3.2.7 Statistical analysis 

The Spearman correlation was performed on IBM SPSS™ statistics 24 to correlate wastewater 

quality parameters, PPCPs’ mass loads, removal efficiencies, and rainfall. The normality of 

data was checked with the Shapiro-Wilk test. The parametric one-way ANOVA followed by 

Tukey HSD and non-parametric Kruskal-Wallis test was performed to evaluate the statistically 

significant differences in their seasonal and weekday-weekend variation in concentration of 

PPCPs. The weekday-weekend and seasonal variations were treated as statistically 

insignificant if the p-value were more than 0.05. Correlations were treated as significant if 

correlation coefficients were more than 0.70 at p-values less than 0.05. 

3.3 Results and Discussion 

3.3.1 Seasonal and weekday/weekend variation in the occurrence of PPCPs in 

wastewater influent 

All the monitored PPCPs were detected in the influent. The average of total PPCPs’ 

concentrations over a year, through four seasons (excluding heavy rainfall event), was found 

to be 130 µg/L, which was comparable to the wastewater influent concentrations in other 

developed countries (Padhye and Huang 2012). Acetaminophen, metoprolol, and ibuprofen 

were among the top 20 prescribed medicines in the year 2016 in New Zealand (Pharmac 2016), 

which is also reflected in the influent concentration data of the present study. Total PPCPs’ 

concentration was found to be lowest in spring (89 µg/L) whereas, it was the highest in the 

winter season (183 µg/L), presumably because of higher consumption of pharmaceuticals in 

colder months due to flu and other ailments. Seasonal variations in total PPCPs’ concentrations 

in influent, primary effluent, MBR effluent, and Bardenpho effluent are shown in Figure 3.2 

and Figure 3.3. The influent and effluent PPCPs’ concentrations are shown in Table 3.2. 

Among NSAIDs/analgesics, acetaminophen was present at the highest concentration in all the 

seasons followed by ibuprofen and naproxen, whereas diclofenac was present at the lowest 

concentration in influent. Similar findings were also reported earlier by (Padhye and Huang 

2012) in the U.S. wastewater stream. NSAIDs and analgesics exhibited wider seasonal 

variations. Acetaminophen concentration was found to be highest in the winter season, whereas 

diclofenac showed the highest concentration in summer; however, naproxen and ibuprofen 

exhibited the highest concentration in autumn. However, overall, the influent concentrations of 

NSAIDs /analgesics were higher in autumn and winter seasons. Diclofenac mean concentration 

was found to be 183 ng/L, which was comparable to the findings of (Lishman et al. 2006) in 

Canadian wastewater, having an average concentration of 204 ng/L. 
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Among beta-blockers, which are commonly used to reduce hypertension and cardiovascular diseases, 

metoprolol was present at a higher concentration than atenolol, similar to findings of (Wick et al. 2009), 

irrespective of the seasons. Atenolol and metoprolol concentrations in this study were found to be 

significantly higher than the influent concentrations reported by (Roberts et al. 2016) in an Australian 

wastewater treatment plant. Metoprolol concentration was high in spring, similar to the study by (Sun et 

al. 2016) whereas, atenolol concentration was highest in the spring season. 

 
Figure 3.2. Seasonal variation in total PPCPs’ concentrations in influent and primary 

effluent. 

 

 

 

Figure 3.3. Seasonal variation in total PPCPs’ concentrations in secondary effluents.  

The median concentrations of ibuprofen, naproxen, and atenolol were significantly lower than 



 

 

50   

the values reported by (Padhye and Huang 2012) in the U.S. wastewater influent. The mean 

concentration of metoprolol was found to be more than twice of concentration obtained by 

(Oosterhuis et al. 2013) in Dutch wastewater influent. The average concentration of 

acetaminophen and caffeine was found to be 49,037 ng/L and 38,558 ng/L respectively, which 

was much lower than the mean level of 99,498 ng/L and 66,400 ng/L, respectively, for these 

drugs as reported by (Hedgespeth et al. 2012) in the United States. Caffeine concentration was 

relatively constant in all four seasons, maybe due to the uniform consumption of caffeine-based 

products throughout the year. 

Among antibiotics, sulfamethoxazole and trimethoprim were present at significantly higher 

concentrations compared to roxithromycin and clarithromycin. Statistically, there was no 

significant seasonal variation in concentration of clarithromycin and trimethoprim. 

Sulfamethoxazole and roxithromycin showed higher concentrations in winter. 

Correspondingly, the total concentration of antibiotics was found to be higher in the winter 

season, similar to a study in the U.S. (Padhye and Huang 2012), possibly because of higher 

occurrences of cold, fever, and other ailments in winter. The average trimethoprim and 

sulfamethoxazole concentrations in the present study were found to be higher than the average 

concentrations reported by (Karthikeyan and Meyer 2006) in U.S. wastewater influent; 

however,, roxithromycin concentrations were significantly lower in this study. Variations can 

be possibly attributed to different regional prescription/consumption patterns of these drugs. 

Carbamazepine and fluoxetine, which are antiepileptic and antidepressant drugs, respectively, 

were detected at the highest concentrations during summer, which was in contrast to the 

findings of (Kot-Wasik et al. 2016) who reported no seasonal variation for these two 

compounds. The average carbamazepine concentration in the present study was found to be 

comparable to that of wastewater influent in Spain (530 ng/l) (Santos et al. 2009) and Australia 

(Roberts et al. 2016). The mean fluoxetine concentration was found to be 50 ng/L, comparable 

to the influent concentration reported by (Roberts et al. 2016) in the Australian wastewater 

treatment plant, but less than a half of what was obtained by (Silva et al. 2014) in Portuguese 

wastewater influent. 

Atrazine was detected only in spring and summer seasons since it is an herbicide used primarily 

in those two seasons. The mean triclosan concentration was found to be 1,900 ng/L in the 

Canadian study by ( Lishman et al. 2006), which is much higher than the concentration of 

triclosan found in the current study. Triclosan levels in our study were also found to be 

significantly lower than their reported influent concentrations in Australia by (Roberts et al. 
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2016). This may be due to stringent regulations about the use of triclosan in cosmetic products 

in New Zealand. 

Benzotriazole, which has broad household and industrial applications (Wolschke et al. 2011) 

due to it being commonly used as a corrosion inhibitor in dishwasher detergents and de-icing 

fluids (Liu et al. 2012b) and personal care products like body lotions and sunscreen (Nagayoshi 

et al. 2015), exhibited the highest concentration in the summer season. It could be because of the 

increased use of UV filters in summer. Although benzotriazole is also used as a de-icing agent, 

the region does not experience snowfall during winter; hence, the use of benzotriazole during 

winter was not expected to peak. The mean concentration of benzotriazole was found to be 

1210 ng/L, which was around ten times lower than the concentration reported by (Weiss et al. 

2006) in the influent of WWTP in Germany. Similarly, the average concentration of 

benzotriazole in the present study was found to be around five times lower than the Australian 

wastewater influent, as reported by (Liu et al. 2012). 

The concentration of DEET (an active component of insect repellent) was found to be the 

highest in summer, possibly because of more use of insect repellent in the summer season (Sui 

et al. 2011). Similarly, concentrations of a commonly used fire retarding chemical, TCEP, 

peaked in warmer months. The maximum concentration of TCEP was found to be 8437±2,119 

ng/L in wastewater influent, which was comparable to a concentration of 8450 ng/L in influent 

of wastewater treatment plant of New York State as reported by (Kim et al. 2017). The median 

concentration of TCEP was 3445 ng/L, which was more than ten times the concentration 

reported by O’Brien et al. (2015) in Australian wastewater. High TCEP concentration in the 

present study could be because of the contribution from the regional paint industry, which 

manufactures fire retardant paints, as it discharges its effluent to the WWTP. TCEP 

concentrations were found to be higher in summer and autumn seasons because higher 

temperatures in those seasons can enhance TCEP release (Wensing et al. 2005) from flame-

retardant coatings used on surfaces of a wide range of products. 

The mean concentration of PPCPs in all seasons is shown in Appendix V. Figures 3.4, and 3.5 

show the relative distribution of PPCPs in different seasons in influent and effluent, 

respectively. Appendices VI-XI show PPCPs’ removal efficiencies, PPCPs’ secondary 

effluent concentrations, PPCPs’ final effluent concentrations, water quality parameters in 

influent removal efficiencies of water quality parameters, and final effluent water quality 

parameters, respectively. Statistically, significant differences (p<0.05) were found in the 

seasonal variation of influent concentration for most of the PPCPs and are shown in Appendix 
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XII. Metformin was qualitatively detected in all the seasons in influent as well as in effluent, 

but due to low recovery values through the SPE matrix, the concentrations have not been 

quantified to avoid possible errors due to low recoveries. 

 

 
Figure 3.4 PPCPs relative distribution in influent. 

 

 

 
Figure 3.5 PPCPs relative distribution in effluent. 
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Table 3.2 Influent and effluent PPCPs concentration in four seasons with standard 

deviation. 

 
PPCPs  Influent Concentrations (ng/L) Effluent Concentrations (ng/L)  

Frequency 

of     

detection 

(%) 

Minimum Maximum Mean Median Frequency 

of     

detection 

(%) 

Minimum Maximum Mean Median 

Acetaminophen 100 16,884±9625 117,867±3005 49,037 30,699 75 <LOQ <LOQ <LOQ <LOQ 

Trimethoprim 100 489±167 729±374 590 571 100 274 473 380 387 

Sulfamethoxazole 97 396±130 1,201±631 713 627 100 160 398 264 252 

Roxithromycin 97 8±3 31±15 22 25 75 <LOQ 4 3 3 

Carbamazepine 100 435±186 725±67 589 599 100 595 793 691 687 

Fluoxetine 100 33±7 67±42 50 50 100 15 37 26 26 

Clarithromycin 54 6±1 71±89 27 15 50 <LOQ 4 1 1 

Metoprolol 100 2636±1426 7443±816 5242 5444 100 2422 4305 3097 2830 

TCEP 100 <LOQ 8437±5615 3832 3445 100 <LOQ <LOQ <LOQ <LOQ 

Atrazine 86 <LOQ 16±1 7 7 100 <LOQ 11 3 0 



 

 

54   

Atenolol 100 268±108 1871±502 763 456 100 86 611 237 125 

DEET 100 803±115 4702±1,099 1925 1097 100 34 251 94 46 

Caffeine 100 34,824±4,016 41,922±3692 38,558 38,743 100 <LOQ <LOQ <LOQ <LOQ 

Benzotriazole 100 577±500 2661±2143 1210 801 100 508 3092 1244 687 

Diclofenac 100 142±24 245±200 183 172 100 152 561 303 250 

Ibuprofen 100 3149±2000 11,165±6980 7552 7947 100 <LOQ <LOQ <LOQ <LOQ 

Naproxen 97 414±126 7976±1880 4563 4930 100 <LOQ <LOQ <LOQ <LOQ 

Triclosan 100 86±46 134±88 103 96 100 28 33 23 29 

Bisphenol-A 25 <LOQ <LOQ <LOQ 0 25 <LOQ <LOQ <LOQ <LOQ 
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3.3.2 Mass load and population normalized mass load 

The mass loads and population normalized mass loads of PPCPs in the influent and effluent, 

shown in Table 3.3, were calculated based on PPCPs’ concentration (ng/L), flow rate, and 

catchment population data (Kumar et al. 2019b). The population data was provided by the 

WWTP operator. The average population normalized mass load of selected PPCPs in the 

influent was compared with their counterparts in catchment areas of population less than 

100,000 in the study done in Australia by (O’Brien et al. 2014) in Appendix XIII. The 

population normalized consumption (mg/d/1000 people) of selected PPCPs, considering the 

excretion factor is shown in Appendix XIV. The average unmetabolized fraction of 

administered drug excreted in human urine is shown in Appendix XIV. 

Overall, population normalized mass loads of caffeine, carbamazepine, and atenolol were 

similar for PPCPs in this study to those reported by (O’Brien et al. 2014), except for 

acetaminophen which was found to be at a lower value than in Australia (Figures S1). However, 

population normalized mass loads of ibuprofen and naproxen in this study were found to be 

significantly higher than those found in Australia (O’Brien et al. 2014). The mass loads in the 

effluent were of particular importance as the effluent is directly used for irrigation purposes. 

Significant antibiotics’ discharges in the effluent, trimethoprim, and sulfamethoxazole, are of 

particular concern as these releases in the environment can aid in the development of antibiotic 

resistance in bacteria (‘superbugs’). 

3.3.3 Seasonal variation in the occurrence of PPCPs in wastewater effluent 

The average effluent concentration for monitored PPCPs was found to be 6364 ng/L. The mean 

concentrations of acetaminophen, caffeine, ibuprofen, naproxen, Bisphenol-A, and TCEP in 

the effluent were found to be below LOQ. The mean concentrations were found to be less than 

50 ng/L for clarithromycin, roxithromycin, atrazine, triclosan, and fluoxetine. The mean 

effluent concentration of DEET was in the range of 50-100 ng/L, whereas mean concentrations 

for trimethoprim, sulfamethoxazole, carbamazepine, atenolol, and diclofenac were in the range 

of 100-1000 ng/L and for remaining PPCPs, such as metoprolol and benzotriazole, effluent 

mean concentrations were more than 1000 ng/L. The concentrations of benzotriazole, DEET, 

and diclofenac were significantly higher in summer. The fluoxetine, metoprolol, atenolol, 

atrazine, trimethoprim, and triclosan concentrations were the highest in the spring season. Total 

PPCPs’ effluent concentrations were found to be in a similar range to many studies conducted 

in other countries (Padhye and Huang 2012, Sui et al. 2011). 
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Table 3.3 Mass load and population normalised mass load of PPCPs in influent and 

effluent. 

 

PPCPs Influent mass load 

(mg/d)±Std 

deviation 

Population 

normalised 

Influent mass load 

(mg/d/1000 

people)±Std 

deviation 

Effluent mass 

load (mg/d) 

±Std 

deviation 

Population 

normalised 

Effluent mass load 

(mg/d/1000 

people) ±Std 

deviation 

Acetaminophen 1,145,119±1,246,600 18,620±20,270 <LOQ - 

Trimethoprim 12,399±1413 202±23 7802±2,058 127± 33 

Sulfamethoxazole 15,970±10,329 260±168 5575±3095 91± 50 

Roxithromycin 495±284 8±5 53±38 1±1 

Carbamazepine 12,259±1075 199±17 13,936±608 227±10 

Fluoxetine 1037±226 17±4 509±175 8±3 

Clarithromycin 552±571 9±9 27±42 0 

Metoprolol 109,265±43,053 1777±700 62,985±16,528 1024±2,692 

TCEP 78,271±93,298 1273±1517 <LOQ - 

Atrazine 137±160 2±3 53±106 1±2 

Atenolol 15,302±13,937 249±227 4672±4763 76±77 

DEET 38,344±32,928 623±535 1795±1799 29±29 

Caffeine 824,031±1,51,425 13,399±2462 <LOQ - 

Benzotriazole 24,281±16,977 395±276 23,710±21,015 386±342 

Diclofenac 3865±1007 63±16 5942±2868 97±47 

Ibuprofen 162,569±77,142 2643±1254 <LOQ - 
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Naproxen 99,783±68,935 1622±1121 <LOQ - 

Triclosan 2169±400 35±7 443±302 7±5 

 

3.3.4 Removal efficiency of WWTP 

The average removal efficiency was found to be ≥ 99% for acetaminophen, caffeine, and 

ibuprofen as reported by (Kim et al. 2014, Sim et al. 2010) and ≥ 90% for clarithromycin, 

roxithromycin, naproxen, and DEET. BPA and TCEP in the effluent were found to be below 

LOQ. The removal efficiency was found to be between 70 and 90% for triclosan. The average 

removal efficiencies for sulfamethoxazole, atenolol, and fluoxetine were found to be in the 

range of 50-70%. The average removal was found to be less than 50% for trimethoprim, 

metoprolol, and benzotriazole. The relatively lower removal of these compounds could be 

explained due to a combination of different factors, including low Kow, halogenated structure, 

and antibiotic properties of the compound, which makes them less susceptible to settling and 

biodegradation. The highly halogenated compounds like fluoxetine are resistant to 

biodegradation, which resulted in lower removal during secondary treatment (Cirja et al. 2008). 

The removal efficiency of atenolol, metoprolol, and sulfamethoxazole in this study was 

comparable to (Kim et al. 2014). However, the removals of fluoxetine, trimethoprim, and 

clarithromycin were found to be better, while triclosan removal was less than that reported by 

Kim et al. (2014). The removal efficiency of DEET was significantly higher than the findings 

of (Wijekoon et al. 2015) in Australia; however, there was no significant seasonal variation in 

the removal of DEET. The diclofenac and carbamazepine showed negative removal, 

irrespective of seasons, similar to a study by (Blair et al. 2015). 

The negative removal efficiency has been frequently reported in the literature. The reason could 

be because of enzymatic deconjugation of conjugated metabolites leading to the release of 

parent compounds in the wastewater treatment process (Sipma et al. 2010). The low removal 

of diclofenac has also been reported by (Wijekoon et al. 2015). The TCEP removal in the 

present study was found to be significantly higher than the values reported by (Kim et al. 2007). 

The removal efficiency of trimethoprim and roxithromycin was found to be more in the summer 

season; however, the removal efficiency of sulfamethoxazole was comparable in summer and 

winter. The removal efficiencies of metoprolol and atenolol were found to be maximum in 

autumn. The benzotriazole exhibited negative removal efficiency in summer and autumn. 

However, total PPCPs’ removal efficiencies were comparable in all seasons, and no higher 

removal of total PPCPs was observed in summer, as reported in the literature. This may be due 
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to the milder climate of North Island of New Zealand where seasonal variations in temperature 

are not too extreme. In addition, a rain event during the summer sampling period may have 

cooled the wastewater temperature. 

3.3.4.1 Primary treatment 

In general, the primary treatment had removal efficiency in the range of 0-55%. The primary 

treatment unit was not very efficient in removing most of the PPCPs. The average removal 

efficiency was insignificant (less than 5%) for acetaminophen, trimethoprim, 

sulfamethoxazole, metformin, TCEP, atrazine, DEET, caffeine, benzotriazole, atenolol, and 

triclosan. The average removal efficiency was found to be in the range of 5-20% for 

carbamazepine, fluoxetine, metoprolol, diclofenac, ibuprofen, and naproxen. The average 

removal efficiency was between 25 and 30% for roxithromycin. The only clarithromycin 

exhibited high removal of 55%. However, the standard deviation was significantly higher in all 

the removal efficiencies compared to mean values, indicating high variability in the seasonal 

data of primary treatment efficacy. 

3.3.4.2 Comparison of MBR and Bardenpho treatment 

In the literature, there is contradictory information about the efficiency of MBR compared to 

conventional activated sludge treatment in PPCPs’ removal. Some of them have claimed better 

PPCPs removal by MBR, while others found conventional activated sludge has more or equal 

potential in treating selected PPCPs (Sui et al. 2011). In this study, MBR and Bardenpho were 

almost equally effective with >99% removal of acetaminophen, caffeine, ibuprofen, and TCEP. 

Furthermore, there was an insignificant difference (<10%) in MBR and Bardenpho efficiency 

in the removal of trimethoprim, clarithromycin, sulfamethoxazole, roxithromycin, DEET, and 

fluoxetine. The Bardenpho was found to be more effective (>10%) than MBR only in the 

removal of metoprolol, atrazine, atenolol, benzotriazole, naproxen, and triclosan. However, 

overall, the average removal efficiencies of MBR and Bardenpho for total PPCPs were in a 

similar range through all four seasons (90-97%). The average removal efficiency of PPCPs by 

both of these secondary treatment units is shown in Appendix XV. 

3.3.5 Effect of heavy rainfall/flow on PPCPs 

The sampling was also done for four days in April 2017, during a heavy rainfall event (43.1 

mm rainfall). The heavy rainfall led to a very high dilution of PPCPs concentration in both 

influent and effluent. (Sui et al. 2015b) had earlier reported up to a 76% decrease in the 

concentration of PPCPs in wastewater influent due to dilution during heavy rainfall. In the 
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present study, we found more than 95% decrease in PPCPs’ concentrations in the influent and 

effluent samples. The dilution is a function of heavy rainfall and concentration of PPCPs in 

wastewater. The effect of very heavy rainfall on the removal efficiency of PPCPs is shown in 

Appendix XVI. The comparison of the efficiency of primary treatment, MBR, and Bardenpho 

during a low and high average rainfall during the sampling period is shown in Appendix XVII. 

Overall, removal efficiencies did not show any significant differences during a heavy rainfall 

event. Hence, even though concentrations of contaminants are expected to be less in heavy 

rainfall due to dilution, if WWTP can accommodate the additional flow, WWTP treatment 

efficiency may not be affected. 

3.3.6 Prediction of Ecotoxicity based on literature 

The effluent concentrations of PPCPs were compared with predicted no-effect concentration 

(PNEC) based on literature. The PNECs of carbamazepine, atenolol, and diclofenac in a study 

by (Jones et al. 2002) were found to be significantly higher (in µg/l level) than mean 

concentrations in the present study. The mean effluent concentrations of benzotriazole, 

fluoxetine, and DEET in the present study were also more than 1000 fold less compared to 

PNEC reported by (Santos et al. 2007, Seeland et al. 2012, Johnson et al. 2007), and (Chen et 

al. 2014b). Sulfamethoxazole average concentration in the effluent was higher than PNEC (150 

ng/L) reported by (Camacho-Muñoz et al. 2010); however, trimethoprim level was 

significantly lower than reported PNEC. Triclosan was found to be present at a mean 

concentration of 28 ng/L, which is lower than PNEC (50 ng/L) reported by (Singer et al. 2002). 

Although no ecotoxicity risk is predicted from the findings of this study, the recent study by 

(Xin et al. 2018) suggests that multiple environmental factors should also be taken into account 

while evaluating the toxicity of emerging contaminants because they can affect physiological 

performances to a greater extent. 

3.3.7 Correlations 

Spearman's correlation analysis revealed that there was a significant correlation between some 

of the PPCPs’ mass loads in influent. The significant correlations were those with a correlation 

coefficient of ≥ 0.7 at p <0.05 (Santos et al. 2009). A similar kind of correlation study was also 

done by (Matamoros et al. 2007) in Denmark. In the present study, strong positive correlations 

were obtained among the few PPCPs and between two water quality parameters (Table 3.4). 

TCEP and DEET were correlated with each other because of their similar consumption/ 

utilization pattern and given their usage increases in the summer season. The correlation 

between acetaminophen and sulfamethoxazole could also be explained based on a similar 
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consumption pattern. Ibuprofen and naproxen, being pharmaceuticals of the same class, also 

showed a strong correlation, similar to atenolol and metoprolol correlation. Acetaminophen- 

caffeine correlation can be explained as the combination of these two is used widely in the 

treatment of headaches. The alkalinity was also strongly correlated with nitrite, because of 

consumption of alkalinity in ammonia oxidation. 

Table 3.4 Correlations in the wastewater 

influent. 

 
Correlations at p<0.05 Spearman correlation coefficient 

Acetaminophen-Sulfamethoxazole 0.769 

Metoprolol-Atenolol 0.711 

Acetaminophen-Caffeine 0.747 

TCEP-DEET 0.722 

Ibuprofen-Naproxen 0.770 

Nitrite-Alkalinity 0.740 

 
The correlations between removal efficiencies of wastewater parameters and PPCPs are shown 

in Table 3.5. The nitrogen removal was found to be correlated with PPCPs’ removal efficiency 

in the study done by (Alvarino et al. 2015). Similarly, the strong correlations were obtained 

between the removal efficiencies of wastewater parameters and PPCPs. PPCPs’ removal 

efficiency was found to be redox-sensitive and shown a strong correlation with ammonia and 

nitrite removal, similar to the study of (Banzhaf et al. 2012). The removal of alkalinity during 

secondary treatment was negatively correlated with the removal of some of the PPCPs, such as 

sulfamethoxazole, fluoxetine, and benzotriazole, as biological removal relies on alkalinity, 

without which organic acids produced in this process may lower the pH substantially, affecting 

bacterial viability. Alkalinity, COD, or nitrite removal during primary treatment mainly occurs 

through sorption and sedimentation; therefore, it was found to be positively correlated with 

PPCPs having high log Kow such as fluoxetine and negatively correlated with PPCPs having 

very low log Kow like acetaminophen. Ammonia removal was found to be positively correlated 
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with the removal of some of the pharmaceuticals similar to the findings from other studies 

(Chen et al. 2016, Xu et al. 2016); it could be because of co-metabolic biodegradation. 

Turbidity removal during primary and secondary treatment was found to be negatively 

correlated with PPCPs of low log Kow such as metoprolol and caffeine because turbidity 

removal occurs primarily by sorption, but these two PPCPs have very low sorption ability. 

NSAIDs, such as naproxen, were found to be negatively correlated with COD and TKN, similar 

to the findings by (Jiang et al. 2017) since they may adversely affect microbial activity. β 

blocker was found to be negatively correlated with TP, similar to the study by (Thiebault et al. 

2017). Many of the correlations are obvious, such as TSS and TP removal, since TSS removal 

also affects particulate phosphorus removal. Similarly, TP and DRP removal are correlated 

because DRP removal also means the removal of a fraction of TP. The negative correlation 

between DRP/TP and nitrite could be because of competitive biological removal. 

Table 3.5 Correlations in removal efficiency (correlation factors). 

 
Parameters Primary treatment MBR Bardenpho 

Alkalinity Fluoxetine (0.975) Sulfamethoxazole (-0.9), 

Fluoxetine (-0.9) 

Benzotriazole (-0.9), 

Sulfamethoxazole (-0.9) 

COD Acetaminophen (-0.975), 

Nitrite (1) 

 Naproxen (-0.9) 

DRP TP (0.9) Atenolol (-0.9), TP (1) TP (1), TSS (1) 

Ammonia cBOD (0.9), TKN (0.9), 

TSS (1) 

Metoprolol (0.9), 

DEET (0.9) 

Sulfamethoxazole (0.9) 

Nitrite Acetaminophen (-0.975), 

COD (1) 

TP (-0.9), DRP (-0.9) No significant 

correlation 

TKN TSS (0.9) Naproxen (-0.9) cBOD (1) 

TP DRP (0.9), caffeine (0.9) Atenolol (-0.9) No significant 

correlation 

Turbidity Metoprolol (-0.9) Metoprolol (-0.9) Caffeine (-0.9) 
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3.4 Conclusions 

This inter-seasonal study assessing the occurrence and fate of 20 PPCPs and EDCs in New 

Zealand’s wastewater treatment plant was conducted successfully. All of the monitored PPCPs 

were detected in the wastewater influent. In the influent, NSAIDS, caffeine, and β-blockers 

were predominant, whereas, in the effluent, β-blockers were present at the highest 

concentrations. PPCPs’ concentrations and removal efficiencies exhibited significant seasonal 

variations. NSAIDs and antibiotics were detected at the highest concentrations in influent in the 

winter season. The removal efficiency of primary treatment was insignificant for most of the 

studied PPCPs, whereas MBR and Bardenpho exhibited similar removal efficiencies for total 

PPCPs. It was found that except sulfamethoxazole, there was no ecotoxicity risk predicted for 

studied PPCPs. The correlation study revealed that there was a significant correlation among 

influent mass loads of few PPCPs and between wastewater quality parameters and PPCP’s 

removal. 

Our study demonstrated the occurrence of several PPCPs in wastewater influent and effluent, 

accounting for daily and seasonal variations in the wastewater quality. It is envisaged that this 

study will add valuable information about the fate of PPCPs in wastewater treatment plants and 

will also assist in establishing correlations among PPCPs and wastewater quality parameters. 

Monitored PPCPs’ total concentration in influent was found to be comparable to the wastewater 

occurrence results in many developed countries; however, it also has a distinct geographical 

signature. The comparative study of PPCPs removal by MBR and Bardenpho will help 

wastewater treatment facilities worldwide to decide, based on a cost-benefit analysis, whether 

an upgrade of conventional biological treatment or installation of MBR can serve the purpose 

of increasing removal efficiency of micropollutants. Our comprehensive study also provides 

an overview of levels of PPCPs in urban wastewaters of New Zealand, and this information 

will be useful in the future for treatment utilities, city councils, and even epidemiologists 

studying population drug consumption patterns in different regions of Oceania. 
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4.1 Introduction 

The United Nations Office on Drugs and Crime (UNODC) has reported that an estimated 5.2% 

of the world’s population aged 15-64 used illicit drugs in 2014 (UNODC 2016). The traditional 

self-reported survey methods do not always give an accurate estimate of illicit drug 

consumption in a community (Metcalfe et al. 2010). Wastewater based epidemiology (WBE) 

is increasingly used as a method to estimate the quantity of drug consumption in communities 

and can complement to the existing epidemiological surveys and illicit drugs seizure data 

(McCall et al. 2016, Yadav et al. 2017, Yargeau et al. 2014, Zuccato et al. 2008). Illicit drugs 

and their metabolites in wastewater influent have been reported to be in the range of <1 ng/L 

up to 10 µg/L (Yadav et al. 2017). These DOAs and their metabolites have also been detected 

in surface water ranging from sub-ng level to >100 ng/L due to their inefficient removal during 

wastewater treatment (Yadav et al. 2017). The occurrence of these drugs, even at sub-µg/L 

concentrations in the aquatic ecosystem, may produce ecotoxicological effects (Pal et al. 2013). 

The removal efficiencies of DOAs in a wastewater treatment plant (WWTP) are still not well 

known, especially with advanced treatment processes such as membrane bioreactors (MBR) 

(Evgenidou et al. 2015, Kim et al. 2014). Although few studies have assessed removal 

efficiencies of DOAs by WWTPs (Andrés-Costa et al. 2014, Kasprzyk-Hordern et al. 2009, 

Postigo et al. 2010, Terzic et al. 2010), more research is needed to assess and compare their 

removal through conventional and advanced treatments. Furthermore, in New Zealand, the 

previous studies have mainly focussed on DOAs’ consumption, based on catchment population 

data given by WWTP operators and wastewater influent concentrations only (Lai et al. 2017). 

There is a lack of information about occurrences of DOAs in wastewater effluents; such 

information is particularly relevant as practices of effluent application to land or its discharge 

to surface water bodies are not uncommon. 

Community drug use can be estimated by measuring the concentration of drug target residues 

(DTR) in the wastewater influent (Baker et al. 2014, Chen et al. 2014a, Gatidou et al. 2016, 

Jones et al. 2014, Mastroianni et al. 2016, van Nuijs et al. 2011a). Numerous WBE studies have 

been conducted across the globe, including in European Union, U.S., Australia, and Asia, as 

reported by (Yadav et al. 2017) and in New Zealand (Lai et al. 2017). The Sewage Analysis 

Core Group Europe (SCORE) also performs interlaboratory sewage analysis across Europe, 

Australia, and North America to estimate the selected drug residues in wastewater influent (van 

Nuijs et al. 2018). 

Apart from the illicit drugs, the WBE method can also estimate alcohol consumption of the 
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population, served by a specific sewerage system, by quantification of the mass load of a stable 

and specific biomarker of its oxidative metabolism (Andrés-Costa et al. 2016, Boogaerts et al. 

2016, Ryu et al. 2016). Similarly, nicotine consumption in the community can also be 

monitored by near real-time sewage analysis (Castiglioni et al. 2015). WBE study not only 

reveals the consumption pattern of drugs but can also be used to estimate the de facto 

population of the catchment area served by a wastewater treatment plant by measuring the mass 

load of relatively stable biomarkers, taking into account average human excretion rate 

(Daughton 2012, O’Brien et al. 2014, Senta et al. 2015). 

Consumption of some of the drugs like methamphetamine, cocaine, and MDMA has been 

estimated using WBE in New Zealand (Lai et al. 2017); however, the consumption patterns of 

most of the other DOAs, including alcohol and nicotine, has not been reported and hence, this 

study will also contribute to the existing community drug consumption pattern derived from 

epidemiological surveys. The social cost (includes the cost of personal and community harm 

and intervention costs) associated with the consumption of illicit drugs in New Zealand is 

estimated to be 1.8 billion per year (McFaddenConsultancy 2016). The estimated social cost 

associated with the consumption of alcohol and nicotine is higher than illicit drugs in both 

Australia and New Zealand. Hence, it will be relevant to estimate the consumption patterns of 

DOAs in this region using the WBE approach. 

The principal aim of this study was to investigate the occurrence and removal of DOAs in an 

urban wastewater treatment plant in New Zealand by analyzing DOAs at different stages of 

wastewater treatment in four seasons. The uniqueness of the study lies with the seasonal 

sampling at different stages of the WWTP, which had a parallel secondary treatment train, with 

conventional and advanced treatment components. Hence, the study yields comprehensive data 

on the occurrence and removal of DOAs in the studied WWTP. Consequently, the influent and 

effluent mass loads of DOAs were used to estimate the population consumption of DOAs and 

their environmental discharges, respectively. 

4.2 Material and Methods 

4.2.1 Chemicals and consumables 

Chemicals, including isotope-labeled standards, used in this study were of analytical grade and 

purchased from Cerilliant (USA). Methanol and acetonitrile (LC grade) were purchased from 

Merck (Germany). Formic acid was purchased from Sigma Aldrich (Australia). HPLC 

columns were purchased from Phenomenex (USA). The DOAs selected for the study (Table 

4.1) were methamphetamine, amphetamine, cocaine, nicotine, codeine, 3,4-methylenedioxy 
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methamphetamine (MDMA), 3,4-methylenedioxyamphetamine (MDA), 3,4-methylenedioxy- 

n-ethylamphetamine (MDEA), morphine, methadone, ketamine, methylone, oxycodone, 

mephedrone, and buprenorphine, whereas metabolites included benzoylecgonine, cotinine, 

hydroxycotinine, ethyl sulfate, norketamine, and 2-ethylidene-1,5-dimethyl-3,3- 

diphenylpyrrolidine (EDDP). Native and labelled analytical standards of these DOAs and their 

metabolites were obtained from various suppliers. 

Table 4.1 lists the 21 DOAs and DTRs, along with their physicochemical properties, chosen 

for the study. DOAs were selected based on their global occurrence in wastewater (Pal et al. 

2013) and compatibility with existing analytical methods. 
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Table 4.1 List of DOAs Selected for the 

Study. 

 
 

DOA 
 

Type of drug 

 

pKa 

 

Log Kow 
Molecular weight 

(g/mol) 

 

Molecular formula 

 

Molecular structure 

 

 
Amphetamine (AMP) 

 

 
Stimulant 

 
 

10.1@20°C a 

 
 

1.76a 

 

 
135.20 

 
 

C9H13N 

 

 

 
Methamphetamine 

(MAMP) 

 

 
Stimulant 

 

 
9.87@ 25 °Ca 

 

 
2.07a 

 

 
149.23 

 

 
C10H15N 

 

 

 
Cocaine 

 

 
Stimulant 

 

 
8.61 @15°Ca 

 

 
2.30a 

 

 
303.35 

 

 
C17H21NO4 

 

 

 
 

Benzoylecgonine (BZG) 

 

 
Metabolite of 

Cocaine 

 

 
11d 

 

 
2.72f 

 

 
289.33 

 

 
C16H19NO4 
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DOA 
 

Type of drug 

 

pKa 

 

Log Kow 
Molecular weight 

(g/mol) 

 

Molecular formula 

 

Molecular structure 

 

 
Cotinine (COT) 

 

 
Metabolite of 

Nicotine 

 

 
4.8b 

 

 
0.07a 

 

 

176.22 

 

 
C10H12N2O 

 

 

 

 
Hydroxycotinine (HCOT) 

 

 
Metabolite of 

Nicotine 

 

 
4.3b 

 

 
-1.20g 

 

 

192.21 

 

 
C10H12N2O2 

 

 

 

 
Nicotine (NIC) 

 

 
Stimulant 

 
 

8.5a 

 
 

1.17a 

 

 
162.23 

 
 

C10H14N2 

 

 
 

Ethyl sulfate (EtS) 

 

 
Metabolite of 

alcohol 

 

 
-3.14i 

 

 
No Data* 

 

 
126.13 

 

 
C2H6O4S 
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DOA 
 

Type of drug 

 

pKa 

 

Log Kow 
Molecular weight 

(g/mol) 

 

Molecular formula 

 

Molecular structure 

 

 
Morphine (MOR) 

 

 

Opioid 

 

 
 

8.21 @ 25 °Ca 

 

 
 

0.89a 

 

 

285.34 

 

 

C17H19NO3 

 

 

 
Methadone (MTD) 

 

 
Opioid 

 

8.94a 

 

3.93a 

 

 
309.445 

 
 

C21H27NO 

 

 

 
EDDP 

 

 
Metabolite of 

methadone 

 

 
7.71e 

 

 
5.51f 

 

 
277.41 

 

 
C20H23N 

 

 

 

 
Codeine (COD) 

 

 
Stimulant 

 

 
8.21@ 25°Ca 

 

 
1.19a 

 

 
299.36 

 

 
C18H21NO3 

 

 
 

MDMA 

 
 

Opoid 

 

 
9.9c 

 

 
2.28a 

 
 

193.24 

 
 

C11H15NO2 
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DOA 
 

Type of drug 

 

pKa 

 

Log Kow 
Molecular weight 

(g/mol) 

 

Molecular formula 

 

Molecular structure 

 

 
MDA 

 

 
Stimulant 

 
 

9.67c 

 
 

1.67f 

 
 

179.22 

 

C10H13NO2 

 

 

 
MDEA 

 

 
Stimulant 

 

10.34e 

 

2.34f 

 
 

207.27 

 

C12H17NO2 

 

 

 
Ketamine 

 

 
Anaesthetic 

 
 

7.5a 

 
 

2.18a 

 
 

237.725 

 

C13H16ClNO 

 

 

 
Norketamine 

 

 
Metabolite of 

ketamine 

 

 
7.5j 

 

 
No Data* 

 
 

223.7 

 

 
C12H14ClNO 

 

 

 

 
Methylone 

 

 
Stimulant 

 
 

8.0h 

 
 

1.91a 

 
 

207.229 

 

C11H13NO3 

 

 

 

 
Oxycodone 

 

 
Opoid 

 

8.28a 

 

0.66a 

 
 

315.369 

 

C18H21NO4 
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DOA 

 
Type of drug 

 
pKa 

 
Log Kow 

Molecular weight 

(g/mol) 

 
Molecular formula 

 
Molecular structure 

 

 
Mephedrone 

 

 
Stimulant 

 
 

No Data* 

 
 

2.39a 

 
 

177.247 

 
 

C11H15NO 

 

 

 
 

Buprenorphine 

 

 
 

Opioid 

 

 

 
8.31@ 25°Ca 

 

 

 
No Data* 

 

 

 
467.64 

 

 

 

C29H41NO4 

 

 

 

a Pubchem; b(Li et al. 2012); c(Desrosiers et al. 2013); d (Plósz et al. 2013); e (Maquille et al. 2009); f (N.G.F.M. van der Aa and van Nuijs 2010); g 

(Nicolardi et al. 2012); h  (Vårdal et al. 2017); i  (Esteve‐Turrillas et al. 2006); j  (Menzies et al. 2014); *No Data means data could not be found .in 

the web search.
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4.2.2 Sampling 

Wastewater samples were collected from an urban WWTP in New Zealand, serving a 

catchment area population of less than 100,000. This catchment area was selected for the study 

because it has been a major tourist destination in New Zealand for more than 100 years and 

was not part of the previous studies. The selected WWTP received mostly domestic wastewater 

with a minor contribution coming from industries. The main sources of trade waste were waste 

management, paints industry, dry cleaners, and a meat processing plant. The sources of 

wastewater are included in Appendix XVIII. 

The process scheme (Figure 4.1) included preliminary treatment (screens and grit removal), 

primary treatment (sedimentation), and secondary treatment. A secondary treatment process 

consisted of two parallel units: Bardenpho (conventional activated sludge coupled with nutrient 

removal) and Membrane Bioreactor (MBR), operating simultaneously and discharging their 

effluent to the forest for irrigation purpose. The Bardenpho system is a 5-stage biological 

treatment unit consisting of anaerobic/ anoxic/ aerobic/ anoxic/ aerobic zones, with target 

MLSS of 4000 mg/L, HRT of 13.5 hours, and sludge age of 12 days; whereas MBR is the 

integration of membrane filtration with biological secondary treatment, with target MLSS of 

5000 mg/L, HRT of 19.6 hours, and sludge age of 20 days. Based on the average flow data 

supplied by the WWTP, approximately 75% of primary effluent was treated by the Bardenpho 

process and remaining by the MBR. Secondary effluents from both treatment units combine to 

yield final effluent. 

The raw and treated 24-hour composite wastewater samples of 5 L each was collected daily in 

time proportional sampling mode, every 15 minutes over 24 hours, during a selected week in 

spring (October 2016), summer (January 2017), autumn (May 2017), and winter (July 2017) 

using ISCO autosampler (Teledyne, U.S.). Additional composite wastewater samples were also 

collected during a heavy rainfall period of consecutive four days in April 2017 to evaluate the 

effects of heavy rainfall on concentrations and fate of DOAs. The sampling details are provided 

in Appendix I. 
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Figure 4.1 Process diagram of the WWTP. 

 
4.2.3 Wastewater quality characterization 

Wastewater samples were analyzed by the WWTP within 24 hours, according to the Standard 

Methods (Rice et al. 2017). WWTP analyzed parameters included pH, alkalinity, carbonaceous 

biochemical oxygen demand (cBOD), chemical oxygen demand (COD), dissolved reactive 

phosphorus (DRP), nitrogen (includes ammonia, nitrite, total Kjeldahl nitrogen, total oxidized 

nitrogen. 

4.2.4 Sample processing 

All samples were acidified to pH 2 at the WWTP immediately after sampling. The samples 

were then put on the ice and transferred overnight to the Environmental Engineering 

Laboratory of the University of Auckland. 20 mL of collected samples were filtered with 0.2 

µm PTFE syringe filter to eliminate suspended particles. pH of all the samples was verified 

with Thermo Scientific Orion 3-Star pH meter. Acidified and filtered wastewater samples were 

then sent to the University of Queensland (Australia) for analysis of the DOAs using high- 

performance liquid chromatography (Shimadzu Nexera UHPLC system, Kyoto, Japan) 

coupled to a triple quadrupole tandem mass spectrometer (AB SCIEX QTRAP®5500, Ontario, 

Canada). 

4.2.5 LC-MS/MS analysis 

The analysis was carried out using the direct injection of samples on the above-mentioned 

liquid chromatography tandem mass spectrometer (LC-MS/MS), thus avoiding any additional 

sample preparation and extraction steps. Samples were spiked with deuterated standards before 

analyzing on LC-MS/MS for quality assurance and quality control (QA/QC) check. 

Phenomenex Biphenyl (50x2 mm, 2.6 micron) and Phenomenex Kinetek EVO C18 (50x2 mm 

1.7 micron) LC columns were used for the separation of DOAs and ethanol metabolites, 

respectively. LC-MS/MS parameters are shown in Appendix XIX. MS acquisition parameters 
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for each DOA are detailed in Appendix XIX. Other QA/QC measures were implemented in a 

similar way, as mentioned by (Lai et al. 2013b) to ensure accurate quantification of selected 

DOAs. 

The samples and MilliQ water laboratory blanks acidified to pH 2 (n = 3) were spiked with 

mass labeled internal standards to account for matrix effects. A six-point calibration standard 

curve was prepared in MilliQ water acidified to pH 2 and ranged in concentrations from 0.1 to 

40 μg/L. The calibration curve (n = 6) and wastewater samples spiked with native standards (5 

μg/L; n= 2) were analyzed in duplicate, and the relative differences were minimal. The limit of 

detections (LOD) for chemicals ranged from 0.003–0.2 μg/L (Appendix XX). No analytes 

were detected in blank samples. The analytical method is validated yearly through an inter- 

laboratory comparison (SCORE 2015). More details of the analytical method are described in 

Text S1 and previous studies (O’Brien et al. 2014, Banks et al. 2018, Lai et al. 2017). 

4.2.6 Estimation of removal efficiency 

The removal efficiency was calculated based on the following equation: 

Removal efficiency of treatment unit (%) = [(Average seven days influent concentration to 

WWTP - Effluent concentration for Treatment Unit)/ Average seven days influent 

concentration to WWTP *100] Equation (1) 

4.2.7 Estimation of mass loads and consumption of DOAs 

The influent mass loads for DOAs were calculated by multiplying the concentration of DOAs 

with the daily inflow to WWTP. The population normalized mass load was calculated by 

dividing the daily mass load of each DOA with a daily population estimate. The consumption 

of selected pharmaceuticals (mg/d/1000 person) was estimated by multiplying the population 

normalised mass load of DOAs with respective correction factors, which take into account the 

excretion factor and the ratio of molecular weight of parent drug and DTR (Equation 2) 

(Boogaerts et al. 2016, Castiglioni et al. 2015, Lai et al. 2013a, Mastroianni et al. 2017). For 

methamphetamine, cocaine, nicotine, alcohol, and MDMA, DTRs used were 

methamphetamine, benzoylecgonine, cotinine+hydroxycotinine, ethyl sulfate, and MDMA, 

respectively. The corresponding correction factors were 2.3 (van Nuijs et al. 2011a), 2.33 

(Castiglioni et al. 2015), 1.35 (Nefau et al. 2013), 3047 (Boogaerts et al. 2016), and 1.5 

(Castiglioni et al. 2015), respectively. The correction factor of 3,047 and alcohol density of 789 

kg/m3 was used to estimate the daily consumption of pure alcohol on a volume basis 

(Rodríguez-Álvarez et al. 2015, Yin et al. 2018). 
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Estimated drug consumption = (Concentration of DOAs (mg/L)* Flow (L/d)* Correction 

factor)/Population of catchment area derived from WBE*1000 Equation (2) 

The amount of nicotine absorbed (g/day) by the human body during smoking was estimated 

through the equation used by (Castiglioni et al. 2015). The total nicotine absorbed was based 

on the sum of the mass loads of cotinine and hydroxycotinine, obtained by back-calculation of 

their concentrations in ng/L, multiplied by the correction factor of 1.35, as shown below in 

Equation (2): 

Nicotine (absorbed) = [(Concentrationcotinine*F) + (Concentrationhydroxycotinine*F)]*Correction 

factor Equation (3) 

4.2.8 Estimation of the population served by the WWTP 

Population size was estimated using five hydrochemical parameters of wastewater: BOD, 

COD, TKN, TP, and ammonium (Chen et al. 2014a, Rico et al. 2017, Senta et al. 2015). The 

population served by the WWTP was estimated by dividing the mass load of these parameters 

with their literature-reported wastewater per capita load. Mass load of BOD was divided by 60, 

COD by 128, Ammonia by 8.1, TKN by 10, and TP by 1.7 (Been et al. 2014, Rico et al. 2017). 

Population size was also estimated using human urine indicators like methadone and codeine 

as follows: 

Estimated population = (Daily mass load * Excretion factor)/Daily defined dose (DDD) per 

thousand Equation (4) 

DDD per thousand of methadone and codeine were 1.91 mg and 64 mg, respectively (Ministry 

of Health 2018). The excretion factors used for codeine and methadone were 30% and 27.5% 

(Thai et al. 2016). 

The population estimate by nicotine metabolites was calculated similarly. Nicotine is 

metabolized to cotinine, which is hydroxylated to hydroxycotinine along with other metabolites 

through enzymatic transformation (Buerge et al. 2008, Rodríguez-Álvarez et al. 2014). These 

biomarkers are excreted along with the fraction of unmetabolized nicotine in urine, after 

tobacco consumption. The number of cigarettes smoked in a day can be calculated based on 

the assumption that 1.25 mg of nicotine is absorbed while smoking one cigarette (Castiglioni 

et al. 2015). The average number of current smokers aged 15 years and more in the study area 

was reported to be 20.2% by the local district health board. The population was estimated, 
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considering that 76.8% of the population were adults (age >15 years) in the study area, based 

on the national census of 2013. A similar approach to population estimates using nicotine was 

also done by (Senta et al. 2015). 

4.2.9 Statistical Analysis 

The statistical analysis was carried out using IBM SPSS™ statistics 24. The Shapiro-Wilk test 

was performed to check if the sample has a normal distribution of data. Parametric one-way 

ANOVA followed by Tukey HSD and non-parametric Kruskal-Wallis test was performed to 

evaluate the statistical differences between different population estimates and their seasonal 

and weekday-weekend variation. Seasonal and weekday-weekend variations of DOAs 

consumption were also evaluated similarly. Non-parametric Spearman’s rank correlation 

analysis was conducted in order to correlate the population normalized mass load of DOAs. 

4.3 Results and Discussion 

4.3.1 Occurrence and Removal of DOAs in the WWTP 

4.3.1.1 Concentration of DOAs in wastewater influent 

Influent and effluent concentrations of DOAs and their comparison with international studies 

are summarised in Table 4.2. Out of 21, only 13 monitored DOAs were detected in the influent 

with the concentrations ranging from sub-ng/L to 15 µg/L. For calculating mean, median, and 

SD, <LOD values were excluded; however, mean and median were not calculated for 

compounds detected in only one season in the effluent. Overall, ethyl sulfate was present at the 

highest concentration (mean = 8300 ng/L), whereas MDMA (mean = 24 ng/L) was detected at 

the lowest concentration among all detected DOAs. Ethyl sulfate and ethyl glucuronide are the 

two major metabolites of alcohol metabolism. Ethyl sulfate is relatively stable and is a specific 

biomarker for alcohol consumption (Ryu et al. 2016, Wurst et al. 2006), while ethyl glucuronide 

is not stable. MDEA (<10 ng/L), ketamine (<10 ng/L), norketamine (<10 ng/L), methylone 

(<10 ng/L), mephedrone (< 30 ng/L), oxycodone (<20 ng/L), and buprenorphine (<50 ng/L) 

were not detected in any samples using the direct injection analytical protocol followed in this 

study. It was found that detection frequency was more than 90% for the majority of the detected 

DOAs, including DTRs. However, cocaine, benzoylecgonine, and MDMA were detected with 

a frequency of less than 15%. The mean concentrations of cotinine and hydroxycotinine were 

found to be 1800 ng/L and 5000 ng/L, respectively, while the mean concentration of nicotine 

was 3000 ng/L. As can be seen from Table 4.2, most of the DOAs’ concentrations were in a 

similar range when compared to studies conducted elsewhere. 
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The concentrations of methamphetamine, amphetamine, benzoylecgonine, ethyl sulfate, and 

MDMA were also compared with their respective concentrations in Australian wastewater 

influent. The median concentration of amphetamine and methamphetamine in this study was 

found to be significantly less than those reported by (Gao et al. 2018b) in the urban wastewater 

treatment plant of Australia. The WBE studies and seizure data have demonstrated that 

amphetamine consumption is prominent in Western Europe, whereas Northern Europe, 

Slovakia, Czech Republic, and Oceania regions are dominated by methamphetamine 

consumption (Irvine et al. 2011, Ort et al. 2014). Amphetamine concentrations observed in this 

study might be due to methamphetamine metabolism in the human body, causing it to appear 

in the urine. However, amphetamine is also prescribed in NZ for therapeutic use. 

Amphetamines pills are sold as diet pills under the name of Duromine® and also as 

dexamphetamine (Dexedrine®, Dextrostat®) (Ministry of Health 2010). The mean 

amphetamine/methamphetamine ratio was found to be 0.143, indicating methamphetamine 

consumption as a major source of amphetamine occurrence in these samples (Gao et al. 2018b). 

The mean concentration of ethyl sulfate in this study was found to be half of the concentration 

reported by (Nguyen et al. 2018) in Australia. The mean concentration of MDMA and 

benzoylecgonine in this study were also found to be less than reported by (Irvine et al. 2011) 

in the Australian wastewater treatment plant. 

The seasonal variation in the mean concentration of DOAs in influent is shown in Table 4.3. 

Most of the drugs did not show seasonal variations. Cocaine was detected in the only summer 

and winter seasons, whereas MDMA was also present in only spring and summer seasons 

above LOD. Overall, for monitored DOAs, total concentrations were found to be 30-40% 

higher during summer than winter, possibly indicating the influence of tourists and increased 

recreational activities during the summer season. The experimental error could also be 

supposed to contribute a little to the higher DOAs concentration in the summer. However, this 

contribution could be largely insignificant due to stringent quality control measures adopted 

in the study. Temperature variations were not expected to affect the stability of most of the 

DOAs (Senta et al. 2014), and hence, those were not expected to contribute to seasonal 

variations. However, a recent study (Ramin et al. 2018) indicates that DOAs demonstrate 

increasing transformation rates with increasing temperatures of wastewater, and thus, DOAs’ 

influent mass loads reported in summer could be underestimated. Total concentrations for 

monitored DOAs were lowest, < 50% of summer concentrations, during a heavy rainfall 

event, which was expected due to significant dilution of wastewater influent by runoff. 

Appendix IX in the supplementary information shows the seasonal variation of water quality 
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parameters in influent. 
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Table 4.2 Influent and Effluent DOAs’ Concentrations in four seasons and Comparison with International 

Studies. 

 
DOA  Influent (ng/L) Internation 

al study 

Effluent (ng/L)  Internatio 

nal study 

Freque 

ncy of 

detectio 

n 

(%) 

Minim 

um 

concent 

ration 

Maxim 

um 

concent 

ration 

Mean± 

 
Standa 

rd 

deviatio 

n 

Median 

 
(Number 

of 

composit 

e samples 

above 

LOD) 

 Freque 

ncy of 

detectio 

n 

(%) 

Minim 

um 

concen 

tration 

Maxim 

um 

concent 

ration 

Mean± 

 
Standa 

rd 

deviati 

on 

Median 

 
(Number 

of 

composite 

samples 

above 

LOD) 

 

Amphetamine 7 <LOD 137h 134±4h 134h <LOQ- 25 <LOD 383 - - n.d.-210 a, 

      

(2 out of 

28) 

4310a, 27- 

235b, 

43±5c,15.8- 

     

(1 out of 4) 
6±2c,  n.d. 

d, 1.5 ± 1.8 

e 

      143d,       

      9.9±7.8e       
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Methampheta 

mine 

100 421 1268 935±62 942 

 
(28 out of 

28) 

<LOQ-2000 

a,  23-225 b, 

n.d.c, 

<LOQ-11.7 

d 

50 <LOD 59 58±2 58 

 
(2 out of 4) 

0.4-350  a, 

n.d.c, 

<LOQ- 

33.1 d 

Cocaine 11 <LOD 167 98±18 98 

 
(3 out of 

28) 

<LOQ-4700 

a, 308-2667 

b,  115±8 c, 

<LOQ-156 

d, 56±19 e 

25 <LOD 286 - - 

 
(1 out of 4) 

<LOQ- 

530 a, 80±8 

c, <LOQ- 

2.14 d, 27 

± 14 e 

Benzoylecgon 

ine 

11 <LOD 184 127±10 127 

 
(3 out of 

28) 

5-7500a, 

729-3642b, 

241±29c, 

157-3020 d, 

186±59 e 

25 <LOD 85 - - 

 
(1 out of 4) 

<LOQ- 

1500a, 

471±73 c, 

<LOQ- 

210 d, 88 ± 

83 e 

Cotinine 100 717 2615 1800±2 

74 

1985 

 
(28 out of 

28) 

145-2680 d 100 41 70 54±12 53 

 
(4 out of 4) 

5.74-44.2 d 
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Hydroxycotin 

ine 

100 2029 7966 5000±5 

12 

5317 

 
(28 out of 

28) 

- 0 <LOD <LOD <LOD <LOD 

 
(0 out of 4) 

- 

Nicotine 100 1082 14, 586 3000±1 

063 

2619   (28 

out of 28) 

555-6410 d 0 <LOD <LOD <LOD <LOD 

 
(0 out of 4) 

23.1-46.8 d 

Ethyl sulfate 100 4, 448 13,719 8300±1 

134 

7751(28 

out of 28) 

5500-32500 

b, 19200f, 

1460- 

19850g 

0 <LOD <LOD <LOD <LOD 

 
(0 out of 4) 

<LOD g 

Morphine 100 108 334 223±9 228 (28 

out of 28) 

28-1007a, 

61-370b, 

30±5c, 

62.4–363 d, 

294±83 e 

0 <LOD <LOD <LOD <LOD 

 
(0 out of 4) 

12-929a, 

48±5c, 

n.d.-59d, 

56 ± 25 e 

Methadone 100 15 80 29±5 26 (28 out 

of 28) 

2.6-1531 a, 

30-383 b, 

28±0.4 c, 

100 19 28 23±4 22 

 
(4 out of 4) 

1.4-732  a, 

43±0.8c, 

<LOQ- 
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      <LOQ-54.6 

d, 52±16 e 

     36.8 d, 37 ± 

9 e 

EDDP 100 32 71 53±5 54 (28 out n.d.-1029 a, 100 35 50 41±7 39 2.6-1150 a, 

     of 28) 50-197b, 

75±1 c, 11.8- 

     

(4 out of 4) 
106±4c, 

16.3-192 d, 

      70.2d,      123 ± 25 e 

      128±20 e       

Codeine 100 317 1140 753±49 792 (28 1.3-3973 a, 100 80 145 104±2 96 3-1502a, 

     out of 28) 513±25 

262±51 e 

c,    8  

(4 out of 4) 
795±32  c, 

149 ± 31 e 

MDMA 11 <LOD 26h 24±4h 24 (3 out <0.5-598 a, 25 <LOD 20h - - <LOD- 

     of 28) h 23-287 

131±2 

b, 

c, 

     

(1 out of 4) 
376 a, 67±5 

c, <LOQ- 

      1.09-62.5 d,      62.3 d, 2.4 

      6.8±7.7 e       ± 1.7 e 

a (Yadav et al. 2017); b (Mastroianni et al. 2017); c (Yargeau et al. 2014); d (Subedi and Kannan 2014); e (Terzic et al. 2010); f (Mastroianni et al. 

2014); g (Andrés-Costa et al. 2016); h concentration above the LOD but below LOR, is included if it is greater than the midpoint between the LOD 

and LOR (i.e. (LOD + LOR)/2 
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Table 4.3 Seasonal Variation of DOAs in Influent (Mean ± Standard Deviation). 

 
Influent DOA Spring (ng/L) Summer 

(ng/L) 

Autumn 

(ng/L) 

Winter 

(ng/L) 

Heavy 

rainfall 

(ng/L) 

Amphetamine <LOD <LOD 134± 4a <LOD 187a 

Methamphetamine 943±251 932±288 1008±203 857±238 542±132 

Cocaine <LOD 110±81 <LOD 85 183 

Benzoylecgonine <LOD 135±70 <LOD 120 1780 

Cotinine 1933±417 2126±521 1841±221 1472±458 962±351 

Hydroxycotinine 5117± 1048 5614± 1781 5110± 649 4371± 1522 2590± 815 

Nicotine 2863±654 4509±4,515 2315±357 2208±676 1145±497 

Ethyl sulfate 8183±2297 8799±2228 9333±3794 6707±1763 3431±1322 

Morphine 227±55 233±58 216±40 215±86 101±79 

Methadone 28±7 29±7 35±20 23±3 17±6 

EDDP 59± 13 52± 12 51± 6 48± 8 40± 6 

Codeine 798±176 774±197 757±136 684±266 383±136 

MDMA 21a 26a <LOD <LOD <LOD 

Total 20,172 23,339 20,800 16,790 11,361 

aA concentration above the LOD but below LOR is included if it is greater than the midpoint between the LOD 

and LOR (i.e. (LOD + LOR)/2) 

 



84  

4.3.1.2 Concentrations of DOAs in wastewater effluent 

Codeine was present in wastewater effluent with mean concentrations of >100 ng/L. The mean 

concentrations of cotinine and methamphetamine were found to be in the range of 50-100 ng/L, 

while the mean concentrations of methadone and EDDP ranged between 0-50 ng/L in the 

effluent. Amphetamine (383 ng/L), cocaine (286 ng/L), benzoylecgonine (85 ng/L), and 

MDMA (20 ng/L) were detected in only one season in the effluent. Morphine, ethyl sulfate, 

hydroxycotinine, and nicotine were not detected in any seasons in the wastewater effluent. The 

standard deviations were significantly high in effluent samples for DOAs because of seasonal 

variation in their removal. Seasonal variations in DOAs’ mean concentrations in secondary 

effluent and final effluent are shown in Appendix XXI and Appendix XXII, respectively. 

Mean removal efficiency of DOAs through parallel secondary treatment train of MBR and 

Bardenpho is shown in Appendix XXIII. The total population normalized effluent mass load 

of DOA was found to be 218 mg/d/1,000 population. The average effluent population 

normalized mass load (PNML) of DOAs is shown in Appendix XXIV. The seasonal variation 

in water quality parameters in the final effluent is shown in Appendix XI, while the seasonal 

variations in removal efficiency of water quality parameters are shown in Appendix X. 

4.3.1.3 Removal efficiency of WWTP 

4.3.1.3.1 Primary treatment 

The average removal efficiency of primary treatment in all four seasons was found to be 

insignificant (<1%) for the majority of the drugs and their metabolites. Similar insignificant 

removal of DOAs at primary treatment was also reported by (Subedi and Kannan 2014) at a 

wastewater treatment plant in the U.S.A. The removal efficiency of primary treatment during 

a heavy rainfall period was found to be slightly better for most of the studied drugs and their 

metabolite (data not shown). One of the possible explanations is a higher amount of silt present 

during heavy rainfalls, which settle out in the primary treatment, removing with it the sediment-

bound DOAs. The inefficiency of primary treatment indicates that sedimentation alone is not 

an efficient removal mechanism for most of the monitored DOAs. 

4.3.1.3.2 Secondary treatment 

MBR and Bardenpho were two parallel secondary treatment units of the studied WWTP. They 

operate simultaneously, and their effluent is mixed in an equalization basin before discharge to 

the environment. The average removal efficiency of hydroxycotinine, nicotine, ethyl sulfate, 

and morphine was more than 99% for both MBR and Bardenpho. The negative removal 

efficiency was observed for amphetamine at Bardenpho during summer (Appendix XXI). 
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Negative removal efficiency can be explained by the deconjugation of glucuronides 

metabolites in the secondary treatment process (Subedi and Kannan 2014). The higher effluent 

concentration of amphetamine could be because of the transformation of methamphetamine to 

amphetamine during secondary treatment (Heuett et al. 2015). 

The average methamphetamine removal was around 80% by MBR; however, complete 

removal was achieved by Bardenpho treatment. Average removal efficiencies of cotinine by 

MBR (95%) and Bardenpho (97%) were similar. Similarly, the average removal efficiencies 

of codeine by MBR and Bardenpho were 83% and 87%, respectively. The average removal 

efficiency of methadone by MBR was found to be 53%, around four times higher than 

Bardenpho. Similarly, MBR was more efficient in removing EDDP, compared to Bardenpho. 

This may be due to higher hydrophobicity of these compounds as MBR has greater bacterial 

floc density, which can assimilate hydrophobic compounds more efficiently. 

Overall, secondary treatment was effective in removing 95% of the DOAs’ mass load. The 

average removal efficiency was more than 99% for morphine, ethyl sulfate, and 

hydroxycotinine, irrespective of seasons. Average removal of methamphetamine, codeine, and 

cotinine was found to be >80%. The average removal of methadone and EDDP ranged between 

20-30%. Average removal of methamphetamine, cotinine, and nicotine was of the same order 

as obtained by (Subedi and Kannan 2014) in the U.S. study. Negative removal of amphetamine 

has also been reported by (Terzic et al. 2010). Cocaine, benzoylecgonine, and MDMA 

removals were higher than the reported removal efficiencies from several studies compiled in 

a review article by (Yadav et al. 2017). Average removal efficiencies of the secondary 

treatment unit, comprising of both MBR and Bardenpho, are shown in Figure 4.2. 

The average removal efficiency of the WWTP was more than 90%, irrespective of seasons. 

This study also showed that there was an insignificant difference (<5%) between removal 

efficiencies of MBR and Bardenpho for the total concentration of monitored DOAs. The 

information was particularly relevant to the treatment plant as MBR installation was considered 

as an upgrade to remove trace level contaminants. The secondary treatment has been shown to 

be most effective for the removal of DOAs in a limited number of studies conducted on the fate 

of illicit drugs in WWTP (Yadav et al. 2017). For example, differences observed in removal 

efficiencies of MDMA were solely attributed to differences in secondary treatment of studied 

WWTPs (Andrés-Costa et al. 2014). Although MBR is considered advanced wastewater 

treatment and is expected to perform better in terms of removal efficiencies for conventional 

parameters, activated sludge has also shown to be a very efficient process for removal of DOAs 
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(Yadav et al. 2017). Bardenpho, which is a modified form of activated sludge, has the same 

advantages where contaminants can get volatilized due to aeration and settled out with waste 

activated sludge, in addition to being biodegraded. These are the possible reasons for a 

comparable performance of Bardenpho to that of MBR observed in this study. 

There was insignificant variation (<5%) in Bardenpho removal of methamphetamine, 

morphine, ethyl sulfate, nicotine, cotinine, and hydroxycotinine in all seasons. Removal 

efficiency for amphetamine was found to be insignificant/negative during the summer. 

Methadone removal was higher in summer and spring seasons, but substantially lower in 

autumn and winter seasons. Similarly, EDDP removal was higher in summer and autumn, 

compared to spring and winter season. Overall, summer samples did not show particularly high 

removal of total DOAs. This was contrary to most of the findings reported in the literature as 

the removal of organics during biological treatment is expected to be higher during warmer 

conditions. However, a rainfall event during our summer sampling week may have contributed 

to a lowering of the temperature of wastewater and biological activity. 

There is no information about MBR removal efficiency in the spring season due to sample loss 

in transportation, so Bardenpho removal in spring was treated as the average DOA removal 

from secondary treatment in spring. Overall, there were no distinct variations (<5%) in the 

removal of amphetamine, morphine, ethyl sulfate, nicotine, cotinine, cocaine, 

benzoylecgonine, and hydroxy cotinine in three seasons at MBR. The removal efficiency of 

methadone, codeine, and methamphetamine was highest in the autumn season (Appendix 

XXIII). The removal of EDDP was higher in winter and autumn compared to the summer 

season. Lack of seasonal variations for removal of total DOAs mass load in MBR is consistent 

with the similar observation noted for Bardenpho. 
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Figure 4.2 Removal of selected DOAs by the secondary treatment. 

 
4.3.2 Population estimates, Mass loads, and Consumption 

4.3.2.1 Estimation of population size 

The population size of the catchment was estimated using various hydrochemical parameters 

like COD, total phosphorus, cBOD, ammonium, and total nitrogen, and human urine indicators 

like methadone, codeine, cotinine, and hydroxycotinine. However, only the nicotine marker 

was considered in this study for the estimation of drug consumption. 

4.3.2.1.1 Based on hydrochemical parameters 

The mean population estimated by COD and total phosphorus was 67,845 and 62,014, 

respectively, which were in good agreement with the population of 68,000 provided by the 

wastewater treatment plant. The population was underestimated using cBOD (53,488) and 

overestimated using ammonium (96,325) and total nitrogen (107,381), and therefore, these 

parameters were not considered for estimating drugs’ consumption. There was no significant 

difference found between weekday and weekend population (p>0.05). There was no significant 

seasonal difference in a population estimated using the mass load of COD (p>0.05) either; 

however, population estimation using total phosphorus showed significant seasonal variations 

(Appendix XXV), which could be attributed to phosphorus contribution through non-domestic 

sources of wastewater. Similarly, the overestimation of the population during the heavy rainfall 
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period by using COD is suspected because of organics washed in stormwater runoff. Hence, 

these hydrochemical parameters, although their estimates were in good agreement with WWTP 

estimate, were not used for estimation of consumption of DOAs in this study because of 

possible non-human sources of contribution to the wastewater (Senta et al. 2015). 

4.3.2.1.2 Based on human urine indicators 

Human urine biomarkers like cotinine, hydroxycotinine, methadone, and codeine were used to 

estimate the population per day. Average 70% of daily wastewater inflow (domestic inflow), 

as communicated by WWTP operators (Appendix XVIII), was used to calculate population 

estimate. The population estimated by nicotine metabolites and methadone had shown good 

agreement with each other (p>0.05) as well as with the population estimated by WWTP. 

However, only nicotine metabolites were used as human urine biomarkers for estimation of the 

population. Methadone and codeine were not considered because of an extreme outlier in the 

case of methadone (Figure 4.3) and the possibility of illicit use of codeine, causing 

underestimation of the catchment area population. There was no significant difference found 

between weekday and weekend population estimates as well as between different seasons 

(p>0.05). Complete population estimates by hydrochemical parameters and human urine 

indicators are shown in Appendix XXV. 

 

 

Figure 4.3 Population estimates based on hydrochemical and human urine biomarkers. 

 
4.3.2.2 Population normalized mass load and consumption 

The average daily PNML of DOAs in the wastewater influent is shown in Figure 4.4. The 
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seasonal variation in influent PNML of DOAs is shown in Appendix XXVI. The PNML of 

cocaine was found to be significantly lower than Europe wide study (75.89 mg/d/1000 people- 

821.7 mg/d/1000 people) of similar population range (ranging from >50,000 to <100,000) 

reported by (EMCDDA 2017), except methamphetamine. The PNML of methamphetamine in 

this study was more than 20 times higher than Switzerland catchment with a similar population 

range. However, the PNML of MDMA and amphetamine was found to be similar to PNMLs 

reported for catchments in France, and Switzerland, and Belgium, respectively. The PNML of 

amphetamine was significantly lower than the PNML reported for a catchment in Iceland 

(169.9 mg/d/1000 person). The average number of cigarettes smoked was estimated at 

10,150±2,194 per day based on the nicotine data (Castiglioni et al. 2015). 

The average daily population normalized mass loads of ethyl sulfate was 1883 mg/d/1000 

population. Therefore, the average daily alcohol consumption was found to be 7.3 L/d/1000 

person, which was significantly less than the mean alcohol consumption of 20.6 L/d/1000 

population of 20 cities, including European, Australian and Canadian communities as studied 

by (Ryu et al. 2016). The consumption of alcohol in this study was also found to be significantly 

less than the national average of per capita alcohol consumption in New Zealand (~18 

mL/person/day) (Stats NZ 2017), which could be because discrete areas may have very 

different consumption patterns, which require further investigation. A recent study by (Banks 

et al. 2018, Gao et al. 2018a) suggested that in sewer degradation of alcohol markers could be 

the reason for a significant difference in per capita alcohol consumption estimated through 

WBE and epidemiological survey. 

The average daily consumption for methamphetamine and codeine was 484±73 mg/d/1000 

person and 241±26 mg/d/1000 person. The average daily consumption of methamphetamine, 

cocaine, MDMA, and alcohol was comparable to an Australian rural and urban community 

with a similar population (<150,000) (Lai et al. 2016, Yin et al. 2018). The average 

consumptions of DOAs estimated from this study were compared with wastewater influent 

studies done in New Zealand by (Chappell et al. 2017) and (Lai et al. 2017) (Table 4.4). The 

methamphetamine and methadone consumption were found to be similar to Auckland; however, 

cocaine consumption was found to be highest compared to all the three cities. MDMA 

consumption was significantly lower than in Auckland and Christchurch but higher than 

Whangarei consumption. 

The consumption of methamphetamine exhibited seasonal variation (Appendix XXVI), with 

the highest consumption in a week of the winter season (p<0.05). There could many reasons 
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for spikes in methamphetamine use at a site including one-off entertainment events such as 

rock concerts, sports events, and social gatherings (motorcycle club tours), but this was not 

explored in the current study. However, consumption of alcohol, codeine, and methadone did 

not show any seasonal pattern (p>0.05). The consumption of alcohol and methamphetamine 

exhibited weekday-weekend variation in the spring and winter season (Appendix XXVI), with 

higher consumption on weekends (p<0.05). The cocaine and MDMA consumption did not 

show significant weekday-weekend variation (Appendix XXVII) because most of the values 

were close to LOD. The weekday-weekend consumption pattern was not observed for the 

remaining drugs in any season. 

 
 

Figure 4.4 Population normalized mass load (PNML) of DOAs in wastewater influent 

(mg/d/1000 person). 

Table 4.4 Comparison of DOAs consumption with previously published data for New 

Zealand (all values in mg/d/1000 person). 

 

DOA Present study 

(population 

~70,000) 

Christchurch 

 
(population 

~375,000) 

Auckland 

 
(population 

~1,600,000) 

Whangarei 

 
(population 

~77,000) 

Methamphetamine 484±73 240± 43a 411±50a, 

360±112b 

900± 167a 

Cocaine 94±34 15± 2a 57±4a, 

30.3±5.6b 

4± 3a 
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MDMA 16±1 161± 55a 94±48a, 

 

60.2± 13.1b 

7± 6a 

Codeine 241±26 No data 

available 

499±170b No data 

available 

Methadone 44±9 No data 

available 

38 ±12.7b No data 

available 

a(Chappell et al. 2017); b (Lai et al. 2017) 

 

4.3.2.3 Limitations of the present study 

The limitations of this study include unaccounted uncertainties due to sampling, in sewer 

stability of drug residues, and literature-reported excretion factors. Each of these uncertainties 

could cause underestimation or overestimation of per capita drug consumption. The mode of 

sampling and sampling frequency can cause an error in the estimation of drugs mass load and 

their consumption. The time-proportional sampling mode used in this study does not consider 

flow variations, which is less accurate than the flow proportional sampling technique. Fifteen 

minutes of sampling frequency in this study could also cause uncertainty as short-term 

variations in drugs’ loads can be easily ignored (Ort et al. 2010b). Data interpretation in this 

study was also based on a total of 32 24-hour composite influent samples and five, four, and 

three 24-hour composite effluent samples at primary, Bardenpho, and MBR effluent points, 

respectively. Furthermore, the direct injection LC-MS/MS analytical protocol followed in this 

study might have resulted in higher LOD/LOR than solid phase extraction (SPE)-LC-MS/MS. 

The discrepancy between the estimation of alcohol consumption in this study estimated by 

WBE and by epidemiological surveys could be because of the in-sewer degradation of alcohol 

markers. The average human excretion rates of drugs have been used in this study for back- 

calculation, which also adds to the uncertainty in the estimation of drug’s consumption. 

4.3.2.4 Correlations 

The Spearman's correlation rank analysis was performed to understand correlations between 

PNML of various drugs, wastewater inflow, and rainfall. Our findings showed that there were 

moderate correlations among DOAs’ in influent. The correlations are marked as bold at p < 

0.05 and correlations > 0.4, as shown in Appendix XXVIII. The drugs and their metabolites 

were found to correlate with each other in the wastewater influent, as expected. The mass load 

of nicotine markers was found to correlate with morphine. This study also revealed the 

interdependence of methamphetamine and methadone consumption. The interdependence of 

methamphetamine and methadone could be because of concurrent usage of opioids and 
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methamphetamine or the use of methadone in methadone maintenance treatment (MMT) 

widely used to treat addiction (Radfar et al. 2016, Wang et al. 2015b). The interdependence of 

morphine, cotinine, and hydrocotinine may reflect the population groups overlap since smokers 

have more opportunities to use morphine in illicit or licit ways, and since morphine can result 

from the transformation of 6-acetylmorphine (a metabolite of heroin) (Boleda et al. 2009). 

4.4 Conclusion 

This study revealed a significant presence of biomarkers of alcohol and tobacco consumption 

and methamphetamine in wastewater influent, confirming the recent findings from the United 

Nations about their prevalence in this part of the world. Primary treatment was not effective, 

which indicated that conventional WWTPs would need to rely on secondary treatments for the 

removal of DOAs. Although MBR is widely acknowledged as more expensive and advanced 

treatment, it did not report higher efficiencies than Bardenpho treatment in terms of removal of 

total DOAs. The total population estimated by hydrological parameters like COD and TP and 

human urine biomarkers, methadone, and nicotine, showed good agreement with each other 

and with the WWTP population estimate. Daily consumption of DOAs was calculated based 

on daily population estimates calculated from nicotine metabolites. 

This study will not only aid WWTP operators but will also be of interest to environmental 

toxicologists, epidemiologists, and drug researchers. The findings confirm a similar level of 

methamphetamine and cocaine consumption in New Zealand compared to Australia and are 

consistent with recent seizure data and other research conducted in this part of the world. 

Although consumption patterns of DOAs were estimated in this study, due to the level of 

uncertainties involved, associated with small numbers of samples and extrapolation factors 

used, more research is required before WBE could be used to evaluate public health 

interventions. 
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5  Efficient removal of pharmaceuticals and personal care 

products from water by poly (3, 4-ethylenedioxythiophene) 

photocatalyst 
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5.1 Introduction 

The PPCPs have been widely detected in various aquatic environments over the last two decades 

(Zhang et al. 2014, Kumar et al. 2019a, Padhye et al. 2014). Further, their incomplete removal 

through treatment plants is well documented (Ng et al. 2019). Hence, the enhanced removal of 

emerging contaminants, including pharmaceuticals and personal care products (PPCPs), is an area 

of significant research interest. Metformin, for example, is one of the most widely prescribed 

antidiabetic drugs in the world, which is mostly unmetabolized in the human body once 

administered, causing its presence in the wastewater influent at concentrations more than 100 µg/L 

(Briones et al. 2016, Oosterhuis et al. 2013). The conventional wastewater treatment is unable to 

remove metformin completely. The wastewater effluent with the metformin residues may discharge 

to the nearby surface water bodies, thereby imposing ecotoxicological risks to aquatic organisms 

(Briones et al. 2016, Nezar and Laoufi 2018, Niemuth and Klaper 2015). Metformin can get 

transformed into guanylurea during biological treatment in wastewater treatment plants (Straub et al. 

2019) or carcinogenic disinfectant-by-products during chlorine disinfection in the drinking water 

treatment plant (Armbruster et al. 2015).  

Advanced oxidation processes, including photocatalysis, which rely primarily on strong 

oxidative power of radical species, are a promising approach to removal of PPCPs from 

waters or wastewaters (Borges et al. 2015, Gaya and Abdullah 2008, Grčić and Li Puma 

2013, Kanakaraju et al. 2014, Teixeira et al. 2016). Titanium dioxide (TiO2) has been the most 

widely used photocatalyst (Bellardita et al. 2017) and has been widely explored to degrade 

organics in water/wastewater. However, the research on the development of novel photocatalyst 

with high photocatalytic activity and real scale applicability is still underway from the 

environmental remediation point of view (Zhang et al. 2008). Conducting polymers (CPs) have 

received significant attention recently because of their unique electrochemical properties and 

low cost (Floresyona et al. 2017, Yuan et al. 2019).  

CPs have conjugated polymer backbone with high charge carrier mobility and possess a low 

band gap with the ability to absorb a wide range of wavelengths; therefore they can be used 

as excellent photocatalysts (Zhou and Shi 2016). They exhibit semi-metallic characteristics 

due to the formation of polarons and bipolarons on the CP chains upon oxidation or reduction 

and have a broad range of applications (Bubnova et al. 2013). CPs such as polyaniline 

(PANI) (Ameen et al. 2012, Deng et al. 2012, Eskizeybek et al. 2012, Liao et al. 2011, Lin 

et al. 2012, Radoičić et al. 2013, Reddy et al. 2016, Saravanan et al. 2016, Wang et al. 2009, 



95  

Zhang et al. 2008), PEDOT (Ghosh et al. 2015b, Ghosh et al. 2018), poly(3-hexylthiophene) 

(P3HT) (Floresyona et al. 2017, Wang et al. 2009), and polypyrrole (Dimitrijevic et al. 2013, 

Lima et al. 2015) have previously been investigated for dyes and phenol degradation. 

However, none of the studies has been done to date to test their efficiency (without any co-

catalyst) to degrade PPCPs. PEDOT is considered as one of the most promising CPs having 

the high technical and commercialization potential because of ease of synthesis, high 

conductivity, ambient air stability and biological compatibility (Asplund et al. 2009, Balint 

et al. 2014, Fabretto et al. 2012). The nanostructured PEDOT and their composites have 

previously shown excellent photocatalytic ability towards degrading dyes (Ghosh et al. 

2015b, Ghosh et al. 2018, Zhang et al. 2015). 

The objective of this study was to investigate the removal of PPCPs using poly (3, 4-

ethylenedioxythiophene) (PEDOT) under UV/Visible light. PEDOT was selected because 

of its superiority among other conducting polymers in terms of conductivity and ease of 

processability (Yakhmi et al. 2012).  Metformin was specifically targeted due to its known 

recalcitrant nature and potential ecotoxicological risks. We optimized the amount of 

PEDOT, and the effect of pH and light intensities were explored. The reaction kinetics and 

the role of radicals and charge carriers in the degradation of PPCPs were also studied. 

Furthermore, the photocatalytic removal efficiency was assessed for a mixture of PPCPs in 

ultrapure water and real wastewater effluent matrix. The role of charge carriers and reactive 

species in the degradation of PPCPs was explored in the presence of PEDOT and was 

explored UV light. The reusability of PEDOT powder was tested. The practical applicability 

of PEDOT was studied through immobilization on an electrospun fiber mat. 

The photocatalytic system in this study was tested as a proof of concept to evaluate the 

effectivity of PEDOT in treating PPCPs in wastewater. This study was very critical, knowing 

that the current research in the field of photocatalysis is still in the developing stage until we 

get a material that can be easily upscaled and utilized in the actual wastewater treatment 

plants. 

5.2 Materials and Methods 

5.2.1 Materials 
 

All the stock solutions were prepared with analytical grade chemicals and deionized water 

(Milli Q, 18.2 MΩ.cm at 25°C). PPCPs selected for this study are listed in Table 1. All PPCPs, 

EDOT (97%), formic acid (LC-MS grade), tert-butanol (TBA), potassium iodide, potassium 
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dichromate, ethylenediaminetetraacetic acid (EDTA), coumarin (>99%), P25 TiO2 

nanopowder, polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene, and poly 

(ethylene oxide) were purchased from Sigma Aldrich (New Zealand) and were of analytical 

grade. Methanol, chloroform, and acetonitrile were of LC-MS grade and purchased from 

Thermo Fisher Scientific (New Zealand). Iron (III) chloride (anhydrous) (98% purity) was 

purchased from AK Scientific (CA, USA). Syringes (5 mL) and cellulose acetate syringe filters 

(0.22 µ) were also purchased from Thermo Fisher Scientific (New Zealand). Stock solutions 

of PPCPs and coumarin were prepared in ultrapure water and used immediately. 0.1 M HCl 

and 0.1 M NaOH were used to adjust pH.  
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Table 5.1 Properties of PPCPs selected for the study. 
 

 

PPCPs Class pKa Log Kow 
Molecular 

weight 

Molecular formula 
Molecular structure 

Acetaminophen 

Analgesics/ 

Anti- 

inflammatory 

9.041 0.461 

 

151.16 C8H9NO2 

  

Metoprolol β blockers 9.61 2.151 

 

267.36 C34H56N2O10 

  

Carbamazepine Antiepileptic 3.191 2.451 

 

236.27 C15H12N2O 

  

Caffeine Psychoactive 10.41 -0.071 

 

194.19 C8H10N4O2 
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PPCPs Class pKa Log Kow 
Molecular 

weight 

Molecular formula 
Molecular structure 

Metformin Antidiabetic 
10.4/12.3

/12.12 

-1.43/-4.3 

(at pH 

7.4)2 

 

129.16 C4H11N5 

  

Benzotriazole 
Corrosion 

Inhibitor 
8.2-8.83 1.233 

 

119.12 C6H5N3 

  

Tris(2-

chloroethyl) 

phosphate) 

(TCEP) 

Flame retardant  1.444 

 

285.48 C6H12Cl3O4P 

  

 
1(Ratola et al. 2012); 2(Kosma et al. 2014);3 (Weiss et al. 2006); 4(Reemtsma et al. 2008) 
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5.2.2 Experimental procedure 

5.2.2.1 Synthesis of PEDOT 

PEDOT was synthesized by oxidative chemical polymerization of 3,4-ethylenedioxythiophene 

(EDOT) with iron (III) chloride (FeCl3) (Ghosh et al. 2015b, Kerr-Phillips et al. 2015). EDOT 

(500 mg) was added to a 10 mL solution of 1.5 M FeCl3 at 50 °C and stirred for 20 min. It was 

then filtered, and the collected black powder (PEDOT) was washed with methanol until the 

solution went colorless. The product was air-dried for 24 h in the lab.   

The oxidant to monomer ratio was kept at 4:1 in this study, which was sufficiently above the 

minimum stoichiometry ratio of 2.33:1 to give the reasonable PEDOT yield (Corradi and 

Armes 1997). The optimization of the polymerization process and subsequent measurement of 

PEDOT yield, however, was not in the scope of this study. 

5.2.2.2 Characterization of PEDOT 

Resulting PEDOT was characterized using Thermo Scientific Nicholet iS50 Fourier transform 

infrared (FT-IR) spectrometer and Rigaku Ultima IV X-Ray diffractometer. Raman spectra 

were recorded on the Renishaw Raman spectrometer (system 1000) with 785 nm laser 

excitation used with 1200 grooves/mm grating.  The morphology and elemental details of 

PEDOT were obtained from XL30S FEG (Netherlands) scanning electron microscopy (SEM) 

attached to EDS. 

The elemental analysis was done with Thermo Scientific flash smart elemental analyzer (Serial 

no. 2017 FLS0030) at the Campbell microanalytical laboratory, the University of Otago. The 

Brunauer–Emmett–Teller (BET) surface area, Barrett–Joyner–Halenda (BJH) pore size 

distribution and pore volume were determined using Micromeritics Tristar 3000.  

5.2.2.3 Preparation of PEDOT coated fiber mat 

Fabrication of electrospun fiber mat 

2.0 g sulfonated polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SSEBS) 

polymer, and 0.25 g of Polyethylene oxide (PEO) was added to 20 mL of chloroform and stirred 

for 24 h until dissolved. SSEBS solution was drawn into a 5 mL glass syringe with an 18G 

metallic needle and placed in the syringe pump. The pump rate was set at the flow rate of 5 mL 

h-1 and the syringe diameter was set to 11.68 mm. The temperature control of the 

electrospinning set up was set to 30°C, and the nitrogen flow into the box was turned on during 

electrospinning to lower the humidity to 10%. The stainless-steel collector plate (20 × 20 cm) 

was placed 15 cm from the needle tip and grounded. The positive terminal of the DC voltage 
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supply was connected to the needle tip. The voltage was set to 18 kV. After every 10 minutes 

of electrospinning, the voltage supply and pump were switched off, and the needle tip was wiped 

off to remove the solidified polymer. The electrospinning was resumed, and this was repeated 

until the syringe had been emptied. The collector plate was rotated to 90° after every 10-15 

minutes (to ensure uniform collection of fibers over the plate). The electrospinning process was 

continued until the plate was completely covered with collected fibers. The fiber covered 

collector plate was then dried under vacuum at 40°C for 24 h before the fiber mat was removed. 

PEDOT infusion into the fibre mat 
 

A 5 ×13 cm strip of the electrospun mat was soaked into the solution of EDOT monomer (1.42 

g, 10 mmol) in methanol (20 mL) for 24 h, removed, and dried at room temperature for 4 h. A 

small Sistema® container was filled with aqueous iron (III) chloride solution (1.5 M). The 

dried EDOT soaked mat was stretched over the opening of the container, and the container lid 

sealed on top of it. The container was then placed upside down (so that the mat was covered 

by solution) in an oven at 60 °C for 3 h. After 3 h, the mat film was removed from the container 

and rinsed with methanol. The process of PEDOT coating was repeated one more time. Finally, 

the obtained fiber mat was rinsed with methanol before it was dried in ambient conditions. 

5.2.2.4 Photocatalytic Experiment 

The photocatalytic experiments were conducted in a glass beaker kept inside a closed UV 

chamber (BS-02 model, Opsytec Dr. Groebel GmbH, Germany) equipped with eight 

UV/Visible lamps (15 W each). An initial experiment was conducted under all light 

wavelengths (UVA, UVB, UVC, and visible light) to find out the optimum wavelength for 

photocatalysis of metformin. The optimization experiments, such as the effect of pH, the 

amount of PEDOT, the light intensities, and the presence of other PPCPs, on metformin 

removal, were conducted under UVB light irradiation. The aqueous solution with 0.5 g/L of 

PEDOT powders was stirred continuously at 250 rpm during all series of experiments. Sample 

aliquots of 2 ml were collected at different time intervals from the batch reactor, filtered, and 

analyzed on LC-MS/MS. The calibrated radiometric sensors attached to the UV-MAT 

controller (Opsytec Dr. Groebel GmbH, Germany) were used to measure irradiance of UV and 

visible light lamps operated inside the UV chamber. Control experiments were carried out in 

the dark with PEDOT and under UV/Vis without PEDOT to account for adsorption and 

photolysis, respectively. All experiments were conducted in duplicates. Another set of 

experiments was carried out to verify hydroxyl radical (.OH) formations at different UV 

wavelengths. 15 mg of PEDOT was added to 15 mL of 0.1 mM coumarin solution at pH 5.6, 
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and photocatalytic removal of coumarin was tested under UVA, UVB, and UVC after 60 min. 

To demonstrate the practicality of the PEDOT for photocatalysis of PPCPs, PEDOT was 

immobilized on an electrospun fiber mat using the procedure given in section 5.2.2.3.  

5.2.3 Analysis 

Selected PPCPs and coumarin were analyzed using a triple quadrupole liquid chromatography-

tandem mass spectrometer (LC-MS/MS) (Shimadzu 8040, New Zealand). The analytes were 

separated using Ascentis RP-Amide HPLC Column (10 cm X 2.1 mm, 3 microns) purchased 

through Sigma Aldrich, New Zealand. The analytical details are described in Appendix XXIX. 

 

5.3 Results and Discussion 

5.3.1 Characterization of PEDOT 

The characterization of synthesised PEDOT by XRD and FTIR is shown in Figure 5.1. The 

XRD spectra (Figure 5.1 A) revealed a low-intensity peak of 2θ at ~26º, which indicates π-π 

stacking of aromatic rings resulting from the polymerised EDOT. Another lower intensity 

diffraction peak of 2θ at ~13º can be attributed to interstack spacing in the polymer backbone 

(Zhao et al. 2014). FTIR bands (Figure5.1B) at around 1,524, 1,092, 1,143, and 1,052 cm-1 can 

be attributed to carbon-carbon double bonds and C-O-C bond stretchings in polythiophene and 

ethylenedioxy groups, respectively. The bands at 981, 919, 834, and 686 cm-1 can be attributed 

to the presence of the C-S-C bond (Zhang et al. 2015). All of these are characteristic of PEDOT 

and confirmed its synthesis. 
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Figure 

5.1. Characterization of PEDOT: (A) XRD (B) FTIR (C) Raman spectra of the pristine 

PEDOT; (D) Raman spectra of the used PEDOT. 
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Figure 5.2 Characterization of PEDOT: (A) and (B) SEM images of pristine PEDOT; 

(C) and (D) SEM images of used PEDOT  

The Raman bands of pristine PEDOT obtained in this study (Figure 5.1 (C)) were found to be 

similar to those observed by (Chiu et al. 2006) at 785 nm laser excitation. The peak at 1507 

cm-1 and 1425 cm-1 were assigned to the asymmetric Cα=Cβ and asymmetric Cα=Cβ bond 

stretching, respectively. The bands at 1364 cm-1 and 1252 cm-1 are due to the Cβ-Cβ and Cα-

Cα' inter- ring stretching, respectively. The spectra at 1097, 989, and 695 cm-1 are due to the 

deformation of C-O-C, oxyethylene ring, and C-S-C bonds, respectively. The Raman bands of 

used PEDOT are shown in Figure 5.1 (D). The spectra reveal the absence of the distinct spectra 

related to the deformation of C-O-C, oxyethylene ring, and C-S-C bonds, which may indicate 

structural changes in the backbone of used PEDOT. It has been established by Marciniak et al. 

(2004) that UV exposure to PEDOT can lead to its photooxidation, including shorter 

conjugation length, chain scission, and reduction in electrical conductivity. 

The SEM images of pristine and used PEDOT are shown in Figure 5.2. The pristine PEDOT 

powders had a rough surface with a macroporous structure. The BET analysis also indicated 

the macroporous structure of PEDOT with pore area of 1m2/g and BJH adsorption average pore 
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diameter of 51.29 nm. The EDS data (Appendix XXX) revealed the presence of carbon 

(59.11%), sulfur (18.58%), chlorine (6%), and oxygen (13.96%), which is indicative of 

PEDOT. A trace amount of iron (1.81%) could be due to the residues still present on the 

PEDOT even after washing of PEDOT powders with methanol. The EDS results were further 

verified by the results of the elemental analysis done at the University of Otago. The results of 

the elemental analysis indicated 42.66% of carbon, 26.47% of sulfur, 23.31% of oxygen, 5.36% 

of chlorine, 3.27% of hydrogen, 1.75% of iron, and <0.30% of nitrogen. The presence of 

chloride (5.36%) indicates that the pristine PEDOT was 20% doped (oxidized) based on Cl/S 

ratio. The BET surface area of the pristine PEDOT was found to be 2.9 m2/g, which is lower 

than the BET surface area of P25 TiO2 (48 m2/g), one of the most studied photocatalysts for 

water treatment. It is well known that the high surface area to volume ratio is one of the 

important parameters for the effectiveness of photocatalyst (Dong et al. 2015b).   

5.3.2 Optimization of PEDOT amount and light wavelength for photocatalysis 

The photocatalytic performance of metformin degradation was tested using different amounts 

of PEDOT, as shown in Figure 5.3. The optimized amount of PEDOT was found to be 0.5 g/L 

at pH 5.6 for photocatalysis of 1 mg/L of aqueous metformin solution (Figure 5.3). The higher 

amounts of the catalyst than 0.5 g/L may decrease the efficiency of UV light absorption due to 

decreased light penetration under the reaction set up, decreasing the reaction kinetics despite 

the increasing amount of active compound (Yang et al. 2008). 

 

 
Figure 5.3 Metformin removal with different amounts of PEDOT (Metformin initial 

concentration, c0 = 1 mg/l, UVB light intensity = 16 mW/cm2, and pH 5.6). 
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A kinetic study was performed to evaluate the rate of photocatalytic degradation reactions of 

PPCPs in water. The metformin removal under UVA, UVB, and UVC light irradiation 

followed pseudo-first-order reaction kinetics with rate constants of 0.007 min-1, 0.04 min-1, 

and 0.032 min-1, respectively, at pH 5.8 and PEDOT dosage of 0.5 g/L (Figure 5.4). The 

parameters of the kinetic model, such as the adjusted coefficient of regression (R2), intercept, 

and slope of the pseudo first-order curve, are shown in Appendix XXXI. Under the same 

experimental conditions, UVB irradiation was found to be the most effective with >99% 

removal of metformin within 60 minutes of irradiation. Metformin was reported to require 

relatively high UV energy and broad-spectrum for efficient photocatalytic degradation  (Wols 

et al. 2013). In the present study, the UVB region of the light has relatively more spectral lines 

compared to the UVC region (Appendix XXXII), which has a cumulative effect on photon 

emission and subsequent generation of charge carriers and generated radicals for CPs. The 

overall degradation of coumarin was also found to be the highest under UVB (98%) compared 

to UVA (89%), and UVC (90%) suggesting more hydroxyl radical formation under UVB 

(Appendix XXXIII). The coumarin has been used previously as a probe that effectively reacts 

with hydroxyl radicals to form umbelliferone (Nakabayashi and Nosaka 2013, Zhang and 

Nosaka 2014). The photocatalysis of metformin with PEDOT under visible light and its direct 

photolysis under UV/Visible light was found to be ineffective within 60 minutes of irradiation. 

This is in agreement with previous studies that showed that the photolysis of metformin under 

UV light is ineffective (Quintão et al. 2016, Wols et al. 2013). The controls in the dark showed 

insignificant degradation of metformin after 60 min, which negates the possibility of 

adsorption. 
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Figure 5.4 Kinetics of metformin photocatalytic degradation under different light 

intensities (Metformin initial concentration co=1 mg/L, pH 5.6 and 0.5 g/L of PEDOT). 

5.3.3 Effect of pH and light intensity on metformin removal 

The change in pH can have a profound effect on the surface properties of catalysts and the 

generation of major reactive species (Akpan and Hameed 2009). Therefore, the effect of pH on 

metformin removal was investigated (Figure 5.5 (A)). The initial pH of the metformin solution 

was adjusted with 0.1 M HCl and 0.1 M NaOH. The pH was not controlled during the 

photocatalysis to mimic the real scale removal processes. It was observed that metformin 

removal was insignificant at pH of 9 and 11.6. On the other hand, the removal of metformin 

was >99% at acidic pH of 2.8 and 5.6. H+ plays an important role in the generation of 

hydroperoxyl radicals. Moreover, the conductivity of PEDOT increases at acidic pH (Khan et 

al. 2015). However, removal of metformin with PEDOT was greater than 75% even at neutral 

pH after 60 min, indicating a potential of PEDOT for photocatalysis at environmental 

conditions. The photocatalytic efficiency of metformin degradation was relatively insignificant 

at the basic pH. The effects of pH on structural properties of PEDOT are shown in Figures 5.5 

(B) and 5.5 (C). It is evident from Figure 5.5 (B) and Figure 5.5 (C) that intensities of many 

characteristic peaks of PEDOT have declined in NaOH treated PEDOT with a change in peak 

positions indicating structural transformations and ring-opening. This explains a decrease in 

the electrical conductivity of PEDOT at the basic pH (Zhang and Nosaka 2014, Khan et al. 

2015, Pang et al. 2017).  
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Metformin degradation increased from 59% to >99 % when light intensity increased from 6.5 

mW/cm2 to 16 mW/cm2 as shown in the Figure 5.6 (A). The metformin degradation under 

varying UVB light intensities followed the pseudo-first-order reaction. The rate constant 

increased from 0.014 min-1 to 0.09 min-1 when light intensity increased from 6.5 mW/cm2 to 16 

mW/cm2. The pseudo-first-order rate constant of metformin degradation exhibited a linear 

relationship with the intensity of UVB irradiation (Figure 5.6 (B). This can be explained based 

on the reason reported by Ahmed et al. (2010) that the rate of the electron-hole generation is 

dominant at low UV light intensity (<25 mW/cm2) and increases with an increase in intensity. 
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Figure 5.5 (A) Effect of pH on metformin degradation kinetics (metformin initial 

concentration, c0 = 1 mg/l, 0.5 g/L PEDOT, pH 5.6),  Spectra of (B) HCl treated 

PEDOT, (C) NaOH treated PEDOT. 
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Figure 5.6. (A) Effect of light intensities on metformin degradation kinetics (metformin 

initial concentration, c0 = 1 mg/l, 0.5 g/L PEDOT, pH 5.6) (B) The relation between UVB 

light irradiance and pseudo-first-order rate constants at different light intensities. 

5.3.4 Removal of other PPCPs 

We further investigated the photocatalysis of a mixture of 1 mg/L of PPCPs (in deionized 

water) by PEDOT (Table 5.1) (Figure 5.7(A)). Photocatalytic degradation kinetics of all PPCPs 

in the reaction mixture were fitted well with pseudo-first-order reaction model.  The controls in dark 

and controls in the UV without PEDOT exhibited insignificant removal of PPCPs. The 

photocatalytic degradation of acetaminophen, caffeine, carbamazepine, benzotriazole, and 

metoprolol was found to be >99% in 60 minutes with 0.5 g/L of PEDOT under UVB light intensity 

of 16 mW/cm2. However, the removal efficiency of tris(2-chloroethyl) phosphate) (TCEP) was 

found to be less than 30%. Previous studies have indicated that TCEP is relatively recalcitrant and 

degrades at a slow rate in a mixture of other PPCPs (Fernández et al. 2014) and is resistant to 

photocatalysis due to the presence of three electron-withdrawing Cl groups making the compound 

less liable to attack by. OH (Tang et al. 2018).  

The degradation of metformin was also adversely affected by the presence of other PPCPs. That can 

be explained by competition among substrates (PPCPs or their intermediates) for PEDOT active 

sites. The lower degradation rate of metformin in the mixture of PPCPs have been reported 

previously in the literature (Wols et al. 2013, Neamţu et al. 2014). Acetaminophen, carbamazepine, 

benzotriazole, and metoprolol, all have at least one aromatic ring in their structures, which can be 

easily attacked by .OH, and thus, these compounds show the highest removal (Anbar et al. 1966). 

On the other hand, TCEP and metformin have no ring in their structures and hence are least degraded 

in the presence of compounds liable to .OH attack. Further, slower degradation in the presence of 
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other compounds can also be explained by adsorption of some of the PPCPs/organic matter or their 

intermediates on the catalyst causing active site deactivation (Fernández et al. 2014, Alvarez-Corena 

et al. 2016). Also, some of the organic species (or intermediates of PPCPs) may act as light-

absorbing species in the system, which might impede PPCPs removal or PPCPs themselves as may 

form stable complexes, which are resistant to photocatalysis (Neamţu et al. 2014).  

Cyclic voltammetry (CV) measurements were carried out using the procedure outlined in the Text 

S3 of SI to determine the oxidation potential of the studied PPCPs. The onset and peak potentials of 

PPCPs vs. Ag/AgCl are shown in Appendix XXXIV. For example, the oxidation of metformin 

starts at 0.82 V (onset potential) vs. Ag/AgCl, and the effective oxidation of metformin occurs at the 

peak potential of 0.97 V. The onset potentials of acetaminophen, caffeine, carbamazepine, and 

metoprolol were found to be 0.42 V, 1.27 V, 1.0 V, and 0.5 V (vs. Ag/AgCl), respectively. However, 

TCEP and benzotriazole showed multiple oxidation peaks. The oxidation potential of oxidizing 

species must exceed the onset potential of PPCPs to oxidize them (Xiao et al. 2016). The onset 

oxidation potentials of PPCPs measured in this study were found to be higher than the valence band 

potential of PEDOT nanostructures (0.667 V vs. SHE, 0.437 V vs. Ag/AgCl) measured by (Ghosh 

et al. 2015). In this study, however, we could not measure the band position of prepared PEDOT 

powder due to the instability of solid pellets made from powder.  

These results indicate that holes may not directly oxidize most of the studied PPCPs. However, 

PPCPs can be oxidized indirectly by oxidizing radical species, including hydroxyl radicals (E0(HO•/ 

H2O) = 2.27 VSHE or 2.0 V vs. Ag/AgCl) (Teoh et al. 2012). It is also important to note that 

photocatalytic performance depends on various variables, including morphology and surface area 

of photocatalysts, electron-hole separation efficiency, and interaction between contaminant and 

photocatalyst (Xiao et al. 2016).   

The photocatalytic removal of all PPCPs was compared with P25 TiO2 with primary particle size 

21 nm and BET surface area of about 48 m2/g.  The experiments with P25 TiO2 were performed 

under similar conditions using 0.5 g/L of photocatalyst, 1 mg/L of PPCPs, and UVB light intensity 

of 16 mW/cm2, since the reactor design, light intensity, and stirring, may all have a significant effect 

on the results.  More than 99% of acetaminophen, caffeine, metoprolol, benzotriazole, and caffeine 

was removed within 5 minutes of UV-B irradiation. Similar to results with PEDOT, metformin and 

TCEP removal was relatively slow in the mixture of PPCPs, with <50% removal during that period. 

The higher rate of removal of PPCPs with TiO2 could also be attributed to its 16 times higher surface 

area compared to PEDOT.  
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Figure 5.7 Kinetic plots of PPCPs photocatalysis (initial concentration, c0 = 1 mg/L) 

degradation in (A) ultrapure water and (B) wastewater effluent matrix (pH 5.6; UVB 

light intensity= 16 mW/cm2) using 0.5 g/L of PEDOT. 

5.3.5 Secondary wastewater effluent 

The practical applicability of our photocatalytic system was tested on a secondary wastewater 

effluent obtained from a regional wastewater treatment plant in New Zealand. The wastewater 

effluent samples were spiked with 1 mg/L of selected PPCPs. The general water quality 

parameters of the secondary effluent are shown in Appendix XXXV. The pseudo-first-order 

rate constants of PPCPs degradation in secondary wastewater effluent decreased significantly 

compared to the ultrapure water, likely due to the presence of dissolved organic matter acting 

as  .OH radical scavengers (Choi et al. 2014). The rate constants of carbamazepine, metoprolol, 

acetaminophen, caffeine, benzotriazole, TCEP and metformin decreased to 0.022 min-1, 0.020 

min-1, 0.000032 min-1, 0.014 min-1, 0.026 min-1, 0.001 min-1, 0.002 min-1, respectively. The 

efficiency of degradation of PPCPs was found to be in the range of 50-80%, except for 

metformin and TCEP, which were removed by less than 20% after 60 minutes of treatment 

(Figure 5.7 B)). 

5.3.6 Mechanism of photocatalysis 

To investigate the role of reactive species in the photocatalytic reaction mechanism, we studied 

the effects of scavengers on the metformin photocatalytic degradation by PEDOT. The rate of 

metformin degradation was significantly decreased (>90% for 60 min) with the addition of 

different scavengers like TBA (hydroxyl radical scavenger), potassium iodide (holes and 

hydroxyl radical scavenger), EDTA (holes scavenger), potassium dichromate and nitrogen (an 

electron and superoxide scavenger). It indicated the active role played by both radicals (.OH 
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and O2
.-) and charge carriers (electrons and holes) in the degradation of metformin (Figure 

5.8). Photocatalysis initiates with the generation of electrons and holes, which further take part 

in a series of reactions. When PEDOT is irradiated with UV light, electron-hole pairs are 

created. The electrons then can react with oxygen to form superoxide radicals (O2
.-). On the 

other hand, photogenerated holes on the surface of PEDOT may not directly produce hydroxyl 

radicals (.OH). However, .OH radicals are produced by a series of reactions, as explained by 

(Ghosh et al. 2015b). 

 

 

Figure 5.8 Effect of scavengers (TBA, N2+K2Cr2O7, KI and EDTA) on the efficiency of 

photocatalytic degradation of metformin by PEDOT (pH 5.6, metformin initial 

concentration, c0=1 mg/L, scavengers concentration 0.1 M, 0.5 g/L of PEDOT, UVB 

light intensity of 16 mW/cm2). 

The two major degradation products, of m/z 116 and 126, were identified through LC-MS/MS 

(Figure 5.9), in line with previous studies (Collin et al. 2004, Quintão et al. 2016). The MS 

spectra of metformin degradation products are shown in Appendix XXXVI. The methyl groups 

in metformin are the primary target for .OH, which are responsible for the abstraction of 

methenium and formation of methylbiguanide (Quintão et al. 2016). Another degradation 

product, 4‐amino‐2‐imino‐1‐methyl‐1,2‐dihydro‐1,3,5‐triazine (4,2,1‐AIMT), was formed due 

to intramolecular cyclization (Collin et al. 2004, Quintão et al. 2016). Apart from these two 

degradation products, one more organic compound of m/z 313, which has not been reported 
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thus far, was detected in all irradiated samples. This may be a metformin adduct. 

 

 

Figure 5.9 Proposed metformin degradation pathway (Collin et al. 2004, Quintão et al. 

2016). 

5.3.7 Reusability of PEDOT powder 

The reusability of PEDOT powder was tested under the same experimental condition. The 

PEDOT was filtered and dried after the first photocatalytic experiments and reused twice after 

that. The photocatalytic removal of metformin was >99% in the first cycle, 80% in the second 

cycle, and 47% in the third cycle. The decrease in photocatalytic activity is possibly due to a 

reduction of the doping level, as indicated by EDX results, which show a lower chloride level 

after the first reuse. The structural change in the PEDOT backbone on UV exposure may also 

be the reason for the lower photocatalytic ability, which is reflected in Raman spectra (Figure 

5.1 (D)) and SEM images (Figure 5.2 (C) and Figure 5.2 (D)) of the used PEDOT. 

The UV exposure to PEDOT chains leads to the formation of sulfone group in polymer 

segments due to photo-oxidation of the sulphur atom, which disrupts the degree of conjugation 

and induces chain scission in the polymer (Elschner 2011, Jeuris et al. 2003). The reduction in 

conjugation length and chain scission may also be accompanied by the addition of carboxyl or 

carbonyl groups, leading to a loss of conductivity (Tehrani et al. 2007). It has been suggested 

by (Elschner 2011) that UV-induced degradation of PEDOT can be slowed down by 

minimizing exposure to humidity and oxygen, and by employing UV stabilizing additives.  

5.3.8 Immobilization of PEDOT on fiber mat 

The PEDOT coated electrospun fiber mat was tested for the photocatalytic activity under UV- 

B light under similar experimental conditions as of powder PEDOT. The PEDOT coated strips 

(40x25 mm) were dipped into metformin solution of concentration 1 mg/L. The photocatalytic 

experiment was conducted for 3 hours. The results indicated >95% removal of metformin in 60 

minutes of UV B irradiation (Figure 5.10 (A)). SEM images of control electrospun fiber mat and 

PEDOT coated fiber mat are shown in Figures 5.10 (B) and 5.10 (C), respectively. SEM image shows 

Unknown compound of m/z 313 
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a uniform coating of PEDOT on the fibers. These results indicate the potential for practical application 

of the use of PEDOT as a photocatalyst in water treatment. 

 

Figure 5.10. (A) Photocatalytic removal of metformin (c0 1mg/L) using PEDOT 

coated electrospun fiber mat, (B) SEM image of Electrospun fiber mat control, and 

(C) SEM image of PEDOT coated electrospun fiber mat 

5.4 Conclusions 

This study shows that conducting polymer PEDOT is a promising photocatalyst for efficient 

removal of PPCPs in an aqueous medium, including three of the most recalcitrant PPCPs, 

metformin, carbamazepine, and benzotriazole. The photocatalytic degradation of most PPCPs 

was found to be >99% in the clean water matrix. Although the degradation efficiency decreased 

in the real wastewater matrix, it was still significant (>50%) for most of the compounds studied. 

This was significant, considering that we had spiked more than three orders of magnitude 

higher concentrations of these compounds (1 mg/L) compared to their trace levels expected in 

the real wastewater effluents. The study revealed that conducting polymer PEDOT can 

effectively remove emerging contaminants without a need for co-catalysts. The present study 

was performed as a proof of concept to verify if the PEDOT can be used to remove PPCPs 

from wastewater. This was a preliminary study, and further research needs to be done to 

improve the UV stability of PEDOT. Our preliminary results also indicate that PEDOT can be 

coated on the membrane and has high potential to be used at a practical scale for water 

treatment. However, further research is needed to understand the mechanism and intermediate 

products formed during PEDOT degradation under UV light. Additional work is also required 

on the optimization of effective techniques of immobilization of PEDOT in a treatment unit, 
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photocatalytic reactor design, and increasing compatibility with existing UV units at 

wastewater treatment plants to investigate the potential of PEDOT for a larger scale treatment.  
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6 Conclusions and recommendations for future work
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6.1 Conclusions 

This thesis focussed primarily on the inter-seasonal monitoring of the occurrence and fate of 

PPCPs and DOAs in a wastewater treatment plant of New Zealand and investigating the 

photocatalytic removal of selected PPCPs. All 20 selected PPCPs and 13 DOAs out of 21 

monitored were detected in the wastewater influent. Monitored PPCPs and DOAs exhibited 

seasonal variations with PPCPs dominating in autumn and winter, whereas, DOAs concentration 

was the highest in summer. The primary treatment was insignificant in the removal of PPCPs 

and DOAs, whereas the two secondary treatment units, MBR and Bardenpho, were almost 

equally effective in the removal of PPCPs and DOAs. 

 This study will help the regional wastewater treatment plant to compare their removal 

efficiencies with the similar treatment technology adopted in other parts of New Zealand or 

across the globe. This study will also encourage WWTP operators and city councils across the 

globe to revaluate their existing treatment processes based on cost-benefit analysis since the 

MBR installation cost is significantly higher than the Bardenpho or conventional activated 

sludge process. The inefficient removal of PPCPs and DOAs in wastewater treatment is a major 

concern, and therefore the research on the ecotoxicological effect of these mixtures of EOCs 

should be of the highest priority. This study will stimulate the WWTP operators and relevant 

stakeholders worldwide to include tertiary treatment technology in their unit operation if they 

are still relying on the secondary treatment process to decontaminate wastewater. Moreover, the 

data on drug consumption trends may also be of interest to epidemiologists, social scientists, and 

drug researchers. The drug consumption data obtained from this study may complement the drug 

seizure data, and local survey reports to help concerned New Zealand administration to keep 

track of the illegal usage of drugs. 

Photocatalytic treatment was chosen in this study to remove PPCPs effectively. Photocatalysis 

using conducting polymer, PEDOT was found to be effective in >99% removal of PPCPs from 

ultrapure water. Although the degradation efficiency decreased in the real wastewater matrix, it 

was still significant (>50%) for most of the PPCPs studied. Immobilized PEDOT also showed 

an excellent photocatalytic removal of metformin, highlighting a step towards practical 

application. Photocatalysis with PEDOT may be used as an effective treatment at an advanced 

stage for water reuse applications. This research will encourage the scientific community to 

consider organic polymers as a viable option apart from traditional inorganic catalysts in treating 

wastewater contaminated with PPCPs. 
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6.2 Future recommendations 

Although this study provides a comprehensive picture of the occurrence and fate of selected 

emerging contaminants in a wastewater treatment plant, along with the novel photocatalytic 

application for some of the PPCPs, further study needs to be done to minimize the uncertainty 

associated with the estimation of emerging contaminants and real-scale application of 

photocatalytic treatment technology. Accordingly, the following future recommendations have 

been identified. 

• The research on the fate of PPCPs and DOAs  should be extended to drinking water, 

stormwater, and surface water bodies  of New Zealand to get a complete understanding of 

their fate in the urban water cycle. 

• The study about fate and toxicity of transformation products of PPCPs and DOAs in the aquatic 

ecosystem needs to be investigated since this study have focussed on the fate of primary 

compounds.  

• There is a need for extensive wastewater sampling throughout the country to get a 

comprehensive database of the priority contaminants and drugs of abuse in New Zealand.  

• There should be a careful approach in designing experiments for the estimation of PPCPs 

and DOAs’ consumption using the WBE approach since the estimation may get biased if 

uncertainties in the experimental plan have not been considered. Future studies should focus 

on minimizing the existing limitations of the WBE approach associated with sampling, the 

stability of biomarkers, excretion factors, estimation of catchment population for accurate estimation 

of the consumption of drugs. 

• The knowledge about PEDOT mediated photocatalytic mechanism is still at an infancy 

stage. Further investigations should be carried out to know the rate-limiting step in the 

reaction pathway, qualitative and quantitative estimation of in-situ generated radical 

species, a kinetic study of electron-hole and free radicals’ generation, and their subsequent 

recombination. 

• Further research should be conducted on the toxicity assessment of PEDOT and enhancing 

its stability under UV light before they are upscaled and integrated into the existing UV 

disinfection process of the wastewater treatment plant.  

• The effect of water quality parameters on the stability of PEDOT should be further explored.  

• Although the results of this research had been promising in the static system, further 

research is needed to evaluate the photocatalytic activity in continuous flow mode 

mimicking the real condition. 

• In the present study, the degradation pathway had been elucidated for the tested compound 
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(metformin); however, the complete mineralization was not achieved. The toxicity 

assessment of such transformed photoproducts should be in priorities in the future as they 

could be more harmful than their parent compounds. 
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Appendix I: Sampling details. 
 

Sampling 

event 

Average 

daily 

flow 

(m3/day) 

Average 

rainfall 

(mm) 

Number of samples  

Influent Primary 

effluent 

MBR 

effluent 

Bardenpho 

effluent 

Total 

no. of 

samples 

Spring 

(October) 

19,315 2 7 1 1 1 10 

Summer 

(January) 

18, 605 4.2 7 1 1 1 10 

Autumn 

(May) 

21,915 0.6 7 1 1 1 10 

Winter 

(July) 

25,355 9.4 7 1 1 1 10 

Heavy 

rainfall 

period 

(April) 

44,674 43.1 4 1 1 1 7 
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Appendix II: LC-MS/MS analysis of PPCPs 

The analysis was conducted on Shimadzu 8040 triple quadrupole LC-MS/MS. The Ascentis 

reverse phase amide HPLC column (10 cm x 2.1 mm, 3 µm) was used to separate analytes. The 

analysis was done in both positive and negative electrospray ionization (ESI) mode. The mobile 

phase A was milliQ water with 0.1% formic acid for positive mode and milliQ water with 5 

mM ammonium acetate for negative mode. The mobile phase B was acetonitrile with 0.1% 

formic acid for positive mode and 90% acetonitrile with 5 mM ammonium acetate for negative 

mode. The LC gradient for positive mode of ESI started with 5% B at 0.01 min and maintained 

for 1.5 min, increased to 20% B at 3 min, 45% B at 4 min and 65% B at 6.1 min and 100 % B 

at 7 min, decreased to 5% B at 7.45 min followed by post time of 1.45 min. The LC gradient 

for negative ESI mode started with 20% B at 0.01 min, increased to 96% B at 4.5 min and 100 

% B at 5 min and maintained for 1.3 minutes followed by decrease to 20% B at 6.4 min and 

post time of 1.5 min. The MS acquisition was done in MRM mode. The DL temperature and 

heat block temperature were kept at 250 ºC and 400 ºC respectively. The nitrogen was used as 

nebulizing and drying gas with flow rate of 3 L/min and 15 L/min respectively. The column 

oven temperature was kept at 35 ºC in both positive and negative ESI mode. The MS acquisition 

of each PPCP is shown below. 
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MS acquisition details of individual PPCPs. 

 
PPCPs Molec 

ular 

weight 

Precur 

sor ion 

Product ion Collisio 

n    

Energy 

Quanti 

fier to 

qualifie 

r ratio 

Retent 

ion 

time 

ESI 

polar 

ity 

Quanti 

fier ion 

Qualif 

ier ion 

Quantif 

ier, 

Qualifi 

er 

Acetaminop 

hen 

151.16 151.85 110.10 65.10 -17,-23 42.85 3.607 + 

Trimethopri 

m 

290.32 291.10 230.10 123.10 -23,-24 87.12 4.153 + 

Sulfamethox 

azole 

253.28 253.90 156 92.10 -16,-28 89.25 5.581 + 

Roxithromy 

cin 

837.04 837.40 158.15 679.4 -36,-23 52.19 5.443 + 

Carbamazep 

ine 

236.27 237.15 194.10 179.10 -19,-35 16.48 5.959 + 

Metformin 129.16 130.25 71.10 60.05 -22,-15 96.97 0.508 + 

Fluoxetine 309.3 309.95 44.15 148.10 -13,-9 9.82 5.466 + 

Clarithromy 

cin 

747.95 748.40 158.10 590.40 -28,-20 29.61 5.410 + 

Metoprolol 267.36 268 116.10 74.10 -20,-23 77.40 4.611 + 

TCEP 285.48 287.10 224.85 125 -12,-17 95.02 6.235 + 

Atrazine 215.68 216.25 174.10 104 -17,-29 32.36 6.60 + 

Atenolol 266.33 267.10 145 190.1 -15,-20 85.72 1.275 + 

DEET 191.27 192.10 119 91.10 -18,-31 67.94 6.473 + 

Caffeine 194.19 195.10 138.10 110 -19,-23 27.70 4.374 + 
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PPCPs Molec 

ular 

weight 

Precur 

sor ion 

Product ion Collisio 

n    

Energy 

Quanti 

fier to 

qualifie 

r ratio 

Retent 

ion 

time 

ESI 

polar 

ity 

Quanti 

fier ion 

Qualif 

ier ion 

Quantif 

ier, 

Qualifi 

er 

Benzotriazol 

e 

119.12 120.25 65.15 39.05 -22, -37 32.14 5.157 + 

Diclofenac 296.14 294 250.15 214.1 12,22 3.42 3.125 - 

Ibuprofen 206.29 205.10 161.30 ---- 10 NA 3.423 - 

Naproxen 230.26 229.05 185.25 170 9,16 96.89 2.379 - 

Triclosan 289.54 286.90 35.05 37 10,10 36.36 6.329 - 

Bisphenol-A 228.29 226.90 212.20 133 19,24 20.72 4.701 - 
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Appendix III: Quality control and Extraction efficiency 

 
The limit of detection (LOD) and limit of quantification (LOQ) was found to range between 

0.05 ng/L to 725 ng/L and 0.1 ng/L to 1,449 ng/L respectively. 

 
The internal standards selected for the study is listed in Appendix V. The metformin recovery 

was found to be very low (<1%) with Oasis HLB cartridges, also reported by (Petrie et al. 

2016), because of its highly polar nature. Hence, although detected, metformin was not 

quantified. The extraction efficiency for most of the PPCPs was calculated by matrix spike 

method except for sulfamethoxazole, trimethoprim, caffeine, ibuprofen, naproxen, metformin, 

bisphenol-A, and atenolol. The recovery of these compounds was corrected by their respective 

surrogates. The acetaminophen recovery was corrected using atenolol-d7 (Padhye and Huang 

2012) because of large standard deviation observed in matrix spike method. The recovery of 

carbamazepine, diclofenac, caffeine, naproxen and triclosan was found to be higher whereas 

recovery of ibuprofen in this study was similar to the recoveries reported by Kosma et al. 

(2014b). However, matrix recovery of fluoxetine was significantly lower than reported by 

Lajeunesse et al. (2008). The recovery of TCEP was found to be less than recovery obtained 

by Rodil et al. (2009). The metoprolol recovery in this study was found to be similar whereas 

DEET and acetaminophen recovery was less than the finding of Bisceglia et al. (2010). 

Further confirmation of data was done through analysis results of direct injection of samples 

on LC-MS/MS. The average influent concentration obtained through direct injection was 493 

ng/L for carbamazepine, whereas the average concentration obtained by matrix spike method 

was 589 ng/L. This further adds to reliability of our data. 
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Average matrix recovery with standard errors, limit of detection, and limit of 

quantification. 

 

PPCPs Average 

recovery 

(%) 

LOD 

 
(ng/l) 

LOQ 

 
(ng/l) 

Acetaminophen 20±3 306 613 

Trimethoprim 46±6 0.05 2 

Sulfamethoxazole 20±4 10 20 

Roxithromycin 13±1 0.1 0.5 

Carbamazepine 41±5 2 19 

Fluoxetine 28±3 7 14 

Clarithromycin 14±3 0.1 0.4 

Metoprolol 49±10 2 32 

TCEP 34±3 46 372 

Atrazine 41±3 2 5 

Atenolol 15±2 13 26 

DEET 50±4 0.05 0.1 

Caffeine 42±4 75 300 

Benzotriazole 29±6 7 27 

Diclofenac 74±15 10 21 

Ibuprofen 101±8 62 248 

Naproxen 92±14 68 272 

Triclosan 61±6 13 25 

Bisphenol-A 69±2 725 1,449 
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Appendix IV: Internal standards selected for the study. 
 

PPCPs Internal Standards 

Atenolol d7
1 

Atenolol 

3 
Sulfamethoxazole 13C6 Sulfamethoxazole 

Trimethoprim d9
5 Trimethoprim 

2 
Caffeine 13C3 Caffeine 

Metformin d6
4 Metformin 

Naproxen d3
1 Naproxen 

Bisphenol A d16
6 Bisphenol A 

Ibuprofen d3
1 Ibuprofen 

1(Padhye and Huang 2012); 2(Balakrishnan et al. 2006); 3 (Yang et al. 2011); 4 (Oosterhuis et 

al. 2013); 5 (Lin and Gan 2011); 6 (Kasprzyk-Hordern et al. 2008) 
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Appendix V: Seasonal variation of mean concentration of PPCPs influent 

(± standard deviation). 
 

Influent PPCPs Spring (ng/L) Summer 

(ng/L) 

Autumn 

(ng/L) 

Winter (ng/L) Heavy 

rainfall 

(ng/L) 

Acetaminophen 16,884± 9,625 24,072±8,132 37,326±10,103 117,867±3,005 831±921 

Trimethoprim 729±374 571±123 570±69 489±167 16±2 

Sulfamethoxazole 396±130 514±125 740±198 1,201±631 <LOQ 

Roxithromycin 20±10 8±3 30±13 31±15 <LOQ 

Carbamazepine 659±97 725±67 538±37 435±186 37±20 

Fluoxetine 59±22 67±42 33±7 41±16 <LOQ 

Clarithromycin 71±89 6±1 10±3 20±2 0.5 

Metoprolol 6,394±2,034 4,494±2,750 7,443±816 2,636±1,426 148±74 

TCEP <LOQ 6,890±2,496 8,437±5,615 <LOQ <LOQ 

Atrazine 13±10 16±1 <LOQ <LOQ <LOQ 

Atenolol 1,871±502 510±154 401±150 268±108 <LOQ 

DEET 979±788 4,702±1,099 1,215±24 803±115 271±85 

Caffeine 38,927±12,295 34,824±4,016 41,922±3,692 38,558±6,850 2,701±936 

Benzotriazole 931±386 2,661±2,143 577±500 670±600 <LOQ 

Diclofenac 150±55 245±200 142±24 193±69 64±32 

Ibuprofen 9,264±5,373 3,149±2,000 11,165±6,980 6,629±2,542 <LOQ 

Naproxen 5,524±1,316 414±126 7,976±1,880 4,336±3,268 1,030±531 

Triclosan 86±46 134±88 93±13 98±83 <LOQ 

Bisphenol-A n.d. n.d. <LOQ n.d. <LOQ 

Total 89,236 112,372 134,078 182,997 5,996 
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Appendix VI: Mean PPCPs removal efficiency (Treatment efficiency <1% not 

shown). 
 

% PPCPs Removal Spring Summer Autumn Heavy rainfall Winter 

PE MBR BRD PE MBR BRD PE MBR BRD PE MBR BRD PE MBR BRD 

Acetaminophen 2 100 100 2 100 100 7 100 100  100 100  100 100 

Trimethoprim  31 37  61 50  41 36 14   2 12 16 

Sulfamethoxazole  49 63 9 56 73  48 45 23 n.d. n.d.  79 68 

Roxithromycin 58 55 100  100 100 34 83 87  n.d. n.d. n.d. 100 87 

Carbamazepine    5      41  32 46   

Fluoxetine  56 31 26 58 49  52 55 68 n.d. n.d. 26 59 56 

Clarithromycin 100 94 100  100 100 10 60 60 100 100 100 n.d. 100 100 

Metoprolol  25 36  17 52 75 48 64  100 100 65   

TCEP  n.d. n.d.  100 100  100 100  n.d. n.d. n.d. n.d. n.d. 

Atrazine   31 10 100 100 n.d. n.d. n.d. 100 n.d. n.d. 33 n.d. n.d. 

Atenolol  44 76  59 77 45 80 78 83 n.d. n.d. 14 51 59 

DEET 17 94 98  87 96  93 98 40 94 97 44 87 97 
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Caffeine  100 100  100 100  100 100 8 100 100  100 100 

Benzotriazole  32 19       54 n.d. n.d. 27   

Diclofenac    77    51  41  100 31   

Ibuprofen 16 100 100 28 100 100 7 100 100  n.d. n.d.  100 100 

Naproxen  100 100  13 100  100 100 16 100 100 70 100 100 

Triclosan  64 60 42 57 100  68 70  ND ND 53 100 100 

Bisphenol-A n. d. n.d. n.d. n. d. n.d. n.d.  100 100 1 n.d. n.d. n. d. n.d. n.d. 
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Appendix VII: Seasonal variation of PPCPs effluent mean concentration (± standard deviation). 
 

Effluent PPCPs Spring (ng/L) Summer (ng/L) Autumn (ng/L) Winter (ng/L) Heavy rainfall (ng/l) 

MBR Bardenpho MBR Bardenpho MBR Bardenpho MBR Bardenpho MBR Bardenpho 

Acetaminophen <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ n. d. n. d. <LOQ <LOQ 

Trimethoprim 505±21 460±14 220±3 285±32 335±21 366±24 430±5 410±42 28 17 

Sulfamethoxazole 200 145±5 224±9 140±9 383±102 404±72 252±14 384±33 <LOQ n. d. 

Roxithromycin 9 n. d. n. d. n. d. 5 4 n. d. 3.9 n. d. n. d. 

Carbamazepine 706±30 755±23 745±63 803±55 548±19 613±4 557±28 665±55 70 25 

Fluoxetine 26±2 41±2 28±3 34±4 16±2 15±2 17±3 18±1 <LOQ n. d. 

Clarithromycin 4 n. d. n. d. n. d. 4 4 n. d. n. d. n. d. n. d. 

Metoprolol 4,805±530 4,110±14 3,730±548 2,154±135 3,839±998 2,700±303 2,749±70 2,594±117 <LOQ <LOQ 

TCEP <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

Atrazine 15 9±1 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ n. d. n. d. 

Atenolol 1,047±24 441±35 209±58 119±91 81±21 88±5 131±21 109±40 <LOQ <LOQ 

DEET 61±2 24±1 596±9 180±17 82±3 27±2 102±3 27±2 17 8 

Caffeine <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

Benzotriazole 630±48 755±18 4,076±32 2,891±396 712±32 632±27 676±56 436±7 <LOQ <LOQ 

Diclofenac 320±42 225±7 1,076±356 456±123 70±23 184±45 240±13 250±8 181 <LOQ 



132  

 
Ibuprofen <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ n. d. n. d. 

Naproxen <LOQ <LOQ 362±112 <LOQ <LOQ <LOQ <LOQ n. d. <LOQ <LOQ 

Triclosan 31±4 34±1 58±3 <LOQ 30±1 28±5 <LOQ <LOQ <LOQ <LOQ 

Bisphenol-A n. d. n. d. n. d. n. d. <LOQ <LOQ n. d. n. d. <LOQ <LOQ 

Total 8,359 6,999 11,324 7,062 6,105 5,065 5,154 4,897 296 50 
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Appendix VIII: Seasonal variation of PPCPs final effluent mean concentration. 
 

Effluent PPCPs Spring (ng/L) Summer 

(ng/L) 

Autumn (ng/L) Winter (ng/L) Heavy rainfall 

(ng/L) 

Acetaminophen <LOQ <LOQ <LOQ n.d. <LOQ 

Trimethoprim 473 274 357 416 18 

Sulfamethoxazole 160 154 398 344 <LOQ 

Roxithromycin 3 n. d. 4 3 n. d. 

Carbamazepine 741 793 595 633 30 

Fluoxetine 37 33 15 18 <LOQ 

Clarithromycin 1 n. d. 4 n. d. n. d. 

Metoprolol 4,305 2,422 3,019 2,641 <LOQ 

TCEP <LOQ <LOQ <LOQ <LOQ <LOQ 

Atrazine 11 <LOQ <LOQ <LOQ n. d. 

Atenolol 611 134 86 116 <LOQ 

DEET 34 251 42 50 9 

Caffeine <LOQ <LOQ <LOQ <LOQ <LOQ 

Benzotriazole 720 3,092 654 508 <LOQ 

Diclofenac 252 561 152 247 33 

Ibuprofen <LOQ <LOQ <LOQ <LOQ n. d 

Naproxen <LOQ <LOQ <LOQ <LOQ <LOQ 

Triclosan 33 28 29 <LOQ <LOQ 

Bisphenol-A n.d. n.d. <LOQ n.d. <LOQ 

Total 7,381 7,742 5,355 4,976 90 
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Appendix IX: Seasonal variation of water quality parameters in influent. 
 

Parameters Spring Summer Autumn Winter Heavy rainfall 

Alkalinity (mg 

CaCO3/L) 

218.04 220.07 211.41 214.28 135.43 

cBOD5 (mg/L) 137.57 218.42 128.57 131.42 104.25 

COD (mg/L) 417.14 481.42 390 365.71 280.75 

DRP (mg/L) 3.46 4.314 3.11 2.65 1.51 

NH4 (mg/L) 37.55 37.72 36.71 35.85 19.94 

Nitrite (mg/L) <0.01 0.01 0.016 0.017 1.01 

pH 7.32 7.40 7.35 7.32 7.23 

TKN (mg/L) 52.79 56.58 46.69 49 29.18 

TOXN (mg/L) 0.135 0.044 0.0842 0.013 0.34 

Total Phosphorus 

(mg/L) 

5.49 6.26 4.22 4.27 2.62 

TSS (mg/L) 249 280.16 262.71 223.14 180.5 

Turbidity (mg/L) 172.42 195.57 132.51 148.28 89.90 
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Appendix X: Seasonal variation in removal efficiency of water quality 

parameters. 
 

% Removal Spring Summer Autumn Winter Heavy rainfall 

Primary 

treatment 

MBR Barden 

pho 

Primary 

treatment 

MBR Barden 

pho 

Primary 

treatment 

MBR Barden 

pho 

Primary 

treatment 

MBR Barden 

pho 

Primary 

treatment 

MBR Barden 

pho 

Alkalinity  63 61  62 58  67 63  62 49 19 52 3 

cBOD5 31 99 96 22 99 98 25 99 99 8 99 99 54 99 96 

COD 14 99 88 15 96 92  95 85 29 92 62 37 96 91 

DRP  99 20  98  11 40 97  98 94 14 43 75 

NH4 3 100 100  100 99  100 100  98 100 14 100 97 

Nitrite 0   50     69 71  71 98 100 24 

TKN 0.71 96 95 2 98 96  97 97  97 97 17 98 93 

TOXN 93   77   29   63   80   

Total 

Phosphorus 

 98 37  98 20 7 56 96  97 90 21 67 86 

TSS 49 96 92 44  83 35 100 98 33 100 96 52 100 95 

Turbidity 28 100 93 27 100 93 1 100 93 12 100 98 26 100 95 



 

 

136   

Appendix XI: Seasonal variation of water quality parameters in final effluent. 
 

 
Parameters Spring Summer Autumn Winter Heavy rainfall 

Alkalinity (mg 

CaCO3/L) 

85 90 76 90 123 

cBOD5 (mg/L) 4 4 1 1 4 

COD (mg/L) 39 34 49 62 23 

DRP (mg/L) 2 4 0.6 0.08 0.4 

NH4 (mg/L) 0.1 0.2 0.04 0.4 0.5 

Nitrite (mg/L) 0.05 0.03 0.01 0.03 0.7 

pH 7 8 7 7 7 

TKN (mg/L) 2 2 1 1 2 

TOXN (mg/L) 3 1 4 2 3 

Total Phosphorus 

(mg/L) 

3 4 0.6 0.2 0.4 

TSS (mg/L) 16 39 3 3 8 

Turbidity (mg/L) 9 11 7 1 4 
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Appendix XII: Statistical significance for seasonal variation in PPCPs’ 

concentrations in the influent (significant: p<0.05; insignificant: 

p>0.05). 

 

PPCPs p -values 

Acetaminophen 0.000 

Trimethoprim 0.190 

Sulfamethoxazole 0.004 

Roxithromycin 0.008 

Carbamazepine 0.001 

Fluoxetine 0.017 

Clarithromycin 0.232 

Metoprolol 0.024 

TCEP 0.000 

Atrazine 0.002 

DEET 0.000 

Atenolol 0.000 

Caffeine 0.132 

Benzotriazole 0.039 

Diclofenac 0.392 

Ibuprofen 0.012 

Naproxen 0.000 

Triclosan 0.669 



 

 

138   

Appendix XIII: Comparison of influent population normalised mass load with 

Australia. 
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                 Appendix XIV: Consumption of PPCPs (mg/d/1000 population). 
 

 
 

PPCPs 

Excretion factor Population normalised 

consumption 

(mg/d/1000 people) 

Acetaminophen 0.041 

465,495 

Sulfamethoxazole 0.201 

1,298 

Carbamazepine 0.021 

69,967 

Fluoxetine 0.081 

211 

Metoprolol 0.071 

25,381 

Atenolol 0.371 

672 

Diclofenac 0.011 

6,285 

Ibuprofen 0.071 

37,763 

                                         1(Lienert et al. 2007) 

 

 

 

 

 

 

 

 

 

 

 

 



140  

Appendix XV: Average removal of PPCPs by MBR and Bardenpho.  
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Appendix XVI: Effect of heavy rainfall (negative removal not shown).  
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Appendix XVII: Comparison of treatment unit efficiency during very low 

and high average rainfall (negative removal not shown). 
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Appendix XVIII: Sources of Wastewater. 
 

Sources of wastewater Mean Inflow 

(m3/day) 

Annual Inflow 

(m3/day) 

% of inflow 

Storm water 2,000 730 11 

Infiltration (Groundwater) 2,000 730 11 

Thermal Pools 200 73 1 

Aquatic Centre 75 27 0 

Trade waste 1,200 438 6 

Landfill 200 73 1 

Domestic sewage (Lakeside 

reticulation) 

1,500 548 8 

Domestic sewage (Main 

Urban) 

11,825 4,316 62 

Total Load to WWTP 19,000 6,935 100 
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Appendix XIX: LC-MS/MS parameters for DOAs. 

 
Method 1: Drugs of abuse and other markers 

Method 2: Alcohol markers 

Method 1: Drugs of abuse and other markers 

 

 
Analyte: 

 
Transition: 

 
Q1 

 
Q3 

 
RT 

DP 

(Volts) 

CE 

(Volts) 

CXP 

(Volts) 

EP 

(Volts) 

Cocaine Cocaine 1 304.2 182.1 9.85 90 25 15 10 

Cocaine Cocaine 2 304.2 77 9.85 90 79 10 10 

Benzoylecgonine Benzoylecgonine 1 290.1 168.1 9.36 95 25 16 10 

Benzoylecgonine Benzoylecgonine 2 290.1 77 9.36 95 71 10 10 

Amphetamine Amphetamine 1 136 91 5.03 65 25 11 10 

Amphetamine Amphetamine 2 136 119 5.03 65 12 14 10 

Methamphetamine Methamphetamine 1 150 91 6.5 65 27 11 10 

Methamphetamine Methamphetamine 2 150 119 6.5 65 14 14 10 

MDMA MDMA 1 194.1 163.1 7.51 65 17 14 10 

MDMA MDMA 2 194.1 105 7.51 65 31 11 10 

MDEA MDEA 1 208.1 163.1 8.3 65 17 14 10 

MDEA MDEA 2 208.1 105 8.3 65 33 10 10 

MDA MDA 1 180.1 163.1 6.45 40 13 15 10 

MDA MDA 2 180.1 105.1 6.45 40 27 15 10 

Codeine Codeine 1 300.2 115 7.52 130 93 12 10 

Codeine Codeine 2 300.2 152.1 7.52 130 85 15 10 

Morphine Morphine 1 286.2 152.1 4.44 130 85 15 10 

Morphine Morphine 2 286.2 128 4.44 130 79 13 10 

Methadone Methadone 1 310.3 265.2 11.57 80 19 24 10 

Methadone Methadone 2 310.3 105 11.57 80 37 10 10 

EDDP EDDP 1 278.2 234.1 11.28 100 41 26 10 

EDDP EDDP 2 278.2 186.1 11.28 100 45 18 10 

Ketamine Ketamine 1 238 207.1 9.36 80 18 20 10 

Ketamine Ketamine 2 238 179.1 9.36 80 24 15 10 

Norketamine Norketamine 1 224 125.1 8.78 75 30 13 10 

Norketamine Norketamine 2 224 179.1 8.78 75 20 15 10 

Mephedrone Mephedrone 1 178.1 145.1 7.92 65 27 14 10 

Mephedrone Mephedrone 2 178.1 160.1 7.92 65 17 15 10 

Methylone Methylone 1 208.1 160.1 6.87 75 25 15 10 

Methylone Methylone 2 208.1 132 6.87 75 34 14 10 

Buprenorphine Buprenorphine 1 468.4 396.3 10.85 60 49 31 10 

Buprenorphine Buprenorphine 2 468.4 267.2 10.85 60 62 31 10 
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Carbamazepine Carbamazepine 1 237.2 194 11.34 86 29 14 10 

Carbamazepine Carbamazepine 2 237.2 193 11.34 86 45 12 10 

Paracetamol Paracetamol 1 152.1 110 2.86 56 22 14 10 

Paracetamol Paracetamol 2 152.1 65.1 2.86 56 40 8 10 

Cotinine Cotinine 1 177.1 80 3.03 90 35 12 10 

Cotinine Cotinine 2 177.1 98 3.03 90 30 12 10 

Hydroxycotinine Hydroxycotinine 1 193.1 134.1 1.74 60 30 15 10 

Hydroxycotinine Hydroxycotinine 2 193.1 80 1.74 60 35 10 10 

Nicotine Nicotine 1 163.1 132 2.05 70 22 12 10 

Nicotine Nicotine 2 163.1 106 2.05 70 26 12 10 

Atenolol Atenolol 1 267.2 190 5.23 50 25 17 10 

Atenolol Atenolol 2 267.2 145 5.23 50 36 12 10 

Oxycodone Oxycodone 1 316.1 241.1 7.82 70 38 22 10 

Oxycodone Oxycodone 2 316.1 256.1 7.82 70 35 25 10 

Cocaine-d3 Cocaine-d3 1 307.2 185.1 9.84 60 25 17 10 

Cocaine-d3 Cocaine-d3 2 307.2 85 9.84 60 46 10 10 

Benzoylecgonine-d3 Benzoylecgonine-d3 1 293.2 171.1 9.34 50 25 15 10 

Benzoylecgonine-d3 Benzoylecgonine-d3 2 293.2 77 9.34 50 77 10 10 

Amphetamine-d6 Amphetamine-d6 1 142 125 4.92 65 11 12 10 

Amphetamine-d6 Amphetamine-d6 2 142 93 4.92 65 19 10 10 

Methamphetamine-d9 Methamphetamine-d9 1 159.1 125 6.38 65 15 12 10 

Methamphetamine-d9 Methamphetamine-d9 2 159.1 93 6.38 65 23 10 10 

MDMA-d5 MDMA-d5 1 199.2 165.1 7.45 61 17 16 10 

MDMA-d5 MDMA-d5 2 199.2 107 7.45 61 31 11 10 

MDEA-d5 MDEA-d5 1 213.2 163.1 8.26 51 17 14 10 

MDEA-d5 MDEA-d5 2 213.2 105 8.26 51 33 11 10 

MDA-d5 MDA-d5 1 185.1 168.1 6.38 65 15 14 10 

MDA-d5 MDA-d5 2 185.1 110 6.38 65 29 11 10 

Codeine-d3 Codeine-d3 1 303.2 115 7.48 130 101 10 10 

Codeine-d3 Codeine-d3 2 303.2 152.1 7.48 130 81 12 10 

Morphine-d3 Morphine-d3 1 289.2 152.1 4.37 130 81 12 10 

Morphine-d3 Morphine-d3 2 289.2 128 4.37 130 77 10 10 

Methadone-d3 Methadone-d3 1 313.2 268.2 11.56 80 19 23 10 

Methadone-d3 Methadone-d3 2 313.2 105 11.56 80 35 10 10 

EDDP-d3 EDDP-d3 1 281.2 234.2 11.26 100 41 25 10 

EDDP-d3 EDDP-d3 2 281.2 189.1 11.26 100 45 17 10 

Ketamine-D4 Ketamine-D4 1 242 211.1 9.32 55 20 21 10 

Ketamine-D4 Ketamine-D4 2 242 183.1 9.32 55 24 16 10 

Norketamine-D4 Norketamine-D4 1 228 129.1 8.72 60 30 12 10 

Norketamine-D4 Norketamine-D4 2 228 183.1 8.72 60 22 17 10 

Mephedrone-D3 Mephedrone-D3 1 181.1 148.1 7.89 75 27 14 10 

Mephedrone-D3 Mephedrone-D3 2 181.1 147.1 7.89 75 43 14 10 

Methylone-D3 Methylone-D3 1 211.1 163.1 6.84 85 25 16 10 

Methylone-D3 Methylone-D3 2 211.1 135 6.84 85 38 13 10 
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Buprenorphine-D4 Buprenorphine-D4 1 472.6 400.3 10.83 80 54 39 10 

Buprenorphine-D4 Buprenorphine-D4 2 472.6 372.2 10.83 80 56 34 10 

D10 Carbamazepine D10 Carbamazepine 1 247.2 204.1 11.28 65 28 18 10 

D10 Carbamazepine D10 Carbamazepine 2 247.2 202.1 11.28 65 49 17 10 

Paracetamol D4 Paracetamol D4 1 156.1 114 2.79 56 22 14 10 

Paracetamol D4 Paracetamol D4 2 156.1 69.1 2.79 56 38 8 10 

Atenolol D7 Atenolol D7 1 274.1 145.1 5.12 60 35 12 10 

Atenolol D7 Atenolol D7 2 274.1 190.1 5.12 60 26 17 10 

Cotinine D3 Cotinine D3 1 180.1 80 2.97 100 34 10 10 

Cotinine D3 Cotinine D3 2 180.1 101 2.97 100 30 10 10 

Hydroxycotinine-D3 Hydroxycotinine-D3 1 196.1 134.1 1.71 70 25 14 10 

Hydroxycotinine-D3 Hydroxycotinine-D3 1 196.1 80 1.71 70 36 13 10 

Nicotine-D4 Nicotine-D4 1 167.1 136 1.99 70 20 7 10 

Nicotine-D4 Nicotine-D4 2 167.1 121 1.99 70 34 15 10 

 

 

LCMS details: 

 
Scheduled MRM         14 Min acquisition time Unit resolution    Run    in    positive and 

negative modes Diverter valve diverting solvent to waste 0-0.7 mins, 14-18.5 mins, remainder 

to MS 

Column: Phenomenex Biphenyl 50x2mm 2.6 micron 

 
Pre-injector column: Phenomenex 50x4.6mm 5 micron Kinetex XB C18 (Filters mobile phase) 

LCMS Sciex QTRAP 5500 

 
Ion source Turbospray ESI mode Running in positive and negative mode with mode switching. 

LC conditions: 0.3 mL/min Oven at 40C Gradient elution Inject 7 uL direct injection 

 
LC Mobile Phases: 

 

Mobile phase B = 5% where B= 100% methanol, 0.1% formic acid and A=100%H2O, 0.1% 

formic acid 

 
 

Gradient: 

 
5% B starting 

2% exponential increase from time 0 to 10 mins 

 
From 10 to 14.5 mins held at 100%B then immediate decrease to 5%B 

Held at 5% B until the end of the analytical run at 18.5 mins 



147  

Method 2: Alcohol markers 

 

 
Analyte 

 
Transition 

 
Q1 

 
Q3 

DP 

(Volts) 

CE 

(Volts) 

CXP 

(Volts) 

EP 

(Volts) 

Ethyl Sulfate EtS 1 125.1 97 -70 -15 -30 -10 

Ethyl Sulfate EtS 2 125.1 80 -70 -45 -14 -10 

Ethyl glucuronide EtG 1 221.1 75 -90 -20 -10 -10 

Ethyl glucuronide EtG 2 221.1 85 -90 -22 -10 -10 

Internal Standard EtS-D5 1 130 98 -70 -17 -30 -10 

Internal Standard EtS-D5 2 130 80 -70 -43 -11 -10 

Internal Standard EtG-D5 1 226.1 75 -90 -20 -10 -10 

Internal Standard EtG-D5 2 226.1 85 -90 -23 -10 -10 

 
 

LCMS details: 

 
7.5 Min acquisition time Unit resolution Diverter valve diverting solvent to 

waste 0-1 mins, 7-7.5 mins, remainder to MS 

Column: Phenomenex Kinetek EVO C18 50x2 1.7 micron 

 
Pre-injector column: Phenomenex Gemini NX C18 50x2 3 micron  (Filters mobile phase) 

 
LCMS Sciex QTRAP 5500 Ion source=Turbospray ESI mode Operating in negative 

mode 

LC Conditions: 0.27 mL/min Oven set to 40C Gradient elution 

Inject 10 uL direct injection 

LC Mobile Phases: 

 
Mobile Phase B= 100% methanol, 5mM dihexylamine acetic acid, Mobile Phase A= 100% 

H2O, 5mM dihexylamine acetic acid 

Gradient: 

 
0% B start 

 
Linear increase from 0-70% from 0 to 1.5 mins, then a linear increase from 70-100% from 1.5 

min to 1.6 min, then held at 100% B until 3.4 mins. Followed by an immediate decrease to 

0%B from 3.4 to 3.5 mins, then kept at 0%B for the remainder of the run, to 7.5 mins. 
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Appendix XX: Limit of Detection (LOD) and Limit of Reporting (LOR). 
 

DOA LOD 

 
(ng/ml) 

LOR 

 
(ng/ml) 

Cocaine 0.010 0.030 

Benzoylecgonine 0.020 0.050 

Amphetamine 0.060 0.200 

Methamphetamine 0.010 0.030 

MDMA 0.010 0.030 

MDEA 0.010 0.030 

MDA 0.070 0.200 

Codeine 0.010 0.030 

Morphine 0.020 0.050 

Methadone 0.003 0.010 

EDDP 0.003 0.010 

Ketamine 0.010 0.030 

Norketamine 0.010 0.030 

Mephedrone 0.030 0.050 

Methylone 0.010 0.030 

Buprenorphine 0.050 0.150 

Cotinine 0.010 0.030 

Hydroxycotinine 0.030 0.050 

Nicotine 0.040 0.100 

Oxycodone 0.020 0.050 

Ethyl Sulfate 0.167 0.500 
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Appendix XXI Seasonal Variations in Concentrations of DOAs in 

Secondary Effluent. 
 

Effluent DOA Spring 

(ng/L) 

Summer (ng/L) Autumn (ng/L) Winter (ng/L) 

Bardenpho MBR Bardenpho MBR Bardenpho MBR Bardenpho 

Amphetamine <LOD <LOD 462 <LOD <LOD <LOD <LOD 

Methamphetamine <LOD 346 <LOD <LOD <LOD 188 <LOD 

Cocaine N.D. <LOD 344 <LOD <LOD <LOD <LOD 

Benzoylecgonine N.D. <LOD 103 <LOD <LOD <LOD <LOD 

Cotinine 50 87 32 66 51 106 55 

Hydroxycotinine <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Nicotine <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Ethyl sulfate <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Morphine <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

Methadone 22 16 22 13 34 11 23 

EDDP 50 42 38 31 36 29 42 

Codeine 145 173 61 55 106 141 83 

MDMA <LOD <LOD 231 <LOD <LOD <LOD <LOD 

MDA ND <LOD <LOD <LOD <LOD <LOD <LOD 

Total 267 664 1192 165 227 475 203 

1A concentration above the LOD but below LOR, is included if it is greater than the midpoint between the LOD 

and LOR (i.e. (LOD + LOR)/2) 
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Appendix XXII: Seasonal Variations in Concentration of DOAs in Final 

Effluent. 
 

Effluent DOA Spring (ng/L) Summer (ng/L) Autumn (ng/L) Winter (ng/L) 

Amphetamine <LOD 383 <LOD <LOD 

Methamphetamine <LOD 59 <LOD 56 

Cocaine N.D. 286 <LOD <LOD 

Benzoylecgonine N.D. 85 <LOD <LOD 

Cotinine 50 41 55 70 

Hydroxycotinine <LOD <LOD <LOD <LOD 

Nicotine <LOD <LOD <LOD <LOD 

Ethyl sulfate <LOD <LOD <LOD <LOD 

Morphine <LOD <LOD <LOD <LOD 

Methadone 22 21 28 19 

EDDP 50 39 35 38 

Codeine 145 80 92 100 

MDMA <LOD 201 <LOD <LOD 

Total 267 1102 210 283 

1A concentration above the LOD but below LOR, is included if it is greater than the midpoint between the LOD 

and LOR (i.e. (LOD + LOR)/2) 
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Appendix XXIII: Mean Removal Efficiency of DOAs through Secondary 

Treatment. 
 

% DOA Removal Spring Summer Autumn Winter 

BRD MBR BRD MBR BRD MBR BRD 

Amphetamine ND ND ND 100 100 ND ND 

Methamphetamine 100 63 100 100 100 78 100 

Cocaine ND 100 -21 ND ND 100 100 

Benzoylecgonine ND 100 23 ND ND 100 100 

Cotinine 97 96 98 96 97 93 96 

Hydroxycotinine 100 100 100 100 100 100 100 

Nicotine 100 100 100 100 100 100 100 

Ethyl sulfate 100 100 100 100 100 100 100 

Morphine 100 100 100 100 100 100 100 

Methadone 22 44 23 63 3 53 1 

EDDP 16 20 27 40 30 40 13 

Codeine 82 78 92 93 86 79 88 

MDMA 100 100 11 ND ND ND ND 
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Appendix XXIV: Effluent population normalised mass load (Mean ± 

Standard Deviation). 
 

DOA Effluent population normalised mass 

load (mg/d/1000 inhabitants) 

Amphetamine 76 

Methamphetamine 13±3 

Cocaine 57 

Benzoylecgonine 17 

Hydroxycotinine <LOD 

Cotinine 13±4 

Nicotine <LOD 

Ethyl sulfate <LOD 

Morphine <LOD 

Methadone 5±1 

EDDP 9±2 

Codeine 24±7 

MDMA 4 

Total 218 
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Appendix XXV: Population estimation by hydrochemical parameters and human urine 

indicators. 
 

Season Day Ammonium COD TKN cBOD TP Methadone Codeine Nicotine 

Spring Monday 89,477 55,512 97,448 55,153 61,621 30,692 29,244 36,938 

 Tuesday 89,252 58,065 109,998 49,549 68,415 64,784 54,838 61,139 

 Wednesday 84,365 65,403 101,900 43,156 67,568 70,638 63,499 72,025 

 Thursday 86,149 80,522 99,518 50,262 63,547 53,862 50,416 68,855 

 Friday 91,032 62,144 96,027 42,547 58,108 52,203 56,207 67,947 

 Saturday 97,168 68,369 93,711 34,032 57,591 56,962 45,824 61,536 

 Sunday 88,075 48,823 115,282 36,129 60,426 57,080 52,803 63,559 

 Average 89,360 62,691 101, 983 44, 404 62, 468 55, 175 50, 404 61, 714 

Summer Monday 91,348 73,438 103,496 62,347 65,225 58,003 50,924 68,830 

 Tuesday 76,473 79,761 106,865 82,294 60,056 61,738 54,331 76,670 

 Wednesday 86,649 68,506 99,427 75,757 66,739 37,876 31,415 40,295 

 Thursday 86,875 58,678 97,658 50,072 65,115 57,674 56,976 72,592 

 Friday 88,507 85,036 111,484 76,561 71,406 72,514 52,483 87,877 

 Saturday 81,493 83,357 102,251 56,016 61,507 34,053 26,666 34,882 

 Sunday 94,939 36,799 115,606 70,995 91,435 53,665 59,739 80,259 
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 Average 86,612 69, 368 105, 255 67, 720 68, 783 53, 646 47, 505 65, 915 

Autumn Monday 87,032 77,648 1,09,187 44,568 51,505 59,625 40,222 60,796 

 Tuesday 103,196 64,074 1,02,275 50,982 64,021 58,085 52,950 62,490 

 Wednesday 116,057 57,075 110,874 42,616 52,833 67,133 53,936 63,726 

 Thursday 109,765 79,542 110,158 40,578 52,860 178,458 69,139 78,647 

 Friday 95,033 51,944 93,212 44,683 53,115 54,041 49,122 70,809 

 Saturday 99,303 71,487 98,082 56,282 55,491 74,655 55,617 72,810 

 Sunday 83,796 66,365 92,655 48,344 51,066 52,204 58,534 74,828 

 Average 99, 169 66, 877 102, 349 46, 865 54, 413 77, 743 54, 217 69, 158 

Winter Monday 102,466 53,495 122,422 41,499 53,704 52,281 39,897 51,361 

 Tuesday 99,736 41,024 115,121 33,661 48,709 50,888 55,203 76,226 

 Wednesday 94,872 82,155 127,404 64,039 70,185 48,916 75,646 77,089 

 Thursday 124,164 83,195 139,028 69,021 73,081 77,513 74,834 78,218 

 Friday 124,009 88,938 123,885 55,804 64,996 74,240 52,186 73,653 

 Saturday 106,082 110,439 94,242 73,915 75,002 44,697 28,831 34,665 

 Sunday 119,791 47,877 117,459 46,813 51,069 64,338 55,550 63,147 

 Average 110,160 72, 446 119, 937 54, 965 62, 392 58, 982 54, 592 64, 908 

Heavy Monday 93,173 64,448 99,438 63,914 56,657 56,177 38,993 51,847 

 Tuesday 75,647 56,719 96,086 58,080 55,304 51,219 50,026 51,217 

 Wednesday 92,325 202,045 120,832 100,573 64,232 94,123 48,558 77,770 

 Thursday 111,126 72,773 139,193 52,286 58,484 72,964 58,912 79,681 

 Average 93, 060 98, 996 113, 887 68, 713 58, 669 68, 621 49, 122 65, 129 
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Appendix XXVI: Population Normalised Influent Mass Load [(mg/d/1000 person) ± Standard deviation]. 
 

DOA Spring Summer Autumn Winter Heavy rainfall 

Amphetamine <LOD <LOD 28± 1 <LOD 56 

Methamphetamine 203± 25 186±21 223± 36 231± 27 242± 51 

Cocaine <LOD 35±24 <LOD 24 55 

Benzoylecgonine <LOD 44± 19 <LOD 34 521 

Methadone 6± 1 6± 4 8± 4 7±2 7± 1 

EDDP 13± 2 11± 2 11± 2 14± 3 18± 6 

Codeine 174± 13 156± 14 167± 18 179± 23 165± 31 

MDMA 5± 1 5 <LOD <LOD <LOD 

Ethyl sulfate 1, 818± 473 1, 803± 340 2, 012± 657 1, 898± 628 1, 478± 277 

Cotinine 420± 26 429± 37 407± 14 391± 21 413± 39 

Hydroxycotinine 1,117± 14 1,108± 37 1,130± 14 1,147± 20 1,124± 39 

Nicotine 892± 105 1,279± 1,231 731± 64 842± 110 696± 140 

Morphine 49± 6 47± 7 48± 5 55± 12 39± 27 



156  

 

Appendix XXVII: Occurrence of DOAs (ng/L) in Influent Samples. 
 

Season Day Amph 

etamin 

e 

Metha 

mpheta 

mine 

Cocai 

ne 

Benzoylecg 

onine 

Cotinin 

e 

Hydroxy 

cotinine 

Nicotine Ethyl 

Sulfate 

Morphi 

ne 

Methad 

one 

EDDP Code 

ine 

MDMA 

Spring Monday <LOD 421 <LOD <LOD 1,003 2,992 1,537 5,523 108 15 34 439 <LOD 

 
Tuesday <LOD 928 <LOD <LOD 2,032 4,651 3,058 6,472 249 32 71 832 211 

 
Wednesday <LOD 992 <LOD <LOD 2,198 5,925 3,553 7,141 269 36 69 994 <LOD 

 
Thursday <LOD 952 <LOD <LOD 2,100 5,821 2,586 7,601 217 28 61 805 <LOD 

 
Friday <LOD 1,228 <LOD <LOD 2,162 5,903 3,096 8,448 263 28 67 926 <LOD 

 
Saturday <LOD 1,077 <LOD <LOD 1,988 5,423 2,944 9,675 236 31 54 766 <LOD 

 
Sunday <LOD 1,002 <LOD <LOD 2,045 5,101 3,268 12,418 247 29 59 824 <LOD 

 Average <LOD 943 <LOD <LOD 1,933 5,117 2,863 8,183 227 28 59 798 211 

Summer Monday <LOD 850 <LOD <LOD 2,326 5,552 14,586 7,929 275 30 64 809 <LOD 
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Tuesday <LOD 1,124 <LOD <LOD 2,431 6,638 3,394 7,998 303 33 53 892 <LOD 

 
Wednesday <LOD 660 167 184 1,491 3,453 2,071 5,862 170 21 43 535 <LOD 

 
Thursday <LOD 1,268 <LOD <LOD 2,615 6,298 3,215 10,092 263 32 58 971 <LOD 

 
Friday <LOD 1,212 <LOD <LOD 2,493 7,966 3,988 11,449 256 39 65 867 <LOD 

 
Saturday <LOD 500 52 85 1,287 3,020 1,631 6,803 143 19 33 457 <LOD 

 
Sunday <LOD 908 <LOD <LOD 2,235 6,370 2,678 11,458 220 26 50 889 261 

 Average <LOD 932 110 135 2,125 5,614 4,509 8,799 233 29 52 774 261 

Autumn Monday <LOD 666 <LOD <LOD 1,485 4,156 1,958 5,583 175 25 53 518 <LOD 

 
Tuesday <LOD 903 <LOD <LOD 1,596 4,594 1,803 4,448 173 26 41 728 <LOD 

 
Wednesday <LOD 1,082 <LOD <LOD 1,809 4,703 2,147 6,574 218 31 56 765 <LOD 

 
Thursday <LOD 1,149 <LOD <LOD 2,058 5,744 2,652 9,887 290 80 54 952 <LOD 

 
Friday 1321 1,236 <LOD <LOD 1,981 5,268 2,536 12,081 231 25 44 698 <LOD 

 
Saturday 1371 1,154 <LOD <LOD 1,972 5,366 2,741 13,719 203 34 56 778 <LOD 
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Sunday <LOD 868 <LOD <LOD 1,989 5,941 2,365 13,036 225 25 56 861 <LOD 

 Average 1351 1,008 <LOD <LOD 1,841 5,110 2,315 9,333 216 35 51 757 <LOD 

Winter Monday <LOD 680 85 120 1,320 4,115 1,680 4,795 177 25 53 586 <LOD 

 
Tuesday <LOD 1,106 <LOD <LOD 1,922 6,365 2,714 6,435 287 25 50 833 <LOD 

 
Wednesday <LOD 1,146 <LOD <LOD 2,101 6,269 3,129 7,900 334 24 51 1,140 <LOD 

 
Thursday <LOD 931 <LOD <LOD 1,546 4,260 2,395 6,991 210 26 55 771 <LOD 

 
Friday <LOD 786 <LOD <LOD 1,228 3,602 2,061 6,266 247 22 52 475 <LOD 

 
Saturday <LOD 468 <LOD <LOD 717 2,029 1,082 4,775 69 16 32 317 <LOD 

 
Sunday <LOD 882 <LOD <LOD 1,472 3,958 2,398 9,788 178 25 44 663 <LOD 

 Average <LOD 857 85 120 1,472 4,371 2,208 6,707 215 23 48 684 <LOD 

Heavy 

Rainfall 
Monday 1871 608 183 1,732 1,427 3,679 1,749 4,916 192 25 45 533 <LOD 

 Tuesday <LOD 438 <LOD <LOD 925 2,173 709 2,228 113 14 44 420 <LOD 

 
Wednesday <LOD 425 <LOD <LOD 575 1,802 767 2,408 0 13 39 206 <LOD 

 
Thursday <LOD 695 <LOD <LOD 921 2,704 1,353 4,171  100 15 31 372 <LOD 

 
Average 1871 542 183 1,732 962 2,590 1,145 3,431 101 17 40 383 <LOD 

 
1A concentration above the LOD but below LOR, is included if it is greater than the midpoint between the LOD and LOR (i.e. (LOD + LOR)/2) 
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Appendix XXVIII: Correlation Matrix for DOAs in the influent. 
 

 

DOA Ethyl 

Sulfate 

Cotin 

ine 

Hydro 

xycotin 

ine 

Nicotine Metha 

done 

EDDP Codeine Morph 

ine 

Metham 

phetami 

ne 

Ethyl Sulfate 1.00         

Cotinine 0.099 1.00        

Hydroxycotinine -0.099 -1.00 1.00       

Nicotine 0.237 0.445 -0.445 1.00      

Methadone 0.085 0.232 -0.232 -0.019 1.00     

EDDP -0.057 0.153 -0.15 -0.039 0.691 1.00    

Codeine -0.052 0.326 -0.326 0.00 0.241 0.182 1.00   

Morphine -0.271 0.418 -0.418 0.218 0.164 0.143 0.390 1.00  

Methamphetamine 0.217 0.027 -0.027 -0.07 0.406 0.286 0.139 0.023 1.00 
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Appendix XXIX: LC-MS/MS analysis of PPCPs and Coumarin 

The analysis was conducted on Shimadzu 8040 triple quadrupole LC-MS/MS. The Ascentis 

reverse phase amide HPLC column (10 cm x 2.1 mm, 3 µm) was used to separate analytes. The 

analysis was done in positive electrospray ionization (ESI) mode. The mobile phase A and 

mobile phase B were milliQ water with 0.1% formic acid, and acetonitrile with 0.1% formic 

acid, respectively. The LC gradient for PPCPs started with 5% B at 0.01 min and maintained 

for 1.5 min, increased to 20% B at 3 min, 45% B at 4 min and 65% B at 6.1 min and 100 % B 

at 7 min, decreased to 5% B at 7.45 min followed by post time of 1.45 min. The LC gradient 

for coumarin was for 8 minutes and started with 10% of B and maintained for 2.5 min, increased 

to 50% B at 2.5 min, 75% of B at 3 min, 85% of B at 4 min, 90% of B at 5 min, decreased to 

10% B at 7 min followed by 1 min of post time. The MS acquisition was conducted in MRM 

mode. The DL temperature and heat block temperature was kept at 250 ºC and 400 ºC 

respectively. The nebulizing and drying gas flow rate were 3 L/min and 15 L/min, respectively. 

The column oven temperature was kept at 35 ºC during analysis. The MS acquisitions of each 

PPCP and coumarin are detailed in the Table below. 

MS acquisition details of individual PPCPs and coumarin. 

 
PPCPs Molecu 

lar 

weight 

Precur 

sor ion 

Product ion Collisio 

n    

Energy 

Quanti 

fier to 

qualifie 

r ratio 

Retent 

ion 

time 

ESI 

polar 

ity 

Quanti 

fier ion 

Qualif 

ier ion 

Quantif 

ier, 

Qualifie 

r 

Acetamino 

phen 

151.16 151.85 110.10 65.10 -17,-23 42.85 3.607 + 

Carbamaze 

pine 

236.27 237.15 194.10 179.10 -19,-35 16.48 5.959 + 

Metformin 129.16 130.25 71.10 60.05 -22,-15 96.97 0.508 + 

Metoprolol 267.36 268 116.10 74.10 -20,-23 77.40 4.611 + 
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PPCPs Molecu 

lar 

weight 

Precur 

sor ion 

Product ion Collisio 

n    

Energy 

Quanti 

fier to 

qualifie 

r ratio 

Retent 

ion 

time 

ESI 

polar 

ity 

Quanti 

fier ion 

Qualif 

ier ion 

Quantif 

ier, 

Qualifie 

r 

TCEP 285.48 287.10 224.85 125 -12,-17 95.02 6.235 + 

Caffeine 194.19 195.10 138.10 110 -19,-23 27.70 4.374 + 

Benzotriaz 

ole 

119.12 120.25 65.15 39.05 -22,-37 32.14 5.157 + 

Coumarin 146.14 146.90 91 103.1 -24, -20 65.30 4.495 + 
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Appendix XXX: EDS spectra of pristine PEDOT. 
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Appendix XXXI: Parameters for kinetic model. 
 

 Pseudo first 

order model 

Adjusted R2 Intercept Slope (-Rate Constant) 

 

 

Figure 2 

UV A 0.99 -0.042 -0.0074 

UV B 0.98 0.128 -0.0433 

UV C 0.97 0.315 -0.03272 

Visible 0.93 0.028 -0.0034 

Dark 0 - 0 

 

 

Figure 3 (a) 

pH 2.8 0.80 0.204 -0.058 

pH 5.6 0.98 0.128 -0.043 

pH 7 0.80 0.122 -0.026 

pH 9 0 - 0 

pH 11.6 0.92 -0.055 -0.001 

 

 

Figure 3 (b) 

6.5 mW/cm2 0.99 -0.045 -0.014 

9.8 mW/cm2 0.99 0.029 -0.025 

13 mW/cm2 0.97 0.190 -0.060 

16 mW/cm2 0.94 0.183 -0.090 

 

 

Figure 4 (a) 

Carbamazepine 0.99 -0.466 -0.088 

Benzotriazole 0.99 -0.006 -0.107 

Acetaminophen 0.99 -0.048 -0.075 

Metformin 0.99 0.026 -0.015 

Caffeine 0.98 0.028 -0.090 

Metoprolol 0.99 0.026 -0.104 

TCEP 0.88 -0.026 -0.006 

 

 

Figure 4 (b) 

Carbamazepine 0.99 0.0159 -0.022 

Benzotriazole 0.99 0.085 -0.026 

Acetaminophen 0.33 0.00031 0.000032 

Metformin 0.93 -0.002 -0.002 

Caffeine 0.87 0.097 -0.014 

Metoprolol 0.99 0.007 -0.020 

TCEP 0.48 -0.066 -0.001 
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Appendix XXXII: Emission spectra of UV/Visible light. 
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Appendix XXXIII: Coumarin removal at pH 5.6 after 60 min. 
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Appendix XXXIV: The cyclic voltammograms of 100 mg/L solution of (A) 

metformin, (B) acetaminophen, (C) caffeine, (D) carbamazepine, (E) TCEP, 

(F) benzotriazole, and (G) metoprolol spiked in 0.1 M LiClO4 solution 

 

Cyclic voltammetry (CV) was carried out on a CHI 660E electrochemistry workstation with a scan 

rate of 0.1 Vs−1 in 0.1 mol L-1 lithium perchlorate (LiClO4) solution. A glassy carbon electrode 

(GCE), a platinum wire, and silver/silver chloride (Ag/AgCl) were served as the working, counter, 

and reference electrodes, respectively. The redox potentials of target PPCPs were evaluated from 

the results of voltammogram analyses. 
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Appendix XXXV: Water quality parameters of the secondary effluent. 
 

 

Parameters Results 

Alkalinity (mg 

CaCO3/L) 

90 

cBOD5 (mg/L) 1 

COD (mg/L) 62 

DRP (mg/L) 0.08 

NH4 (mg/L) 0.4 

Nitrite (mg/L) 0.03 

pH 7 

TKN (mg/L) 1 

TOXN (mg/L) 2 

Total Phosphorus 

(mg/L) 

0.2 

TSS (mg/L) 3 

Turbidity (mg/L) 1 
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Appendix XXXVI: MS spectra of metformin degradation products. 
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