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ABSTRACT 

The research presented herein describes the development of a 3D printed, multimodal, 

miniaturised passive sampler device and its successful application as a surrogate for a freshwater 

invertebrate species (Gammarus pulex) for qualitative and quantitative biomonitoring of 

contaminants of emerging concern (CECs). This is the first study to miniaturise, multiplex, and 

scale up the passive sampling process and utilise modelling techniques to predict the internal 

concentration of CECs in G. pluex from data collected in situ. This created an opportunity to rapidly 

estimate and prioritise the chemical risk of pollutants in situ while reducing animal use, increasing 

sustainability and reducing the disruptive environmental impacts of bioconcentration studies. 

The increased sensitivity of passive samplers to CECs at environmentally relevant concentrations 

in water compared to traditional grab sampling was demonstrated in a London urban river using 

a rapid liquid chromatography-tandem mass spectrometry method (LC-MS/MS) and a machine 

learning-assisted suspect screening workflow. Almost double the number of compounds identified 

in the water samples (n = 33) were also detected in the passive sampler extracts (n = 65) including 

several unique compounds not detected in the water. To overcome the drawbacks of using larger, 

single-sorbent passive samplers, a miniaturised 3D printed passive sampler device (3D-PSD) was 

prototyped using a commercially available methacrylate-based polymer resin. The final design 

consisted of a two-part assembly that connected easily via a friction interface fit and held five 

separate 9 mm sorbent disks, allowing the device to be multiplexed with different sorbents to 

increase the number of replicates and the sampled chemical space. It was noted that some CECs 

absorbed to the 3D-PSD housings, particularly those with a logD value close to or above that of 

the polymer resin. These compounds were able to be recovered from the resin using organic 

solvents, presenting an opportunity for the 3D-PSD housing to be utilised as a passive sampler in 

future work. The sampling rates (Rs) of three different sorbent chemistries (hydrophilic-lipophilic 
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balanced (HLB), anion, and cation exchange) were determined at the 9 mm disk scale for > 39 

CECs. Due to the reduced sampling area of the 3D-PSD, there was a loss of sensitivity compared 

to standard passive sampler formats, highlighting a drawback of the 3D-PSD, which requires 

higher instrument sensitivity to compensate. 

The 3D-PSD was then applied to field studies in a London urban freshwater river. The pollution 

impact point was identified as a wastewater plant effluent discharge point using rapid, direct 

injection LC-MS/MS. Following this, HLB-loaded 3D-PSDs were deployed upstream and 

downstream of the pollution point to compare the performance of the 3D-PSD in both an 

impacted and clean environment. Time-weighted average CEC concentrations in water were 

calculated using the Rs data previously determined and found to be in good agreement with the 

concentrations measured in water directly. A six-month field study was undertaken where              

3D-PSDs containing all sorbents were deployed with co-occurring water and G. pulex collections 

to create a matched dataset for future modelling. The addition of the cation and anion sorbents 

increased the chemical space by 23 compounds. Of all compounds detected, imidacloprid (a 

neonaticide pesticide) presented a medium to high risk across all sorbent phases, was present in 

the G. pulex samples at every collection and exhibited the highest toxic unit value showing the 

suitability of the 3D-PSD for this purpose. Data collected during the six-month field study was 

investigated to determine if there was any relationship between CEC accumulation on the 3D-

PSDs and that in G. pulex. Clustering analysis (hierarchical clustering and principal component 

analysis) revealed that the measured concentration data from 3D-PSDs was more similar to the G. 

pulex data when compared to those in water and there was a statistically significant relationship 

between the risk units calculated from the G. pulex and 3D-PSD data. Thereby, the average 

concentration in the animal could be predicted from the line of best fit with very high accuracy (a 

mean absolute error of 21 ± 21 ng g-1). The model was validated using literature data and also 

showed a good predictive relationship when using other data, indicating that the model can be 
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applied to a variety of studies and environments. Overall, the work presented herein demonstrates 

that a simple, cost-effective, scalable, and novel passive sampler device could be used for the first 

time as a surrogate when determining bioconcentrations in invertebrates. Thereby eliminating 

animal use, increasing sustainability and reducing the disruptive environmental impacts of 

bioconcentration studies. Therefore, this device, the associated analytical methods and predictive 

models hold promise as a uniquely scalable solution for simultaneous water monitoring and 

biomonitoring for the rapid risk assessment and prioritisation of large numbers of CECs in the 

aquatic environment. 
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1.1. Chapter summary, aims & objectives 

This chapter describes the background knowledge pertinent to this PhD thesis in the format of a 

literature review. The overall aim of this thesis is to use passive samplers in conjunction with 

modelling techniques to act as a surrogate for invertebrates during in situ freshwater pollution 

studies. This was achieved through the following objectives: 

a) To develop an analytical workflow for passive sampler extracts to improve the 

understanding of CEC occurrence in the River Thames (UK) through the analysis of 

passive sampler extracts using both targeted LC-MS/MS and machine learning-assisted    

in-silico LC-HRMS suspect screening. 

b) To design, develop and characterise a miniature 3D printed passive sampler device              

(3D-PSD) that can hold multiple sorbent disks to increase the accessibility and scalability 

of passive sampling for large monitoring programmes. 

c) To determine the sampling rates for at least 39 unique CECs on three different 9 mm 

sorbent phases (HLB, anion, and cation exchange), if the miniaturised sorbent disks 

worked analogously to other PSDs and determine the impact of the smaller size on 

performance. 

d) To collate a matched dataset of compounds in both the G. pulex and 3D-PSD to assess 

temporal trends in an urban freshwater system and can be used for modelling purposes. 

e) To develop and test models to predict the internal concentrations of CECs in G. pulex 

from contaminant uptake onto the 3D-PSD. 
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1.2. Contaminants of emerging concern  

The origins of the modern chemical industry can be traced back to the late 19th century, though 

the use of naturally-occurring chemicals for the treatment of ailments, diseases, and crop 

protection pre-dates the birth of Christ (BC) [1–3]. With technological and scientific advances 

aligned to population growth and market demand, as of 2020, the global chemical industry was 

estimated to be worth over 3.1 trillion British Pounds (GBP) with over 350,000 chemicals 

registered for production and use globally [4,5]. Due to the scale of chemical production, it is 

unsurprising that the monitoring of chemicals in the environment poses a large-scale challenge, 

particularly as it is estimated that 220 billion tonnes of chemicals are released into the environment 

per annum, both intentionally and unintentionally[6], presenting risks to human health, ecosystem 

stability, and environmental sustainability [6]. Recently, Persson et al. (2022) determined that the 

planetary boundary for ‘novel entities’, which includes these chemicals and other anthropogenically 

synthesised substances, has been exceeded and society is now operating beyond a safe space, 

risking irreversible change from Holocene-like conditions [7–9].  

Chemical pollution in all aquatic environments is a great concern, but as proficiency for 

characterisation grows, new chemical traces are often discovered that may have adverse effects on 

the environment. These are referred to as ‘contaminants of emerging concern’ (CECs). These 

compounds are defined as any compound that has been discovered, is not regulated or regularly 

monitored, but has the potential to enter the environment and cause ecological and/or human 

health effects by the United States Geological Society [10]. As a group, CECs include 

pharmaceuticals and personal care products (PPCPs), pesticides, illicit drugs, flame retardants, 

plasticisers, and other industrial/manufacturing chemicals which have been detected in surface 

waters worldwide [11–14]. This subset of chemicals are of particular concern as the toxicological 

effects on non-target species either as a single compound or as a mixture is unclear, and their 
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continual input into the environment results in chronic ecosystem exposures. As such, many CECs 

are now listed on the European Water Framework Directive (WFD), the Marine Strategy 

Framework Directive ‘Watch Lists’, and the United States Environmental Protection Agency’s 

Contaminant Candidate List (CCL4) [15–19]. However, until recently these lists did not fall under 

any specific regulatory monitoring programmes. In England and Wales, the WFD has been 

transcribed into domestic law in the Water Environment (Water Framework Directive) (England 

and Wales) Regulations 2017, which is still effective post-Brexit [20]. For the purposes of this 

thesis, the term CECs includes chemicals broadly classified as PPCPs, pesticides, illicit drugs, and 

drug metabolites (though other classes do exist beyond the scope of this thesis) with a focus on 

CECs occurring in freshwater river systems.  

 

1.3. Main sources of CEC release into the environment 

There are multiple sources of CECs into freshwater systems from a range of anthropogenic 

activities, including waste disposal (e.g., landfill and sewage treatment) and food production           

(e.g., agriculture and aquaculture) as represented in Figure 1.1. 

1.3.1. Wastewater 

One of the major sources of CEC contamination in freshwater surface waters is from wastewater, 

either as treated effluent outflow from wastewater treatment plants (WWTPs) or untreated 

discharge from combined sewer overflows (CSOs) [21]. In England, most of the country is 

serviced by a combined sewer network that was built in the 19th century, which receives household 

sewage, grey water (water from sinks, showers, and other household appliances), and surface 

rainwater and runoff into the same system and then pumped to the local WWTP [22,23]. This 

includes wastewater from hospitals and industrial processing plants.  
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Figure 1.1. Illustration of major sources of CECs into surface waters from urban and rural applications. 
Figure elements created in BioRender.com and from Adobe Stock assets. 

When there is a high load on the combined sewer network due to heavy rainfall or runoff, the 

network capacity can be exceeded, and an overflow event occurs to prevent back-flooding up the 

system [24]. Typically, the discharge into local surface waters is a mixture of rainwater and urban 

wastewater, which may be treated or untreated. Further affecting the water quality of the receiving 

system due to the presence of faecal matter, microbial pathogens, and heavy metals [25]. In 

England, there are 15,000 overflow points across the country and approximately 89 % of them 

discharge directly into freshwater rivers and streams [26]. According to data released by the 
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Environment Agency, there were 372,533 spill events across England and Wales in 2021 from 

monitored outflows and storm overflows discharged for a total of 2,667,452 hours across the 

system, Figure 1.2 [27]. Which roughly equates to 1,021 spill events per day and time equivalent to 

30 decades worth of discharge in a single calendar year.  

The treatment processes in many conventional WWTPs are not designed to remove many CECs 

and other micropollutants from the waste stream. As such, the removal rates of CECs are variable 

and range from < 10 to 100 %, depending on the compounds’ physicochemical properties and the 

treatment methods deployed at the plant [28].  

 

Figure 1.2. Map of England and Wales representing the number of storm overflows recorded by the 
Environment Agency in 2021. Map created and maintained by The Rivers Trust, accessed 21st February 

2023 [29]. 
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Consequently, many CECs pass through the WWTP unaltered and are discharged into the 

receiving waters. New hybrid treatment processes have been developed in recent years to address 

the poor removal of CECs from wastewater and while many show promise (e.g., phytoremediation 

via a microalgae/fungal catalyst removes 95 to 100 % of PPCPs) they are constrained from scale-

up by costs and energy consumption [30,31]. Constructed wetlands are also being investigated as 

a nature-based alternative to traditional wastewater treatment processes, though this raises 

questions about how to handle the contaminated vegetation and what the long-term 

environmental impacts are [32]. 

Previous work has demonstrated that the concentration and number of unique contaminants 

dramatically increases downstream of WWTPs [24,33–36]. Egli et al. (2021) conducted transect 

studies in WWTP-impacted rivers in Germany and Switzerland. In all cases, the summed 

concentrations of CECs in samples taken downstream of the WWTP discharge point were 

significantly higher (~1,800 to ~4,000 ng L-1) than those sampled upstream (< 1,000 ng L-1) [34]. 

Similarly, Munz et al. (2017) noted an increase in the median CEC concentration by one or more 

orders of magnitude in samples taken downstream of 24 WWTPs in Switzerland compared to 

upstream [33]. The impact of WWTP effluent on ecosystems was effectively demonstrated by 

González et al. (2023), where the invertebrate species communities in a freshwater stream were 

altered after the introduction of highly diluted, tertiary-treated effluent from an urban WWTP [37]. 

1.3.2. Agriculture  

The use of chemicals in agricultural practices represents another route of CEC contamination into 

surface waters, particularly for pesticides, hormones, and veterinary antibiotics. Crop protection is 

vital to increase yields and meet the demands of an increasing global population. Therefore, the 

application of pesticides and other agrochemicals to croplands is commonplace to protect against 

losses from pest action and diseases. Once applied, these compounds can migrate to surface waters 
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through leaching and runoff during rainfall events or routine irrigation [38]. Numerous studies 

have reported the presence of pesticides in surface waters and soils, particularly around agricultural 

sites [39–44]. With concentrations greater than 10 g L-1 reported in water samples taken after 

heavy rainfall events [39,40]. In addition to applied chemicals, products from the wastewater 

treatment process such as treated sludge or reclaimed effluent water are also applied to agricultural 

cropland as a sustainable use of resources [45,46]. The use of reclaimed water for irrigation 

purposes provides another route of entry for CECs into groundwater supplies [47]. Contaminants 

present in treated sewage sludge, which can be applied to land as a fertiliser, may also enter the 

aquatic environment during rainfall events. Though there is evidence that the sorption of 

contaminants to sludge is relatively low for certain compounds and concentrations are below 

regulatory guidelines in the UK [48,49].  

Despite the recent call by the EAT-Lancet report in 2019 for increased consumption of plant-

based foods to maintain global health and sustainability [50], livestock farming still provides an 

important source of macronutrients and protein to much of the world’s population. 

Pharmaceuticals such as antibiotics and hormones are often fed to livestock at either sub- or 

therapeutic levels to promote growth and to prevent or treat disease [51,52]. This practice poses 

human health risks as well as environmental concerns as livestock are a source of antimicrobial 

resistant (AMR) strains, which is recognised by the World Health Organisation (WHO) as a 

significant threat to global health [53,54]. Studies have determined that 30 % to 90 % of antibiotics 

administered to livestock are excreted from the animal unmetabolised or the metabolites are 

deconjugated after excretion [55–57]. Similar to pesticides, these compounds can contaminate the 

groundwater in ng L-1 concentrations via run-off and leaching from onsite wastewater impounds, 

as shown by Bartelt-Hunt et al. (2011) as a possible route [51]. 
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1.3.3. Aquaculture 

Aquaculture is one of the primary sources of affordable fish and seafood protein as wild stocks 

can no longer sustainably meet global demand  [58]. Similar to livestock, pharmaceuticals such as 

hormones, antibiotics, and antifungals are used to increase fish yields and control diseases [59,60]. 

Other CECs including antifoulants, disinfectants, fertilisers, and anaesthetics are also commonly 

used to control the growth of unwanted organisms on infrastructure, prevent the introduction and 

transfer of microorganisms, promote phytoplankton and zooplankton growth, minimise stress and 

increase welfare when harvesting stocks [61]. The use of these compounds usually leads to direct 

emissions of the CECs into the surrounding surface waters and non-target species, particularly in 

developing countries where aquaculture farms are often not equipped with treatment units [62,63]. 

Vice versa, due to the aquatic nature of aquaculture farming practises, existing CECs present in 

the surrounding sediment and environmental waters can accumulate in aquaculture stocks which 

may pose a hazard to human health [62].  

1.3.4. Landfill  

Municipal solid waste (MSW) generation is an inevitable by-product of daily life, comprising of 

residential, green, construction, and demolition waste collected from urban and suburban locations 

for disposal in landfill sites [64]. These sites are known sources of CEC contamination, such as 

metals, PPCPs and PFAS compounds, which can be transported to groundwater supplies via 

leachate [65]. A relatively small survey (n < 500 participants) in 2005 indicated that 66 % of the 

study group disposed of unwanted medication through the household waste stream [66]. Further, 

waste from pharmaceutical manufacturing that is not destroyed by incineration is usually disposed 

of at landfill sites [32]. Many historic landfill sites were not constructed with a liner or other 

measures to protect the environment; therefore, leachate can directly enter groundwater supplies. 

At other landfill sites, the leachate is collected and treated before discharge into the environment. 
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However, the treatment processes used are similar to those employed at WWTPs, which are 

inefficient at removing species of CECs, in particular PPCPs [67]. Han et al. (2022) identified 13 

compounds common to the raw and treated landfill leachate and groundwater across three sites in 

Guangzhou, South China using targeted analysis [68]. The median concentrations in the treated 

leachate and groundwater were similar across all compounds. Principal component analysis (PCA) 

showed high clustering between the treated leachate and groundwater samples, indicating a 

potential source of contamination [68]. 

 

1.4. Occurrence of CECs in surface waters 

To date, CECs have been identified in water in almost every country in nanogram to microgram 

per litre concentrations [12–14]. Aus der Beek et al. conducted a review in 2016 that identified 613 

active pharmaceutical ingredients (APIs) in 71 countries [13]. A recent study by Wilkinson et al. 

(2021) sampled 258 rivers in 104 countries, finding 53 pharmaceutical contaminants with four 

compounds (caffeine, nicotine, acetaminophen/paracetamol, and cotinine) found in all continents, 

including Antarctica [14]. Furthermore, at the time of writing, the NORMAN EMPODAT 

Chemical Occurrence database (a geo-referenced collection of emerging substances data from 

monitoring and bio-monitoring studies for water, biota, soil, etc.) lists 4,528 unique chemicals in 

various matricies across 34 countries, including Antarctica and international waters (accessed 23rd 

January 2023) [69]. With 99 % of database entries reporting compounds found in various fresh 

and marine surface waters. Similarly, the PHARMS-UBA database (v3) records 771 unique 

pharmaceutical compounds in surface waters from 2,062 publications across 89 countries 

(accessed 24th January 2023) [70]. Demonstrating the abundance and distribution of emerging 

contaminants in surface waters globally.  
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Table 1.1 represents a summary of the pharmaceutical occurrence data for 398 unique 

pharmaceutical compounds that have been quantified in the surface waters of 45 countries mined 

from the PHARMS-UBA database [70]. Refer to Table A1.1 for further details. Concentrations 

range from 1.3 ± 1.0 ng L-1 (steroids, Belgium) to 47.1 ± 90 g L-1 (antibiotics, South Africa). The 

most commonly detected group of compounds is analgesics which was reported in 33 countries 

in concentrations ranging from 6.0 ± 4.0 ng L-1 (Sri Lanka) to 24.1 ± 50 g L-1 (South Africa), 

Table 1.1 and Table A1.1. Though it should be noted that this database is by no means globally 

comprehensive and input errors (e.g., spelling, transcription) are frequent. 

 

Table 1.1. Summary of pharmaceutical occurrence in surface waters mined from the PHARMS-UBA database per 
country for which there is data [70]. Refer to Table A1.1. for more detail.  

Country 
Unique 

compounds 
Mean (stdev) Country 

Unique 
compounds 

Mean (stdev) 

Algeria 3 264 ± 200 Lebanon 8 34 ± 50 

Australia 5 7,347 ± 3,000 Luxembourg 11 22 ± 20 

Belgium 18 162 ± 400 Malaysia 3 5 ± 2 

Brazil 24 155 ± 200 Mexico 13 248 ± 300 

Cambodia 3 13 ± 8 Netherlands 28 46 ± 50 

Canada 19 176 ± 200 Nigeria 11 34 ± 40 

China 153 33 ± 60 Pakistan 2 1279 ± 2,000 

Colombia 3 26 ± 20 Palestinian Authority 2 106 ± 100 

Croatia 2 454 ± 600 Poland 4 4,163 ± 20,000 

Czech Republic 7 72 ± 70 Portugal 12 53 ± 40 

Denmark 10 22 ± 10 Republic of Korea 35 60 ± 60 

Finland 3 7 ± 3 Singapore 8 14 ± 10 

France 42 32 ± 40 South Africa 30 9,454 ± 10,000 

Germany 82 335 ± 600 Spain 109 88 ± 90 

Greece 5 70 ± 60 Sri Lanka 12 8 ± 2 

India 7 6,111 ± 1,000 Sweden 23 39 ± 40 

Indonesia 3 19 ± 20 Switzerland 4 58 ± 80 

Ireland 8 19 ± 20 Thailand 16 150 ± 200 

Israel 14 303 ± 600 Turkey 8 10 ± 10 

Italy 11 67 ± 50 United Kingdom 71 188 ± 300 

Japan 5 18 ± 30 United States of America 47 748 ± 2,000 

Kenya 18 4,079 ± 3,000 Vietnam 3 24 ± 10 

Laos 3 11 ± 9    
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In the UK, since the first compounds were detected by Crathorne et al. in 1984, more than 30 

monitoring studies have reported approximately 154 pharmaceutical compounds in surface waters 

throughout the country  [13,25,71]. Starting in 2007, the Environment Agency (EA) in the UK has 

used gas chromatography (GC) and liquid chromatography (LC) coupled to mass spectrometry 

detectors (MS, which will be discussed in Section 1.7) to analyse up to 33,800 water samples in a 

semi-quantitative manner for CECs [72]. However, only a handful of emerging contaminants are 

monitored for in surface waters under a regulatory framework, which is particularly concerning as 

a recent UK House of Commons report indicates that only 14 % of English rivers have good 

ecological status and 0 % of rivers in England have good chemical status according to the 

guidelines of the WFD [23]. 

 

1.5. Uptake and occurrence of CECs in aquatic biota 

As discussed above, emerging contaminants are ubiquitous in surface waters globally and have 

many sources of emission. Therefore, it is unsurprising that these compounds have also been 

detected in the tissues of aquatic organisms that spend much of their life cycle submerged. 

Compared to CEC occurrence in surface waters, CEC reporting in biota is extremely limited. A 

recent review by Świacka et al. (2022) focusing on pharmaceuticals in wild biota in situ identified 

only 73 publications across freshwater and marine environments compared to the 1,166 studies 

used by Aus der Beek et al.’s 2016 review of pharmaceuticals in global surface waters [13,73]. 

Further, less than 0.6 % of entries on the NORMAN EMPODAT Chemical Occurrence database 

pertain to biota across all environments [69]. Thus, demonstrating a knowledge gap between the 

two matrices is likely due to the challenges associated with biota extraction, which will be discussed 

below (Section 1.6). This is critical as surface water concentrations do not necessarily directly 

translate to concentrations in biota due to temporal fluctuations of the contaminant, compound 
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bioavailability, uptake, metabolism, and elimination within or by the organism. Further, it is 

important to monitor chemical trends in wildlife to increase our knowledge of bioaccumulative 

CEC mixtures in organisms, evaluate compound toxicity, provide insights into ecosystem quality, 

and assess the effectiveness of regulatory action [74]. 

Of the vertebrates, fish species are commonly used in biota monitoring studies to determine 

pollution effects at environmentally relevant concentrations. This taxon is common to almost all 

water bodies globally, occupies important trophic positions in food webs which make them 

susceptible to bioaccumulation, and are consumed in large quantities by humans [75]. However, 

these species are highly mobile and therefore may not be representative of contamination effects 

at the location of capture. Macroinvertebrate species have a relatively limited geographic and home 

ranges by comparison. Furthermore, they play an important role in the flow of nutrients into food 

webs and are therefore indicators of overall ecosystem health [76]. Filter feeders such as bivalves 

(e.g., mussels) remove suspended particulate matter from the water column thereby contributing 

to nutrient cycling, phytoplankton control and water quality [77,78]. Detritivores such as 

freshwater malacostracans (e.g., shrimps), are pivotal in the breakdown of leaf litter into 

particulates for filter feeders and are a food source for higher trophic levels  [79,80]. Despite the 

importance of invertebrates in ecosystem structures, the impact of CEC pollution on this group is 

poorly understood compared to fish species. A review by Miller et al. (2018) determined that 

approximately 200 compounds have been identified in invertebrate species compared to 490 

compounds found in fish species, highlighting an imbalance in the literature [73,81]. Moving 

forward, the rest of this chapter will primarily focus on freshwater invertebrates, in line with the 

objectives of this thesis.  
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1.5.1. Uptake pathways  

When discussing uptake in biota, bioconcentration refers to contaminant accumulation from the 

ambient environment through non-dietary routes. Absorption occurs primarily across membranes 

such as gills or skin/cuticle [82]. Bioconcentration is defined as the ratio of contaminant 

concentration in (and/or on) the organism and the ambient environment at steady-state 

equilibrium, known as the bioconcentration factor (BCF). Contaminant uptake through dietary 

routes between food web trophic levels is referred to as biomagnification. Collectively, 

contaminant accumulation from both pathways and bodily elimination is referred to as 

bioaccumulation [83]. Studies on bioaccumulation mechanisms in aquatic biota have typically been 

carried out in fish species, though there is sufficient similarity in organ function between the taxa 

that similar principles will apply to invertebrates.  

1.5.2. Gills 

Gills can be simply described as a complex vascular system encased in a thin epithelium membrane 

with a high surface area. They are the major site of respiration for many aquatic species and as 

such are structurally designed and evolutionarily optimised for the transport of molecules across 

the membrane either via diffusion or carrier-mediated transport. Gills also play a role in the 

regulation of plasma pH, nitrogen excretion, and ion regulation [84]. Early work established that 

the gills are likely the site of uptake of contaminants and toxic compounds due to histological 

damage to the gill membranes and filaments that were not observed in other tissues such as the 

liver, kidney, or gut [85]. McKim and Veith (1985) demonstrated that the uptake mechanism of 

compounds varies with physicochemical properties such as molecular weight and logKow (logP) - 

which describes the portion of compound distributed in the octanol/water phases - and was 

unrelated to chemical structure [86]. They noted that the mechanism of uptake across the gill 

membrane likely changed with increasing logKow values (up to 60 % uptake efficiency between logKow 
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0 to 3). However, most CECs, particularly pharmaceuticals, are ionisable which affects their 

solubility, lipophilicity, membrane permeability, and protein binding ability [87].  

At the typical pH of surface waters in Europe (between six and nine) approximately 80 % to 95 % 

of CECs are ionised [88,89]. A review by Rendal et al. (2011), determined that three processes 

could influence the bioconcentration behaviour of ionisable compounds with changing pHs, ion 

trap, electrical attraction, and dissociation [90]. An ion trap occurs in membranes when a molecule 

in neutral form rapidly crosses the cell membrane and subsequently dissociates. The magnitude of 

this effect is dependent on the pH gradient on either side of the cellular membrane. Generally, the 

outer bio-membrane of living cells is negatively charged so will attract cations while repulsing 

anions. Molecules in an ionised form are more hydrophilic due to the molecular bonds that form 

between the polar water molecules and ions, usually through ionic or hydrogen bonding. 

Compared to neutral molecules that are predominantly hydrophobic and will readily partition into 

organic phases; as such, they are more readily bioavailable. Previous studies have noted a 

relationship between exposure pH, bioconcentration and the population of un-ionised molecules 

in aquatic biota [90–93]. Kim et al. (2010) observed that the toxicity of test contaminants increased 

with the population of un-ionised molecules in Daphnia magna  [91]. Similarly, Sun et al. (2020) 

determined that the toxicity of enrofloxacin (antibiotic) and triclosan (antimicrobial) increased by 

two-fold in Gammarus pulex with a similar increase in the un-ionised molecular population [92]. 

Therefore, factoring in environmental abiotic conditions is an important consideration when 

determining the bioconcentration and toxicity of compounds to biota.  

1.5.3. Across other membranes 

Bioaccumulation of CECs via dietary routes typically affects biota occupying higher trophic levels 

in the food web as they consume lower-order organisms [94]. As food contaminated with CECs 

pass through the digestive tract the contaminants are released as the food is broken down or 
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desorbed due to the digestive environment. The released contaminants can then cross the intestinal 

barrier and enter the circulatory system via active or passive transport mechanisms [95,96]. In most 

aquatic ecosystems, invertebrates support the cycling of nutrients into the food web as consumers 

of primary biomass, such as leaf litter, biofilms, and plants. Contaminants of concern are known 

to accumulate in aquatic plants such as Lemna gibba (duckweed) and biofilms which are in turn fed 

on by species such as freshwater snails [97]. Environmental contaminants can also accumulate in 

biota across the dermal membrane and the rate of uptake is relative to the surface area to volume 

(SA:V) ratio of the organism and its life cycle [96]. 

1.5.4. Occurrence of CECs in freshwater invertebrates 

According to Świacka et al.’s review, 63 unique pharmaceutical compounds have been identified in 

wild freshwater invertebrates ranging from antibiotics to non-steroidal anti-inflammatories from 

less than ten journal articles published before July 2021 [73]. With data for 65 % of the compounds 

coming from Richmond et al.’s 2018 study [98]. Interestingly, all the studies took place in only a 

few developed countries including Australia, Canada, China, Spain, and the UK, further identifying 

a knowledge gap in the global understanding of pharmaceutical bioaccumulation in freshwater 

invertebrates. However, this review has missed some studies from our group by Miller et al. among 

others published before July 2021, so the thoroughness of Świacka et al.’s literature search is 

uncertain. An older review by Miller et al. published in 2018 identified 99 unique pharmaceutical 

compounds (including seven metabolites) across 18 studies with at least two studies in common 

with Świacka et al.’s (2022) review [81]. While Świacka et al.’s review focuses on wild freshwater 

invertebrates, Miller et al.’s (2018) review encompassed translocated and caged organisms, 

accounting for some of the differences between the two reviews. At the time of writing, no such 

reviews of other CEC classes were published in the literature (February 2023).  
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For the purposes of this introductory chapter, a search of the literature for studies of wild 

freshwater invertebrates was conducted, using ScienceDirect (Elsevier, Netherlands) with search 

terms including “pharmaceutical”, “PPCPs”, “pesticides”, “emerging contaminants”, 

“freshwater”, “invertebrates”, and “occurrence” in conjunction with inclusive Boolean operators 

(e.g., AND, OR). A total of 15 studies were identified monitoring wild, freshwater invertebrates 

for 130 unique CECs within the remit of this thesis (pharmaceuticals, pesticides, illicit drugs, and 

drug metabolites) identified in seven taxa groups [98–112]. Concentrations range from                   

0.12 ng g-1 (spiroxamine) to 6,900 ng g-1 (clotrimazole) across all taxa, with higher concentrations 

observed in the Bivalvia, Gastropoda, and Insecta taxa (Table A1.2). The most common taxa used 

for freshwater invertebrate biomonitoring was Malacostraca, with nine studies discussing 

occurrence. The Malacostraca is the largest class within the crustacean subphyla with eight species 

represented in this literature search, including isopods, amphipods, and crab species. 

Concentrations within this taxon ranged from 0.12 ng g-1 (spiroxamine) to 105 ng g-1 (norfloxacin).  

Of all compounds detected, 99 are parent drugs and five were drug metabolites (Table A1.2). All 

pharmaceuticals undergo metabolism in a living organism, and it is possible that drug metabolites 

and biotransformation products would be present in the animal tissues at higher concentrations 

and potentially more toxic. However, it is difficult to routinely monitor for biotransformation 

products due to the availability and cost of reference standards for confirmation purposes. In 

addition, biota matrices are very complex and pose a significant analytical challenge for the analysis 

of all compounds, not just biotransformation products (refer to Section 1.6 for details). 
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1.5.5. Gammarus pulex 

Gammarus pulex is a freshwater amphipod crustacean that is endemic to freshwater systems in 

Europe and Asia and inhabits the benthos of the ecosystem, the interface between the sediment 

and water. As detritivores, they are significant contributors to nutrient cycling by breaking down 

leaf litter into carbon and other nutrients that can be accessed by other organisms [79,80]. G. pulex 

are also an important food source for higher trophic levels, including other invertebrates, fish, and 

birds. These organisms can grow between 14 and 21 mm in length, are laterally compressed, 

possess a segmented cuticle exoskeleton, and are lacking the carapace typical of other crustaceans, 

Figure 1.3 [114].  

 

 

Figure 1.3. (a) Lateral view of Gammarus pulex, (b) G. pulex collected from the environment. Pictures 
copyright A. Richardson 2021. 

G. pulex has been broadly used in a variety of studies, ranging from in situ biomonitoring to toxicity 

assessments of natural stressors (e.g., temperature) as well as other emerging contaminants 

including PAHs/PCBs, pharmaceuticals, and pesticides [115–118]. Studies focusing on 

contaminant toxicity using the G. pulex have determined that the lethal concentration to 50 % of 
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the test population (LC50) of contaminants range from 0.04 nmol L-1 (gamma-cyhalothrin, a 

pyrethroid insecticide) to 0.7 mmol L-1 (phenol) [119–121]. In addition, this organism is sensitive 

to changes in temperature, which increases oxygen consumption and therefore exacerbates the 

toxicokinetic effects of chemicals on the organism [117,122]. This is an important consideration 

when studying in situ abiotic effects on toxicity, bioaccumulation, and risk assessment for these 

animals in a changing environment. Concentrations of emerging contaminants in wild G. pulex 

sampled from freshwater rivers range between 0.12 ng g-1 (spiroxamine) and 46 ng g-1 

(propranolol), with those sampled in London tributaries ranging between 5.0 ng g-1 (trimethoprim) 

and 36 ng g-1 (nimesulide), Table 1.2 [100,101,106]. The contaminant body burden in the G. pulex 

does not necessarily reflect the measured concentrations in water. For example, Miller et al. (2015) 

sampled seven freshwater rivers in London determining concentrations of temazepam and 

propranolol in all sites between 2 ng L-1 and 119 ng L-1, while neither compound was detected in 

the G. pulex samples despite relatively low method limits of detection (2 and 13 ng g-1 for 

trimethoprim and propranolol, respectively) [101]. Thus, demonstrating the mismatch between 

surface water concentrations often used in risk assessments and contaminant body burden in             

G. pulex. This animal is prevalent UK freshwater tributaries and has an important ecological 

function within food webs, therefore it is the model organism used in this thesis. 
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Table 1.2. CEC occurrence in wild-caught G. pulex samples. All concentrations are in dry weight unless 
indicated otherwise. 

Class Compound Concentrations (ng g-1) Reference 

Illicit drugs Cocaine MQL - 11.4 [100] 

Ketamine MQL - 6.5 [100] 

MDMA MQL - 8.7 [100] 

Methamphetamine MQL - 42.4 [100] 

Drug 
metabolites 

Benzoylecgonine MQL - 2.9, 1.23a [100][106] 

Carbamazepine-epoxy MQL - 0.2 [100] 

Cotinine 0.92 - 2.10a [106] 

Pesticides Acetamiprid 1.8 - 30.8 [100] 

Ametryn 3.2 [100] 

Dimethoate 1.74 - 3.85a [106] 

Fenuron 0.12 - 0.19a [106] 

Imidacloprid 0.5, 1.5 - 3.3a [102][113] 

Oxamyl 5.3 [100] 

Pendimethalin MQL - 3.3 [100] 

Propamocarb MQL - 12.8 [100] 

Propazine MQL - 8.8 [100] 

Propiconazole 2.2 [100] 

Prosulfocarb MDL - 36 [101] 

Spiroxamine MQL - 25.5 [100] 

Terbuthylazine 2.8 [100] 

Thiacloprid < MQL, 0.7 - 12.3, 4.9 – 21a [101][100][113] 

Pharmaceuticals Acetaminophen 1 - 22.5 [100] 

Alprazolam MQL - 3.2 [100] 

Benzatropine MQL - 2.6 [100] 

Betaxolol MQL - 5 [100] 

Buspirone MQL - 0.7 [100] 

Carbamazepine MQL - 1.9, 0.3 - 1.0a [100][113] 

Chlorpromazine 0.23 - 1.11a, MQL - 16.1 [106][100] 

Citalopram 1.13 - 3.22a, 2.2 – 7.3a [106][113] 

Diazepam MQL - 0.9 [100] 

Diclofenac MQL - 3.7, 1.1 – 5.4a [100][113] 

Diphenhydramine 2.80 - 13.08a, 1.9 – 9.0a [106][113] 

Haloperidol 1.45a [106] 

Hydrochlorothiazide 
0.47 - 2.42a, MQL - 7.5, MQL - 
7.3 

[106][100] 

Ketoprofen MQL - 5 [100] 

Levocabastine MQL - 5.5 [100] 

Lidocaine MQL - 4.1, 0.6 – 4.0a [100][113] 

Lorazepam 1.1 - 15.8, 1.54 - 2.83a, MDL - 6 [100][106][101] 

Nicotine 0.5 - 8.8 [100] 
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Table 1.2. continued. 

Class Compound Concentrations (ng g-1) Reference 

Pharmaceuticals Nimesulide 0.7 [102] 

 Nordiazepam 8.3 - 17.7 [100]  
Pirenzepine MQL - 29.8 [100] 

Propranolol MQL - 16.5, 1.4a [100][113] 

Risperidone MQL - 5.6 [100] 

Rizatriptan 0.8 - 1.4 [100] 

Salbutamol MQL - 45.5 [100] 

Sulfadimethoxine 3.4 - 4.6 [100] 

Sulfapyridine MQL - 1.6 [100] 

Tamsulosin 1.7 [100] 

Temazepam 3.2 - 5.3 [100] 

Tramadol MQL - 7.5 [100] 

Trimethoprim MDL - 5, 1.5 - 4.6 [101][100] 

Verapamil MQL - 4.1 [100] 

Warfarin 2.1, MDL - 7 [100][101] 
a wet weight (ww); MDL - Method detection limit; MQL - Method quantification limit 

 

1.6. Challenges in the analysis of biological samples 

While G. pulex is the focus of this thesis, the extraction procedures and protocol for other aquatic 

invertebrates will be discussed to provide a holistic view of the challenges for quantitative (and 

even qualitative) analysis of biota samples for ng g-1 concentrations of CECs. One of the largest 

challenges with analysing biological samples is the effect of the matrix and the low sample mass 

for extraction. Therefore, multi-step sample extraction and clean-up protocols are often required 

and are critically important to reduce the effect of interferences on the quality of analysis.  

Biological samples are inherently complex with high protein and lipid content as well as other 

organic constituents, which can be extracted from tissues by organic solvents alongside the target 

compounds.  The ratio of protein to lipids varies with the species, sex, season, geographical 

location of the animal, and the tissue. Though as invertebrates tend to be smaller than fish it is 

difficult to dissect out the different tissues, therefore the whole body is usually extracted and 
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analysed. Dalhoff et al. (2018) reported that the average annual ratio of total body protein to lipids 

in G. pulex was 6.5:1.0 and 3.6:1.0 in males and females, respectively [123]. With lipid content 

ranging between 1.7 % to 11.6 % of dry weight (dw) and 4.4 % to 14.0 % dw for males and females 

depending on the sampling month, respectivley. Previous studies have noted signal suppression in 

MS response for samples with a higher lipid content. Alvarez-Muñoz et al. (2015) observed higher 

suppression effects in the marine bivalve Mytilus galloprovincialis with a lipid content of 8.8 % 

compared to other species (Chamelea gallina and Crassostrea gigas) that have a lipid content less than 

4.8 % [124]. While the exact mechanisms of MS-related matrix effects are relatively unknown, it is 

generally accepted that the co-eluting matrix can compete for available charges and space on the 

surface of an ionised droplet [125]. However, matrix effects can be somewhat compensated 

through the use of stable-isotope internal standards (SIL-IS), matrix-matched calibrations, sample 

dilution, or chromatographic separation [126]. A sample preparation pipeline that efficiently 

removes matrix effects and preconcentrates target analytes is essential for the robust analysis of 

biological matrices. The general protocol for the analysis of biological matrices is outlined in     

Figure 1.4 and the methods used for the collection, extraction, and analysis of invertebrate samples 

for relevant CECs are summarised in Table 1.3. 
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Figure 1.4. Overview of the workflow for the determination of CECs from invertebrate samples, adapted with permissions from Miller et al. (2018) [81]. Figure 
elements created in BioRender.com. 
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Table 1.3. Collection, extraction, clean-up, and analytical methods for the determination of CECs in invertebrates 

Analyte class Taxa Collection method Pre-treatment 
Sample 
size (g) 

Extraction method/solvent Clean-up Detection Ref 

Illicit drugs Bivalvia 
Harvested & 
purchased from 
local markets 

Homogenised 10 QuEChERS dSPE - PSA & C18 LC-MS/MS [127] 

Non-target 
analysis 

Bivalvia Harvested Homogenised - 
Hexane:acetone & 
hexane:diethyl ether 

GPC column 
GC-QTOF-
MS 

[128] 

Pesticides 
 

Malacostracans 
Purchased from 
local food markets 

Homogenised 12.5 QuEChERS - LC-MS/MS [129] 

Malacostracans Kick-sampling Homogenised 0.2 Micro-QuEChERS dSPE - PSA & C18 LC-MS/MS [130] 

Bivalvia Harvested Homogenised 5 QuEChERS dSPE - PSA GC-MS/MS [131] 

Pharmaceuticals   Gastropoda, 
Bivalvia & 
Malacostracans 

Sediment grab Freeze-dried 0.5 MeOH:MeCN, PLE SPE - Oasis HLB LC-MS/MS [104] 

 
Bivalvia Harvested 

Homogenised 
& freeze-dried 

0.5 MeOH:water, PLE SPE - Oasis HLB LC-MS/MS [132] 

 
Bivalvia Harvested 

Homogenised 
& freeze-dried 

- MeOH SPE - Oasis HLB LC-MS/MS [133] 

 
Bivalvia Harvested Homogenised 3 Buffer & centrifugation 

SPE - Discovery DSC-
18 

LC-DAD [134] 

 
Malacostracans Kick-next sampling 

Homogenised 
& freeze-dried 

0.05 MeCN, UAE SPE - Oasis HLB LC-MS/MS [135] 

 
Malacostracans Kick-next sampling 

Homogenised 
& freeze-dried 

0.1 MeCN, UAE SPE - Oasis HLB LC-MS/MS [101] 

 Bivalvia Harvested Homogenised 1 - 1.5 MeCN:MeOH Centrifuge and filtration LC-MS/MS [136] 

 Gastropoda, 
Insecta & 
Phagocata 

- 
Homogenised 
& freeze-dried 

0.1 MeOH, UAE 
SPE - Ostro 96-well 
plate 

LC-MS/MS [110] 

 Polychaeta & 
Bivalvia 

- Homogenised 5.0 - 10 Hexane:DCM, UAE GPC column 
GC-MS/MS & 
LC-MS/MS 

[137] 
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Table 1.3. continued 

Analyte class Taxa Collection method Pre-treatment 
Sample 
size (g) 

Extraction method/solvent Clean-up Detection Ref 

Pharmaceuticals   
Bivalvia Harvested Homogenised 1 - 2.5 

Phosphate buffered MeCN 
& Ammonium hydroxide 
buffered MeCN. 

SPE - Oasis HLB LC-MS/MS [99] 

Hydropsychidae Surber sampler 
Drying under 
nitrogen 

0.002 
Acidified MeOH:water, 
MeCN 

On-line SPE - Hypersil 
GOLD C18 

LC-MS/MS [98] 

Gastropoda Handpicked Homogenised 1 Acidified MeOH - LC-MS/MS [103] 

Gastropoda, 
Malacostracans, 
Bivalvia & 
Insecta 

- Homogenised 1 Acidified MeOH:water 
Centrifuged, evaporated, 
& reconstituted 

LC-MS/MS [105] 

Bivalvia, 
Gastropoda & 
Malacostracans 

Sediment grab Freeze-dried 0.5 PLE SPE - Oasis HLB LC-MS/MS [107] 

Malacostracans Sediment sample Freeze-dried 1 
Sodium acetate 
buffer:MeOH, UAE 

Tandem SPE - 
SAX/PSA & HLB 

LC-MS/MS [108] 

Insecta & 
Phagocata 

- 
Homogenised 
& freeze-dried 

0.1 MeOH, UAE 
SPE - Ostro 96-well 
plate 

LC-MS/MS [111] 

Bivalvia Harvested 
Homogenised 
& freeze-dried 

0.5 QuEChERS dSPE - Z-sep LC-MS/MS [138] 

Bivalvia Harvested Homogenised 3 
0.1 % acetic acid, 10 mM 
ammonium phosphate with 
citric acid 

SPE - Discovery DSC-
18 

LC-DAD [139] 

Bivalvia Harvested 
Homogenised 
& freeze-dried 

1 MeOH:water, PLE SPE - Strata-X GC-MS [140] 

Bivalvia Harvested 
Homogenised 
& freeze-dried 

0.5 MeOH:water, PLE SPE - Oasis HLB LC-MS/MS [141] 

Bivalvia Harvested 
Homogenised 
& freeze-dried 

0.1 MeOH, PLE SPE - Oasis HLB LC-MS/MS [142] 

Malacostracans - - 2.5 MeOH:MeCN, UAE GPC LC-QTOF-MS [143] 
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Table 1.3. continued 

Analyte class Taxa Collection method Pre-treatment 
Sample 
size (g) 

Extraction method/solvent Clean-up Detection Ref 

Pharmaceuticals   
Bivalvia Harvested Homogenised 2.5, 1 

Acidified MeCN, aqueous 
NH4OH 

SPE - Oasis HLB LC-MS/MS [144] 

 Malacostracans, 
Gastropoda & 
Bivalvia 

Bottom trawl 
Homogenised 
& freeze-dried 

2 
MeOH:water, aqueous 
formic acid 

SPE - Oasis MCX LC-MS/MS [145] 

Bivalvia & 
Gastropoda 

Harvested 
Homogenised 
& freeze-dried 

1 MeOH, PLE GPC LC-MS/MS [146] 

Bivalvia Harvested Homogenised 1.5 MeCN:MeOH, UAE 
Centrifugation & 
filtration 

LC-QTOF-MS [147] 

Pharmaceuticals 
& drug 
metabolites 

Bivalvia Harvested 
Homogenised 
& freeze-dried 

0.5 QuEChERS - LC-MS/MS [148] 

Insecta & 
Clitellata 

- Homogenised 0.5 
MeOH, agitation, 
centrifugation, and filtration 

- LC-MS/MS [112] 

Bivalvia, 
Thecostraca, 
Cephalopoda & 
Malacostracans 

Harvested & traps 
Homogenised 
& freeze-dried 

1 - 0.5 MeOH:water, PLE SPE - Oasis HLB LC-MS/MS [149] 

Bivalvia 
Harvested & 
purchased from the 
local market 

Homogenised 
& freeze-dried 

2 QuEChERs Filtered 
LC-Orbitrap-
MS 

[150] 

Bivalvia Harvested 
Homogenised 
& freeze-dried 

1 Acidified MeCN, UAE SPE - Oasis MCX LC-MS/MS [151] 

Bivalvia Harvested 
Homogenised 
& freeze-dried 

0.5 MeOH:water, PLE SPE - Oasis HLB LC-QTOF-MS [152] 

Pharmaceuticals, 
drug metabolites 
& illicit drugs 

Malacostracans & 
Gastropoda 

Benthic sampling 
nets 

Homogenised 
& freeze-dried 

Variable MeCN  SPE - Strata-ZX LC-MS/MS [102] 

Pharmaceuticals, 
drug metabolites 
& pesticides 

Malacostracans Kick net sampling 
Homogenised 
& freeze-dried 

0.2 MeCN SPE - Oasis HLB LC-MS/MS [109] 

Malacostracans Surber sampler Homogenised 0.9 QuEChERS dSPE - PSA LC-MS/MS [106] 
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Table 1.3. continued 

Analyte class Taxa Collection method Pre-treatment 
Sample 
size (g) 

Extraction method/solvent Clean-up Detection Ref 

Pharmaceuticals, 
drug metabolites, 
pesticides & 
illicit drugs 

Malacostracans, 
Gastropoda & 
Polychaeta 

Kick-sampling & 
sediment core 

Homogenised 
& freeze-dried 

0.02 MeCN, UAE SPE - Oasis HLB LC-MS/MS [153] 

Pharmaceuticals 
& pesticides 

Thecostraca Harvested 
Homogenised 
& freeze-dried 

1 Acidified MeOH, UAE SPE - Oasis MCX LC-MS/MS [154] 

Gastropoda & 
Malacostracans 

Purchased & 
harvested 

Homogenised 
0.012 - 
0.020 

QuEChERS - 
NanoLC-
MS/MS 

[155] 

Gastropoda Handpicked 
Homogenised 
& freeze-dried 

0.5 QuEChERS dSPE - Strata-X C18 LC-MS/MS [156] 

Pharmaceuticals, 
pesticides & 
illicit drugs 

Insecta & 
Malacostracans 

Kick-next sampling 
Homogenised 
& freeze-dried 

0.02 Acidified MeCN, UAE 
Tandem SPE - Strata-X 
Alumina-N & Oasis 
HLB 

LC-MS/MS [100] 

Bivalvia Harvested Homogenised 1 
Acidified MeCN, aqueous 
NH4OH & 
Dichloromethane 

SPE - Oasis HLB Sep-
Pak Aminopropyl 

LC-MS/MS & 
GC-HRMS 

[157] 

dSPE – dispersive solid phase extraction; GPC – gel permeation columns; PLE – pressurised liquid extraction; QuEChERS – quick, easy, cheap, effective, rugged, and safe 
extraction; SPE – solid phase extraction; UAE – ultrasonication assisted extraction 
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1.6.1. Sample collection and preparation for extraction  

The collection of wild invertebrates for analysis is arguably one of the least challenging steps in 

the process, even if identifying a polluted site to sample from at a large scale remains challenging. 

Compared to in situ sampling of fish, invertebrates can be easily collected through net sampling 

methods or sediment sampling and are then sorted either at site or returned to the laboratory, or 

directly harvested from the environment [99,100,106,107]. Sedentary invertebrates such as mussels 

and oyster species can be harvested from the substrate without the need for specialised equipment. 

Net sampling methods include kick sampling and the Surber sampler. Kick sampling utilises a       

D-frame pond net with a mesh less than 0.5 μm, depending on the target invertebrates. The net is 

placed on the riverbed immediately downstream of the operator and the riverbed is disturbed by 

energetically kicking the upper layers of the substratum. All sediment, debris and invertebrates are 

swept into the net by the flow of the river [158]. Surber sampling works on a similar principle as 

kick sampling, where the upper 10 cm of substratum within the sampling frame (measuring 1 ft2) 

is disturbed by hand and the sediment and invertebrates are carried into the sampling net by the 

river flow [159]. Benthic invertebrates can also be sampled using a sediment sampler such as a Van 

Veen grab device. This apparatus consists of two buckets that are held open by a locking device, 

when it meets the sediment the lock releases, allowing the jaws to close as the device is raised thus 

collecting a sediment sample. Invertebrates can then be recovered from the sediment using 

various-sized sieves [160]. Despite the ease of invertebrate sampling, most of the techniques used 

are destructive to the riverbed and could potentially affect the community composition with 

repeated, long-term sampling at a given location. Therefore, it is important to consider the long-

term effects of such sampling methods and explore non-destructive alternatives.  

After the invertebrates have been collected and euthanised, usually by freezing at -20 C or -80 C, 

samples are homogenised either with or without freeze-drying or lyophilisation. As the water 
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content in a sample varies between species (G. pulex’s water content is 72 % to 85 %, while 

Dikerogammarus villosus contains between 70 % and 80 % water), the removal of water is important 

for standardisation purposes and the presence of water may decrease the extraction efficiency 

[161]. However, the freeze-drying process may lose the more volatile compounds so the use of 

this drying method should depend on the target analytes [162]. Homogenisation of the sample 

tissue ensures uniform distribution of target analytes throughout the sample, particularly in the 

case of invertebrate analysis where multiple individuals are often pooled together to achieve 

adequate mass for analysis. The practice also increases the surface area to volume (SA:V) ratio of 

the sample, thereby increasing the extraction efficiency. While the pooling of individuals is essential 

for reproducible extraction efficiencies, it is subsequently difficult to determine the 

bioaccumulation of contaminants in a single organism.  

1.6.2. Extraction  

The goal of the extraction step is to transfer the compounds of interest from the biological matrix 

to an organic solvent that can be carried through to the sample clean-up and pre-concentration 

steps. Liquid samples such as blood, bile, and plasma are uncommon in the analysis of 

invertebrates so techniques such as liquid-liquid extraction or direct SPE extraction are typically 

not used. For solid samples, a variety of solvent extraction techniques are utilised, ranging from 

the simple centrifugation of the homogenisation buffer to the quick, easy, cheap, effective, rugged, 

and safe (QuEChERS) extraction method [101,163]. The partitioning of target compounds into 

the organic solvent can be encouraged by the insertion of energy into the system through 

sonication (ultrasound assisted extraction (UAE)) or by increasing the pressure of the system 

(pressurised liquid extraction (PLE), also referred to as accelerated solvent extraction (ASE)) [164]. 

The increase in pressure and temperature in PLE raises the extraction solvent to near its 

supercritical region, thus improving extraction efficiencies [132]. However, higher temperatures 
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can degrade thermolabile compounds, therefore the target compound should be considered when 

choosing an extraction method. 

Recently, with the drive to find more sustainable methods that align with the goals of green 

chemistry, many studies have employed QuEChERS or micro-QuEChERS methods (Table 1.3). 

Compared to other extraction methods, the QuEChERS method encompasses the extraction, 

clean-up, and pre-concentration steps within 30 minutes [165]. Particularly for multi-residue 

methods, care must be taken when selecting extraction solvents to capture the broadest range of 

chemical species possible. Common extraction solvents include acetonitrile, hexane, and methanol, 

with acetonitrile proving to be the most popular. Acetonitrile is a moderately polar organic solvent 

that can extract a wide range of compounds and because of its miscibility with water, it can achieve 

high recoveries from samples with a high-water content [165]. Due to its moderately polar nature, 

biological interferences such as lipids and proteins have a low solubility thus lessening the impact 

of interferences on analysis [81]. Weak acids can also be used in the extraction procedure to disrupt 

proteins bound to target analytes.  

1.6.3. Matrix clean-up and analyte pre-concentration 

The extraction step described above is not analyte-specific, though the type of solvent used may 

preferentially extract a particular group of compounds, i.e., polar compounds, non-polar 

compounds, etc. Therefore, an additional sample clean-up step is required to remove unwanted 

matrix interferences and simultaneously pre-concentrate target compounds to higher 

concentrations for sensitive instrumental analysis.  

The most popular technique for this step is solid-phase extraction (SPE), which allows for both 

the removal of interferences and retention of target analytes [166]. Over 70 % (n = 33) of studies 

describing invertebrate extraction utilise SPE, either in a cartridge or as a dispersive sorbent when 
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using the QuEChERS protocol (Table 1.3). The SPE process is based on the differing chemical 

affinities of compounds to a stationary sorbent and the liquid phase and can be applied in either a 

selective analyte inclusive or exclusive format. The general workflow of this technique first 

involves loading the sample (typically less than 1 L) onto the pre-conditioned sorbent contained 

within a cartridge. The mass of sorbent and volume of the cartridge varies with application, though 

generally the standard 200 mg of sorbent and 6 mL cartridges are used for most applications. The 

volume of sample loaded onto the sorbent is an important consideration as overloading the 

cartridge can lead to breakthrough, where too much sample has been loaded onto the sorbent bed 

and the analytes start to self-elute [167], resulting in low and/or imprecise analyte recoveries. 

Following loading, the sorbent bed is washed with a weak solvent to remove any interferences that 

may be loosely bound to the sorbent and the target analytes are eluted using a relatively strong 

solvent. Typically, the SPE eluent volume is then reduced to a smaller volume under an inert gas 

or completely dried off and reconstituted in a smaller sample volume (50 μL to 100 μL) for analysis. 

The final evaporation step can cause losses of volatile compounds; therefore, this step should be 

adjusted depending on the nature of the target analytes.  

When used in an inclusive format, the SPE sorbent chemistry is more closely matched to the 

physicochemical properties of the target analytes so they will be retained in the sorbent bed during 

extraction (e.g., binding through charge state, hydrophobicity, etc.). On the other hand, when 

applying SPE in an exclusive format, the sorbent is selected to match the chemistry of the 

interferences to remove them from the sample. This style of SPE is typically used in the 

QuEChERS protocol to clean up interferences from the sample, typically using C18 or a primary 

secondary amine (PSA) sorbent (Table 1.3). Though studies have used a tandem SPE arrangement 

with an upper neutral alumina sorbent to capture pigments, lipids, and other polar interferences 

from the matrix before analyte extraction using a second SPE cartridge containing a different 

sorbent [100,153]. 
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The vast majority of environmental applications employ a broad selectivity sorbent, such as a 

hydrophilic-lipophilic balanced (HLB) copolymer which contains both polar (usually                         

N-vinylpyrrolidone) and non-polar (divinylbenzene) functional groups, though other chemistries 

do exist. This dual nature allows the sorbent to retain both polar and non-polar entities through 

attractive forces such as Van der Waals, - interactions, and hydrogen bonding, thereby allowing 

the capture of a wide range of chemical species in multi-residue analysis. Of the studies identified 

as using the traditional SPE format (n = 25), 68 % (n = 17) used an HLB phase for analyte capture, 

thus demonstrating its applicability for biota analysis. Though SPE is a relatively cheap and easy 

technique to use and is very good for trace quantitative analysis in particular, SPE methods are 

often challenging and time-consuming to optimise due to the trial-and-error nature of testing 

different solvents, sorbents, and volumes for optimal recovery of the target analytes as much of 

the success of an SPE method is based on the physicochemical and thermodynamic interplay 

between all components of the process [167]. While many biota SPE extraction procedures exist 

in the literature, the vast majority of them have been optimised for fish tissue and then 

subsequently applied to invertebrates with no or minor adjustments [81,168]. Therefore, it is 

important to use an SPE method optimised for the extraction of invertebrate samples to achieve 

good analyte recovery and reduced matrix effects. 

Other methods of sample clean-up that have been used include filtering and centrifugation, either 

as separate processes or combined, and gel permeation columns (GPC). Filtration and 

centrifugation separate the impurities from the target analytes based on their physical 

characteristics, predominantly weight and size. Studies using these techniques have reported 

analyte recoveries of less than 70 % [148,155]. Similarly, GPC separates target analytes and matrix 

interferences based on their molecular size, where smaller analytes will elute faster through the 

inorganic gel than the larger lipid molecules [164]. Therefore, the choice of sorbent with the 

appropriate pore sizes is essential to ensure the high quality of target analytes in the extract. The 
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drawback of this method compared to SPE is that a larger volume of solvent is typically used, and 

the separation of interferences may not be possible when they possess a similar molecular weight 

to target analytes [164,168].  

As described above, the sample preparation pipeline for the multi-residue analysis of invertebrate 

samples is a time-consuming, multi-step process that often obtains varied compound recoveries. 

The small mass of available invertebrate tissue appears to affect the precision of extraction and is 

a source of matrix variability due to the pooling of individuals [135], revealing the complex 

challenges and trade-offs needed in order to efficiently extract target compounds from these 

animals. 

 

1.7. Instrumental analysis of biota and environmental samples 

Due to the diversity of emerging contaminants in environmental samples, often at trace sub-

microgram concentrations, highly sensitive, selective, and accurate instrumental techniques are 

required. Hyphenated techniques such as liquid chromatography-mass spectrometry (LC-MS) and 

gas chromatography-mass spectrometry (GC-MS) are commonly used as they enable accurate 

compound identification and quantification across a range of environmental contaminants. Of 

these, LC is the most common separation technique format used in methods for CECs in biota 

mainly due to little requirement for derivatisation for moderate polarity compounds, where 

analytes are separated based on their differing chemical affinities for a mobile and stationary phase 

[169]. 
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1.7.1. Mass spectrometry 

Mass spectrometry (MS) is a very powerful detection technique that is widely used for the 

confirmatory identification and quantification of environmental pollutants in biota (96 % of 

studies, n = 44, Table 1.4). Mass analysers are capable of achieving very low limits of analyte 

detection directly (ng L-1 or lower) and can differentiate between ions in a mixture by the mass-to-

charge ratio (m/z). Mass spectrometers can be used in both a targeted and a non-target/screening 

format, though generally, the design of the mass analyser determines its suitability for either 

application.  

Before targeted compounds can be detected using MS, they must first be ionised. There are several 

ionisation methods available that are compatible with LC with the most common in environmental 

analysis being electrospray ionisation (ESI) and, to a lesser extent, atmospheric pressure chemical 

ionisation (APCI). ESI converts ions from a liquid into a gas phase without causing significant 

fragmentation, also known as a ‘soft’ ionisation technique. Compounds are ionised as they pass 

through a capillary tube (though other non-hollow capillaries have also been used) maintained at 

a high voltage, typically two to five kV [170]. The interplay between surface tension and 

electrostatic forces causes the formation of the ‘Taylor cone’. Charged aerosol droplets leave the 

tip of the cone and reduce in size as the solvent evaporates until the Rayleigh limit is reached. 

Here, the droplet is electrostatically unstable, deforms (Coulomb fission) and ejects the charged 

ion, which is then accelerated into the mass analyser (Figure 1.5).  

For targeted analysis in environmental applications, the triple quadrupole (QqQ) mass analyser is 

often used due to its high sensitivity, robustness, and quantitative ability. Its selectivity is also 

improved when using selected reaction monitoring (SRM) for preselected compounds.  
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Figure 1.5. Diagram of the electrospray ionisation process. The Taylor Cone is formed at the tip of the 
charged spray needle, charged droplets leave the cone and evaporate as they move towards the opposing 
charged negative plate at the entrance to the MS detector. The charged ions are ejected from the droplet 
which then enters the MS for analysis. Reproduced from Nadja & Enke (2002) with permissions from 

John Wiley and Sons [171]. 

In this mode, the mass analyser can selectively monitor for the precursor ion and the transition to 

the product ion of a target compound either within a specific elution window or across the whole 

run. For environmental analysis, multiple SRMs for the same compound are often used for 

confirmation (typically two transitions), termed multiple reaction monitoring (MRM). 

Triple quadrupole systems comprise of three sets of quadrupoles (four rods) arranged in series. 

Target ions are selected sequentially in the first quadrupole by manipulating the electric field 

through the influence of direct and alternating currents. Ions with a specific m/z are selected for 

and maintained on a stable trajectory along the entire length of the quadrupole, while non-selected 

ions collide with the walls. Once this precursor ion reaches the collision cell (located in the second 

quadrupole), an inert gas such as argon, is used to stimulate collision-induced dissociation (CID) 
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which fragments the parent ion into product/daughter ions. These are then selected for in the 

third quadrupole and monitored (as SRM or MRM). The monitoring of specific precursor to 

product ion transitions enables the identification and quantitative determination of target analytes 

within complex environmental matrices. However, these instruments can suffer reduced sensitivity 

and selectivity when used in a full-scan screening format. Furthermore, the cumulative time it takes 

for a large number of transitions to be monitored limits the number of compounds that can be 

targeted sensitively and simultaneously, and low molecular weight compounds may be unable to 

produce a second product ion, which is important for confirmatory identification. 

For the detection of large numbers of known and unknown compounds, high-resolution accurate 

mass spectrometry (HRMS) is a powerful technique for untargeted and suspect screening of 

complex samples [172,173]. Two common HRMS analysers used in environmental analysis are the 

quadrupole time of flight (QTOF) and the quadrupole Orbitrap (QOrbitrap). In both formats, the 

first quadrupole is often used to preselect precursor ions before fragmentation and high-resolution 

mass analysis of the products (data-dependant analysis). Alternatively, the quadrupole may not be 

used at all to allow for the analysis of all ions to perform full-scan HRMS or data-independent 

analysis (DIA), which measures the full spectrum of all ions entering the mass analyser after 

fragmentation. An Orbitrap HRMS consists of an inner electrode shaped like a spindle surrounded 

by a second barrel-shaped electrode (Figure 1.6 (a)). Ions are captured between the two 

components by a magnetic field and rotate around the inner electrode. The m/z values are 

determined from the frequency of the harmonic oscillations created as the ions move axially along 

the inner electrode. As this operates by circular oscillation, resolution and mass accuracy is 

increased for longer duration HRMS acquisition times. By comparison, a QTOF mass analyser 

measures the m/z ratio of all ions by their different velocities as they travel along a known distance 

(Figure 1.6 (b)).  
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Figure 1.6. Schematic of (a) an Orbitrap mass analyser (adapted from Zubarev & Makarov (2013) with 
permissions from American Chemical Society [174]), (b) a QTOF mass analyser (adapted from Agilent 

Technologies UK Ltd. [175]). 
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When ions enter the flight tube, they are accelerated by a pulse of energy and the different ion 

species are separated out as they travel based on differing velocities. Ions with the same m/z values 

are focused by a reflectron lens/ion mirror to reach the detector at the same moment, improving 

sensitivity and specificity. The length of distance travelled improves the resolution and QTOFs 

are easily recognised by the long flight tubes. Both instruments are able to collect data for a 

comparably much larger number of components within a specified m/z range with high mass 

accuracy and sensitivity. In addition, these systems can capture the exact mass of precursor and 

product ions which allows for the retrospective identification of unknown compounds in complex 

matrices. Compounds can be identified using a suspect screening workflow by comparing the 

obtained mass spectra against accurate-mass databases, either from open sources (e.g., MassBank, 

NORMAN, Metlin, PubChem, etc.) and/or from commercial vendors (e.g., Agilent Technologies 

and Shimadzu). When identifying compounds in this way, it is important to apply specific criteria 

to avoid errors. The EU Guideline 2002/657/EC specifies that at least four identification points 

are needed for confident identification, such as one precursor and two corresponding product ions 

together with retention time (tR) from LC analysis. Building on these guidelines, Schymanski et al. 

(2014) proposed a level system of compound identification for ease of communicating the 

confidence of said identification, Figure 1.7 [176,177]. A drawback of these HRMS systems is the 

vast amount of data they generate which is computationally costly and time-consuming to identify 

all compounds present within a sample. Which is generally unsuitable for rapid compound 

identification at scale. 
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Figure 1.7. The framework for confidence levels in compound identification using MS analysis. Reprinted 
with permission from Schymanski et al. (2014) [177]. Copyright 2023 American Chemical Society. 

1.7.2. Gas and liquid chromatography 

Gas chromatography is predominantly used for the analysis of thermally stable, volatile, and semi-

volatile compounds and is therefore more suited to the analysis of hydrophobic organic 

contaminants that are not included within the remit of this thesis. It differs from LC in that 

compounds separate in GC based only on their differential affinity for the stationary phase. There 

is little to no interaction with the mobile phase/carrier gas, usually hydrogen, helium, or nitrogen. 

In addition, modern GC columns generally consist of open tubes with the sorbent lining the inner 

diameter, rather than packed beds as in LC. As a result, the efficiency is generally higher in GC as 

eddy diffusion is minimised. This technique can still be used for the analysis of more polar CECs, 

but analytes may require derivatisation or the addition of protectants before analysis, which 

increases the sample preparation time, analysis cost, and introduces another source of variability 

and error. Cruzeiro et al. (2016) used GC-MS to determine the concentrations of 55 pesticides in 

a marine bivalve adding 3-ethoxy-1,2-propanediol and D-sorbitol as protectants to the final extract 

for quantification of compounds between 0.33 to 10.3 μg L-1 [131]. 
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Liquid chromatography is typically used for the analysis of any analyte freely dissolved in a liquid 

phase and does not usually require derivatisation, unlike GC. As such, it is one of the most-used 

analytical techniques for the multi-residue analysis of emerging contaminants in invertebrate 

extracts (91 % of studies, n = 42, Table 1.3) and other environmental samples. Due to the              

semi-polar to polar nature of most emerging contaminants, the most common format of LC is 

where the mobile phase is mostly aqueous with varying quantities of organic (methanol or 

acetonitrile) solvent and a semi-polar stationary phase such as a C18 or biphenyl sorbent, known as 

reverse phase chromatography. Separation occurs as analytes are pumped through a packed bed 

column containing a stationary phase sorbent and preferentially interact with either the mobile or 

stationary phase to different degrees depending on their physicochemical characteristics and 

affinities. The time taken for a compound to elute from the system after injection and reach 

maximum signal at the detector is referred to as the retention time (tR) and is the primary means 

of peak identification in both formats of chromatography. Without structural confirmation 

analysis using MS techniques, the identification of a chromatographic peak can be assigned by 

comparing the tR of an unknown peak to a known certified analytical standard usually analysed in 

the same batch. The efficiency of analyte separation can be improved by reducing the size of 

sorbent particles packed inside the column, using longer columns, and/or decreasing the ‘dead 

volume’ in the system, among others. These all, however, have the trade-off of increasing the back 

pressure in the chromatography system and therefore requires equipment that can withstand the 

high pressures. Generally, better efficiency is achieved with lower flow rates, but this can add time 

to the analysis, especially if the intention is to separate large numbers of compounds. By 

comparison, GC is more efficient than LC with higher compound selectivity and sharper peak 

shape. 
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1.8. Passive sampling for the monitoring of CECs 

As described in Section 1.6, the pipeline for analysing invertebrate samples is a time-consuming 

and multi-step process that is prone to matrix effects and variable recoveries. Therefore, alternative 

methods of determining internal concentrations in biota that are cost-effective, non-destructive, 

have a standardised protocol across studies, and have low matrix effects would be highly beneficial.  

Passive sampling is an orthogonal technique to grab sampling for water analysis that is based on 

the free flow of analytes from the environment to a receiving sorbent phase along a diffusion 

gradient [178]. Grab or spot sampling refers to a discrete sample taken at a single time point, as 

opposed to composite sampling where a fixed volume is collected over a specified timeframe. 

While these methods are relatively simple, require minimal training and enable near-real-time 

monitoring, to fully capture the breadth of CEC occurrence and temporal fluctuations they require 

time and labour-intensive monitoring campaigns. Passive sampler devices (PSDs) characterise 

CEC occurrence in a time-integrative manner, often resulting in greater analytical sensitivity 

compared to grab sampling as accumulated compounds are enriched on the sorbent disk in situ 

[179]. PSDs have been suggested as an alternative monitoring approach by the EU WFD and can 

be utilised as a first-level screen when developing/instigating a biota monitoring programme 

[180,181]. A drawback of this technique is that concentrations in water derived from PSD data are 

semi-quantitative at best, and PSDs are unable to pinpoint pulsed pollution events during the 

deployment term. However, PSDs represent a more accurate measure of the freely dissolved CEC 

concentrations an invertebrate will be exposed to over time. There are multiple PSDs approaches 

and formats available depending on the target compounds. For monitoring CECs within the remit 

of this thesis, the most popular formats are the Chemcatcher®, the polar organic chemical-

integrative sampler (POCIS) devices and the diffusive gradient in thin-films (o-DGT) devices 

[182–184]. 
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1.8.1. Theory of passive sampling 

Uptake onto a PSD is generally accepted to follow first-order kinetics and is described using a one-

compartment model. As demonstrated in Figure 1.8, the mass of analyte accumulated on the PSD 

follows an exponential pattern and can be generally subdivided into three regions. Initially, uptake 

follows a linear trend where analyte offload from the sorbent is negligible and the accumulation 

of analyte onto the sampler is a function of the aqueous analyte concentration and is characterised 

by the sampling rate (Rs). The Rs value is unique to each compound and describes the volume of 

water cleared of that compound by the PSD per day [185]. These values are usually experimentally 

determined either in the lab or in situ and are important when calculating the time-weighted average 

(TWA) concentration of analytes in the environment from the mass accumulated on the sampler. 

The Rs value for a particular compound is predominantly based on diffusion and sorbent affinity 

but can be influenced by numerous environmental factors including temperature, water flow, pH, 

and biofouling on the active sampling area, so it is important that experimental conditions closely 

match those of the final deployment [185,186]. The determination of Rs values is explored more 

in Chapter 4 of this thesis. Passive samplers that function within this linear region are termed 

integrative samplers including the Chemcatcher®, POCIS, and the o-DGT samplers mentioned 

above. The specifics of these devices will be explored below (Section 1.8.2).  

In the following curvilinear region, uptake approaches equilibrium, where the mass of the analyte 

on the PSD is at thermodynamic equilibrium with the environment [187]. Depending on the 

device, this process could take anywhere from minutes to months. Because the system is 

theoretically at equilibrium, the environmental concentration of analytes is derived from the 

sorbent-water partition coefficient (Ksw) [188]. However, the concentration of contaminants is 

rarely stable in the environment. Therefore, the suitability of an equilibrium PSDs is dependent on 

the compound of interest, its variability in the environment, and the response time of the PSD.  
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Figure 1.8. Compound accumulation onto a passive sampler device following the accepted one-
compartment model. Regions of uptake are defined as are their equations. Figure adapted from         

Caban et al. (2022) with permission from Taylor & Francis [187]. 

 

Typically, equilibrium PSDs are predominantly used for the sampling of hydrophobic organic 

compounds (logP between 3 and 10) in a marine or estuarial environment [189]. Examples of 

equilibrium passive samplers include semi-permeable membrane devices (SPMD) and low-density 

polyethylene devices (LDPE) [190,191]. 

1.8.2. Passive sampler formats for freshwater CEC monitoring 

For the monitoring and measurement of CECs in the aquatic environment, the most commonly 

used and well-known PSDs are the Chemcatcher®, POCIS, and o-DGT devices Figure 1.9.  
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Figure 1.9. (a) Line representation of a Chemcatcher® device, adapted from Vrana et al. (2006) with 
permission from Elsevier [192]. (b) Photo of an assembled Chemcatcher® device. (c) Line schematic of a 

POCIS device, adapted from Alvarez et al. (2005) with permission from Elsevier [193]. (d) Photo of a 
POCIS device from the U.S. Geological Survey [194]. (e) Illustration of o-DGT sampler construction, 

adapted from Martins de Barros et al. (2022) with permission from Elsevier [195]. (f) Picture of an 
assembled o-DGT sampler. 
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The original Chemcatcher® design was published in 2000 by Kingston et al. and there have been 

several design iterations since then [178,182,196]. The current design consists of three parts 

manufactured from PTFE, a base plate, a retaining ring, and a transport cap which all screw 

together. The Chemcatcher® was designed to house commercially available 47 mm SPE disks 

containing a selection of sorbent chemistries as the receiving phase, which are typically overlain 

with a diffusion-limiting membrane (DLM) [179,197]. The exposed sampling area of this device is 

15.2 cm2 [198]. A variety of sorbents have been used with the Chemcatcher® depending on the 

target analytes (styrene-divinylbenzene (SDB-XC), hydrophilic poly(styrene-divinylbenzene) 

copolymer with sulfonic groups (SDB-RPS), C18, and HLB) [199–201]. Typically for CEC 

monitoring, HLB sorbent disks are used to capture compounds with a logP between -1.2 and 6.1, 

which encompasses both polar and non-polar environmental contaminants [41,43,197,202,203]. 

The DLM acts to extend the duration of the linear uptake region by slowing the rate of diffusion 

from the bulk environment to the receiving phase. In addition, the DLM also protects the sorbent 

phase from environmental effects such as fouling, thus decreasing matrix effects, assisting in 

compound selectivity, and improves repeatability [178]. 

A variety of membranes have been used, with the polyethersulphone (PES) membrane commonly 

used for the sampling of CECs due to its resistance to biofouling [204]. Configurations without 

the DLM are sometimes used to decrease the sampling period and increase the range of analytes 

sampled. Without the DLM, the mass transfer resistance through the interfacial layers of a PSD 

(simply: bulk water boundary layer (WBL) > DLM > interstitial WBL > sorbent) is decreased. 

Resulting in higher Rs values, corresponding with faster analyte accumulation onto the sorbent 

phase and subsequently decreases the duration of the linear uptake phase [178,189]. However, 

without the protection of the DLM, the sorbent is susceptible to fouling and deterioration during 

field deployments, particularly in challenging environments such as wastewater effluent, for 

example. Arguably, one of the advantages of the Chemcatchers® over the POCIS and o-DGT 
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samplers is its “plug-and-play” ability. The relatively simple preparation, assembly, and deployment 

of this device reduces variability caused by user proficiency and experience. However, as this 

device is limited to sorbent chemistries available in a disk format, making optimisation and the use 

of custom sorbent mixes difficult.  

The POCIS device differs from the Chemcatcher® in the use of loose, granular SPE sorbents as 

opposed to compressed into a disk format. In the POCIS device, designed by Alvarez et al. and 

published in 2004, the loose sorbent (typically 200 mg) is contained between two DLMs and then 

compressed using two stainless steel rings affixed using nuts and bolts to prevent sorbent loss 

(Figure 1.9) [183]. The exposed sampling area of the POCIS device is 45.8 cm2 (approximately      

3x greater than the Chemcatcher®) due to the two sampling surfaces created on either side of the 

device using the rings [198]. There are two common sorbent configurations of the POCIS device 

depending on the target analytes, the POCIS-pharms and POCIS-pest. The POCIS-pest typically 

contains a triphasic sorbent mix of a hydroxylated polystyrene-divinylbenzene resin (e.g., ISolute 

ENV+) and a carbonaceous absorbent (e.g., Ambersorb 1500) on a styrene-divinylbenzene 

copolymer (e.g., S-X3 Bio Beads) [205]. This configuration captures pesticides, hormones, and 

hydrophilic compounds [205,206]. The second configuration, POCIS-pharms, similar to 

Chemcatcher® and biota extractions, utilises an HLB sorbent phase (e.g., Oasis HLB). Though 

other sorbents have been used to accrue other chemical groups, such as anion exchanges for 

perfluorinated compounds, demonstrating the versatility of the POCIS device [207]. While the 

POCIS device overall has a larger active sampling area than the Chemcatcher®, it is hindered by 

the loose sorbent that moves inside the device during deployment, affecting the efficiency of 

analyte mass transfer through the PSD interfacial layers. POCIS devices are also susceptible to 

damage to the DLM and can be easily punctured during handling, deployment, and retrieval. In 

addition, despite the retaining rings, up to 51 % of the sorbent can be lost during deployment and 

laboratory extraction [198]. Thereby necessitating the use of recovery factors and accounting for 
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sorbent mass in subsequent calculations. Both miniaturised and enlarged forms of the POCIS 

device have been developed and characterised [208,209]. 

The original DGT sampler was developed in 1994 for the measurement of trace elements in water 

systems that was subsequently modified in 2011 by Bondarenko et al. to target organic compounds 

in soils and by Chen et al. in 2012 for the water phase [184,210,211]. The distinctive feature of an 

o-DGT passive sampler compared to Chemcatchers® and POCIS is the presence of a hydrogel 

diffusive layer, typically 0.8 mm deep. This controls the mass transfer of compounds to the 

diffusive flux within the hydrogel layer, thereby limiting the effects of environmental conditions 

on sampling rates that affect other devices [212]. Subsequently, o-DGT samplers do not need to 

be calibrated multiple times for different aquatic environments as compound uptake is dependent 

on the thickness of the gel and the analyte’s gel diffusion coefficient through the gel. These 

coefficients can be carried between studies, assuming the hydrogel conditions match. Though 

diffusion through the hydrogel is influenced by temperature, this can easily be corrected for 

mathematically [213]. Hydrogels commonly used in o-DGT samplers include polyacrylamide and 

agarose gels comprising of 15 % acrylamide and 0.3 % acrylamide agarose cross-linker and 1.5 % 

agarose with the remainder water, respectively [214]. Sorbents in o-DGT samplers are similarly 

bound in hydrogel (300 to 350 mg) to ensure consistency and an even distribution of sorbent 

material. A range of sorbents have been used for the determination of CECs, ranging from C18, 

HLB, and activated carbon [215–217]. When assembled, the sorbent binding layer sits at the base 

of the housing and is overlayed by the diffusive layer before the cap is fitted. These devices have 

been used with and without a DLM. While the DLM may help protect the diffusive hydrogel from 

the environment, it may also reintroduce the uncertainty that the o-DGT attempts to avoid by 

using hydrogels to control diffusion. Compared to the Chemcatcher® and POCIS devices, the 

sampling area of the o-DGT is far smaller at 3.1 cm2, resulting in lower sensitivities and sampling 

rates [195]. Subsequently, studies have attempted to enlarge the o-DGT device to fit a 
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Chemcatcher® housing and were found to have a lower limit of detection [195]. The preparation 

of o-DGT devices requires significant know-how to ensure layers between devices are consistent 

and the sorbent is evenly distributed in the binding layer to avoid uncertainty and changes to the 

diffusional path.  

1.8.3. Using passive samplers for invertebrate biomonitoring 

Due to their shared accumulative nature, PSDs have been suggested as proxies/surrogates for 

biota in environmental monitoring studies [218,219]. Mellin et al. (2011) defines a ‘surrogate’ as a 

component of a study system that is more easily measured and manage compared to others and is 

used as an indicator for some quality of the system [220]. In environmental monitoring, surrogates 

are often required as it is not possible or desirable to make direct measurements due to limited 

resources, but rapid and cost-effective methods are needed to assess impact. Ideally, surrogates 

are cheap, representative of the species or process of interest, and have a timely yet predictable 

response to environmental changes [221]. When evaluating the effectiveness of a surrogate, there 

are three main considerations: scientific validity, cost-effectiveness, and risk assessment. The 

validity of a surrogate should be rigorously assessed through empirical means (e.g. experimental, 

regression and correlation, etc.) to understand the limitations of the surrogate relationship. A cost-

benefit analysis of using the surrogate compared to traditional means is important to determine if 

the surrogate adds value to the study. Risk assessing a surrogate involves determining the 

uncertainty of the surrogate relationship to the target and the consequences of making decisions 

if the surrogate is flawed. 

Passive samplers can be deployed in practically every aquatic environment, including those that 

are unsuitable to support biota for biomonitoring (e.g., low dissolved oxygen, extreme water 

temperatures, and toxic levels of pollutants). Further, PSDs have negligible background 

contamination (which can be controlled for if present), have a simpler extraction procedure, and 
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the results are not influenced by individual variation [219,222]. By comparison, the extraction and 

analysis of PSD extracts is noticeably simpler than the extraction of biota samples.  PSD extraction 

consists of an elution step using organic solvents (typically MeOH), a 

preconcentration/evaporation step, followed by reconstitution (if needed) and analysis using              

LC-MS or GC-MS (Section 1.7) depending on the target compounds [202,223–225]. Surrogate 

standards and internal standards are either spiked directly onto the PSD before extraction or added 

to the eluent before preconcentration, representing a significantly simpler workflow than outlined 

in Section 1.6 with potentially less matrix interferences due to the absence of complex biological 

molecules.  

The use of PSDs as surrogates for invertebrates during biomonitoring studies in the literature is 

explored more in Chapter 6 of this thesis. The most common PSD format used is equilibrium 

samplers such as SPMDs and LDPE devices. The SPMD device was described by Huckins et al. 

in the early 1990s as a method for estimating bioavailability and BCF values of non-polar organic 

compounds in biota [191]. The device consists of a thin tube of non-porous LDPE filled with a 

liquid receiving phase, typically triolein (1,2,3-tri[cis-9-octadecenoyl]glycerol) because it is the 

predominant storage lipid in most organisms [189]. The LDPE membrane is also used alone as a 

PSD as it was found to accumulate target compounds to the same degree as SPMD samplers 

containing the solvent [226]. There is a degree of scepticism in the passive sampling community 

as to the ability of these PSDs to predict the actual concentration of contaminants in biota tissues 

[227]. While passive samplers are representative of the dissolved contaminants biota are exposed 

to and may reflect the lipid concentrations when the organism is at thermodynamic equilibrium 

with the environment. This is a rare case due to the complex interplay bioaccumulation processes, 

metabolism, and excretion have on the total concentration in the organism. However, there are 

very few instances of kinetic samplers (Section 1.8.2) being used for biomonitoring applications, 
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though studies have suggested that models based on kinetic uptake may better predict contaminant 

accumulation in biota than equilibrium samplers [225]. 

 

1.9. Statement of novelty  

This is the first study to miniaturise, multiplex, and scale up the passive sampling process and 

utilise modelling techniques to predict the internal contaminant concentration in invertebrates 

from in situ data collected using 3D printing as an enabling technology. The primary impact of this 

work is to reduce animal use in environmental monitoring, in alignment with the 3Rs 

(Replacement, Reduction, and Refinement) and the principles of green analytical chemistry. This 

work addresses the ‘Replacement’ tenant of the 3Rs of animal testing through the development of 

a surrogate device that can replace the use of invertebrates during in situ chemical pollution studies. 

Thereby increasing the sustainability and reducing the environmental impact of biomonitoring 

studies. This work also addresses some of the principles of green analytical chemistry through the 

miniaturisation of the passive sampler device which in turn reduces the amount of solvent waste 

produced compared to the extraction of other passive sampler devices and biota sample 

preparation and clean-up for analysis. 
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2.1. Chapter overview 

This chapter describes the monitoring of the River Thames, London using the Chemcatcher® 

passive sampler device over two seasonal deployments using LC-MS/MS analysis and a machine-

learning-assisted suspect screening workflow. The work presented here demonstrates the increased 

sensitivity of a PSD for detecting CECs in a dynamic, tidal water system compared to grab samples.  

 

2.2. Introduction 

Access to high-resolution accurate mass spectrometry instruments has become more widespread 

in the environmental monitoring spheres and, as such, the ability to search for large numbers of 

compounds across multiple samples is increasingly being explored [172,173,228–232]. For 

unknown compounds, HRMS instruments can generate and collect full-scan data with high 

sensitivity, mass accuracy and resolution, enabling identification through exact mass matching or 

comparison with accurate-mass databases [233,234]. Mass spectral libraries are comprehensive, 

containing reference data for thousands of compounds (e.g., MassBank contains 89,769 spectra at 

the time of writing, July 2022 [235]), therefore a single sample can be screened against numerous 

compounds and a list of potential matches can be generated without the need for standard 

reference material. 

Using HRMS methods for non-target and suspect screening of environmental water samples is 

common within the literature[172,228–232], though its application to passive sampler extracts is 

relatively limited, both for suspect screening and untargeted analysis [172,228–232]. Soulier et al. 

(2016) reported the occurrence of approximately 30 chemicals (including PPCPs, pesticides and 

industrial chemicals) on the POCIS device from two sites in France using a curated database 

including retention time. However, more compounds are likely present as indicated by preliminary 
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non-target screening analysis done by the same group [173]. Pinasseau et al. (2019) tentatively 

identified 101 candidate compounds in groundwater and stormwater in France using a suspect 

screening workflow, 40 of these were subsequently confirmed using an appropriate analytical 

reference standard [236]. Rimayi et al. (2019) investigated a South African river impacted by a local 

wastewater treatment plant using the Chemcatcher® device. The analysis identified over 200 

compounds in the passive sampler extracts, including general pharmaceuticals and psychotropic 

compounds. A vast majority of the compounds identified using the suspect screening workflow 

were detected for the first time in South African water samples (180 compounds) [237]. Similarly, 

Taylor et al. (2021) used the Chemcatcher® device to identify 128 pesticides over a 12-month 

sampling campaign in the south of England when compared to a commercially available database 

containing curated retention times [197].  

In the above studies, suspects were identified using a curated database which included retention 

times as well as the standard ± 5 ppm accurate mass, isotopic fit and 0.2 to 0.5 min retention time 

error. However, in many instances, non-commercial databases do not include retention time as it 

is method specific or is not possible to generate retention data for the number of compounds 

within the databases. In these cases, it is possible to identify compounds tentatively in silico from 

highly sensitive full-scan data using accurate mass and fragment matching as well as an isotope 

match within a given threshold [233,234]. The confidence of such identifications can be ranked 

according to the framework published by Schymanski et al. in 2014 (refer to Figure 1.7) [177]. 

Where the confidence in identifications increases from a match based purely on the exact mass 

(m/z) with no additional information to indicate the structure or formula of the molecule          

(Level 5), to a confirmed structure (Level 1) where the candidate identification has been confirmed 

against a certified reference standard with MS, MS/MS data, and a retention time match. Obtaining 

reference standards for suspect compounds can be challenging due to cost and they may not be 

commercially available, particularly for metabolites and transformation products, requiring custom 
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synthesis which incurs additional costs [238]. In these cases, machine learning models for retention 

time prediction can be useful for further reducing a suspect list and raising assurances of candidate 

compound identifications. Munro et al. (2015) demonstrated this capability by reducing the number 

of suspects identified in wastewater influent to approximately one-third (95 to 37), thus allowing 

for the prioritisation of reference standard purchase and/or further compound investigation [239]. 

Therefore, the combination of a predicted retention time match (within a suitable error range) and 

sufficient MS criteria could potentially elevate an initial identification based on MS data alone to a 

probable structure classification (Level 2(a)) per Schymanski et al.’s framework [177]. Multiple 

retention time prediction models are available in the literature, ranging from logP-based models to 

higher order models such as quantitative structure-retention relationships (QSRR), and machine 

learning models including artificial neural networks (ANNs), support vector machines and         

tree-based problem solvers [238–249]. With the increased number of LC methods being published 

for over 2000 compounds the accurate predictive ability of retention time models is ever-increasing 

and constantly being validated [172]. Applying HRMS suspect screening and retention time 

prediction models to passive sampler extracts could provide a powerful method for CEC 

identification, particularly when using databases that do not contain retention data or the methods 

are incompatible.  

Today, on average, the Thames receives 54 tonnes of raw sewage per annum resulting from 

combined sewer overflows (CSOs) as the sewer system built between 1860 and 1870 cannot 

support the current and ever-growing population of London [250]. The Thames has been studied 

previously by our group, specifically, Munro et al. (2019), who used grab sampling to determine 

the presence of 27 compounds with concentrations ranging from ~1,000 to 3,500 ng L-1, a majority 

of which were identified as originating from CSO events [24]. The combination of passive 

sampling and machine-learning-assisted high-resolution suspect screening analysis could capture 

and identify more compounds than the original study. In addition, this workflow could present a 



CHAPTER 2 

 

58 

powerful new method for CEC characterisation and optimising the use of HRMS databases where 

retention data is lacking.  

The aim of this work was to improve the understanding of CEC occurrence in the River Thames 

(UK) through the analysis of passive samplers using both targeted LC-MS/MS and machine 

learning-assisted in-silico LC-HRMS suspect screening. This was achieved through the following 

objectives: (a) determine the number of CECs that can be detected and quantified in water samples 

and a hydrophilic, lipophilic-balanced (HLB) orientated Chemcatcher® devices deployed in the 

River Thames using a rapid, targeted LC-MS/MS method; (b) determine the number of CECs 

detected in the passive sampler extracts using an LC-HRMS suspect screening workflow, tentative 

compound identification was performed using three commercial databases and mass spectral 

matching alone; and (c) train, validate and apply an in-silico ANN-based retention time prediction 

model to the tentative shortlist of compounds identified in (b) to further curate the shortlist and 

increase confidence in suspect identifications. The work of this chapter was published in Analytical 

Methods in December 2020 [251]. 

 

2.3. Experimental 

2.3.1. Reagents & consumables 

Reagents were of analytical grade or higher unless stated otherwise. Methanol (MeOH), acetonitrile 

(MeCN) and hydrochloric acid (HCl) were purchased from Sigma-Aldrich (Gillingham, Dorset, 

UK). Ultrapure water was dispensed from an 18.2 M.cm Millipore Milli-Q water purification 

system (Millipore, Bedford, MA, USA), and formic acid and ammonium acetate were sourced from 

Millipore and Agilent Technologies UK Ltd. (Santa Clara, CA, USA), respectively.  
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For targeted analysis, a mix of 200 standards was used, 164 analytical standards and 36 deuterated 

internal standards. The purity of all standards was > 97 % unless stated otherwise, refer to A1.1 

for the full list.  

2.3.2. Passive sampler preparation, deployment and extraction procedures 

Chemcatcher® devices were cleaned as per the procedure described by Castle et al. (2018) [223] and 

were obtained from AT engineering (Tadley, UK). The outer facing poly(ether sulfone) (PES) 

membranes (0.2 m, Pall Europe Ltd. Portsmouth, UK) were cut to size using a 52 mm wad punch 

before undergoing a washing procedure to eliminate manufacturing residues. The PES membranes 

were initially soaked for 24 h in MeOH, before a brief rinse with MeOH before undergoing a 

second 24 h soak in MeOH.  The HLB sorbents purchased from both Biotage (Uppsala, Sweden) 

and Affinisep (Val de Reuil, France) were conditioned with 50 mL of MeOH and ultrapure water 

before assembly. The devices were prepared by placing the conditioned HLB disk onto the sampler 

body, followed by the PES membrane and then screwing the retaining ring into place. The 

assembled devices were stored in ultrapure water until deployment.  

Two sampling campaigns were undertaken in the River Thames in the winter of 2018                         

(21st December 2018 – 6th January 2019) and in the summer of 2019 (27th August – 9th September). 

The Chemcatcher® devices were affixed to 34 x 15 cm plastic boards using cable ties, the board 

was affixed to a rope which was anchored to the pontoons and submerged to a constant depth of 

1 m using a 3 kg dive weight (Figure 2.1 (b)). Each deployment was done at a different site in 

central London, both sites are tidal, brackish, and are not statistically different from each other in 

terms of analyte concentrations [24]. For the first campaign (winter 2018), four Chemcatcher® 

devices were deployed off the London Fire Brigade (LFB) Lambeth River Fire Station pontoon 

(51.49323, -0.12224). The second campaign was undertaken ~ 2 km downstream at the Transport 

for London (TFL) Blackfriars Pier (51.51070, -0.10072) and here three Chemcatcher® devices were 
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deployed (Figure 2.1). During both deployments and retrievals, a field blank was exposed to the 

ambient air and experienced the same manual manipulations as the other devices to account for 

contamination from the field. Upon retrieval, the Chemcatchers® were removed from the plastic 

boards and the top transport cap was screwed into place for transport back to the laboratory within 

30 min where the devices were disassembled, the PES membrane disposed of and the HLB disks 

allowed to air dry overnight on MeOH washed foil alongside the field blank to account for 

contamination. Once dry, the sorbent disks were wrapped in, MeOH-washed foil and stored at     

-20 C until analysis. 

All HLB sorbents were allowed to thaw at room temperature before elution with 40 mL of MeOH 

pulled through under vacuum. Extracts were then dried using a Genevac centrifugal rotary 

evaporator (SP Scientific, Ipswich, UK) at 40 C for 2 h. Samples were reconstituted in 1 mL of 

MeOH and transferred into deactivated HPLC vials prior to instrumental analysis. The full 

extraction protocol is described in Taylor et al. (2020) [41]. 
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Figure 2.1. (a) Map of deployment sites along the River Thames with pictures taken of each deployment 
location. (b) Insert picture of the deployment set-up of the Chemcatcher® devices and the 3 kg dive 

weight. Pictures copyright A. Richardson 2018/2019, map data copyright OpenStreetMap contributors 
and available from https://www.openstreetmap.org [252]. 
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2.3.3. River water sampling, extraction and analysis 

River water samples (500 mL) were collected in pre-rinsed Nalgene® bottles at passive sampler 

deployment and retrieval, transported back to the lab within 30 min of collection, acidified to          

< pH 2 using HCl and frozen at -20 C until analysis. Water samples were analysed using a rapid, 

direct injection LC-MS/MS targeted method. The preparation procedure follows that described 

by Ng and Rapp Wright et al. (2020) [253]. Briefly, the water was defrosted overnight at 15 C and 

vigorously mixed before aliquoting into 10 mL subsamples (n = 3) and was centrifuged at           

2,000 rpm for 10 min to settle any suspended particulates. A 900 L aliquot of the supernatant 

from each subsample was transferred to a 2 mL Eppendorf tube and spiked with 100 L of          

SIL-IS in MeOH to a final concentration of 500 ng L-1. Samples were briefly vortexed before 

filtering directly into deactivated HPLC vials (Agilent A-line) through a 0.2 m 

polytetrafluoroethylene (PTFE) membrane using a 2 mL syringe. Quantification was performed 

using a matrix-matched calibration line, background corrected, from a pooled river water sample. 

Calibration points were prepared in the same way as above, with 900 L of water spiked with         

100 L of MeOH containing the analytical standard mix to give final concentrations over the range 

of 10 – 2,000 ng L-1, SIL-IS concentrations remained constant across all samples at 500 ng L-1. 

Quantification was performed using a log10 weighted regression line to aid in sensitivity at the lower 

concentrations. 

2.3.4. Instrumentation 

The passive sampler extracts were analysed using both the targeted and suspect screening methods 

detailed below, while the water samples were only analysed using the targeted LC-MS/MS method. 

Targeted LC-MS/MS was performed using a Shimadzu Nexera X2 LC system coupled to an 

LCMS-8060 (Shimadzu Corp., Kyoto, Japan) triple quadruple with an electrospray ionisation 

source. Separations were performed at 0.5 mL min-1 using a 5 x 3 mm 2.7 m Raptor biphenyl 
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guard column. Mobile phases consisted of 0.1 % v/v aqueous formic acid (mobile phase A – MPA) 

and 0.1 % v/v formic acid in 50:50 MeOH:MeCN (mobile phase B – MPB). The binary gradient 

elution profile consisted of an initial hold of 10 % MPB for 0.2 min, 10 – 60 % MPB ramp from 

0.2 min to 3.0 min, a 100 % MPB hold to 4.0 min, followed by a 1.5 min re-equilibration at initial 

conditions, the elution profile of a 500 ng L-1 standard mix is shown in Figure 2.2. The column 

was kept at ambient conditions and an injection volume of 10 L was used. Qualitative and 

quantitative method performance for CECs detected in the river water samples was assessed 

following the guidelines published by the International Council for Harmonisation of Technical 

Requirements for Pharmaceuticals for Human Use (ICH) [254]. 

 

 

Figure 2.2. (a) Elution profile of a 500 ng L-1 standard mix in ultrapure water containing 164 CECs and 34 
SIL-IS compounds using the rapid, targeted LC-MS/MS method described above. Colours are 

representative of the TIC profile of the compounds within the method.  (b) Insert picture of the 5 mm 
column compared to a 2 mL HPLC vial showing its location relative to the electrospray ionisation source. 
Pictures copyright A. Richardson 2021. Adapted from Richardson et al. (2020) with permission from the 

Royal Society of Chemistry [251]. 
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Suspect screening analysis was conducted at the Agilent Technologies UK Ltd. instrument site at 

Cheadle in early 2020 where the passive sampler extracts were analysed with the help of Dr Marcus 

Chadha. Suspect screening analysis was performed using an Agilent 1290 (Infinity II) LC coupled 

to a 6546 LC-Q-TOF mass spectrometer. Separations were performed using an Agilent Zorbax 

Eclipse Plus C18, 2.1 x 100 mm, 1.8 m column without a guard. The total elution time was 15 min 

with 0.1 % aqueous formic acid and 5 mM ammonium formate (mobile phase C – MPC) and       

0.1 % formic acid and 5 mM ammonium formate in MeOH (mobile phase D – MPD). The elution 

profile consisted of a hold of MPC at 100 % for 1 min, then an increase to 100 % MPD from 1 to                

12 min, followed by a re-equilibration for 3 min at initial conditions. Column temperature was 

maintained at 40 C with a flow rate of 0.4 mL min-1 and an injection volume of 6 L. Passive 

sampler extracts were analysed in both positive and negative modes using the same mobile phases 

over a scan range of m/z 50 – 1,000. Data was acquired at 10 GHz with a resolution of                    

30,000 – 60,000 full-width half maximum (FWHM) over the scan range with a rate of 3 Hz. Both 

the sheath and drying gas were set to 12 L min-1, with temperatures of 350 C and 250 C, 

respectively. Data-independent acquisition (DIA) was used for all acquisitions with collision 

energies alternating between 0 eV and 20 eV to collect ion spectra both with and without 

fragmentation. Data was acquired using Agilent Mass Hunter software in centroid mode.  

2.3.5. Machine learning-assisted suspect screening procedure 

All suspect screening searching, and curation was done by Dr Marcus Chadha using MassHunter 

Qualitative Analysis software (v 10.0). After the initial and subsequent shortlisting of candidate 

compounds using the software, Dr Chadha passed the data onto the author for machine learning 

curation and processing. Below is a summary of the process he used to shortlist compounds from 

the Agilent mass libraries. 
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Retroactive suspect screening was performed on all passive sampler extracts using three 

commercial mass spectral libraries sourced from Agilent (Forensic Toxicology (n = 9,002), 

Pesticides (n = 1,684) and Water Screening (n = 1,451)) containing curated MS/MS spectra for all 

suspects acquired at 0 and 20 eV collision energies, but not all compounds had retention time data. 

Using the ‘find-by-formula’ function, samples were screened through each database. At first, a 

broad data search of all samples was conducted using the accurate mass of the [M + H]+ or                

[M – H]- ions, within a 5 ppm tolerance without a co-eluting fragment ion. During this initial 

search, the weightings for each scoring criterion were 100 for mass accuracy and 10 for both 

isotope spacing (distance between ions within the isotope pattern) and abundance (observed height 

compared to the theoretical). The minimum threshold for a positive match was 25 % which 

incorporates the above weightings. Later curation of the initial search was done by selecting for 

the [M + Na]+, [M + NH4]
+ and [M + HCOO]- adducts with a co-elution overlap of at least 75 % 

to the [M + H]+ or [M – H]- ion. In this iteration of searching, the match criteria weights were 

increased accordingly. The isotope spacing and abundance weightings were increased to 50 and 

60, respectively and the overall reporting threshold was increased to 90 %.  

The retention time prediction model was developed by the primary supervisor Dr Leon Barron, 

who generated the predicted retention times for all suspects tentatively identified from the suspect 

screening workflow described above. The predicted retention times were passed onto the author 

for processing and evaluation. Below is a summary of the process he used to generate the 

predictive model. To further refine the shortlist of compounds achieved through suspect screening 

curation, an artificial neural network prediction model was generated. The training set to develop 

the used method was generated from a mix of 239 pesticide standards commercially available from 

Agilent Technologies UK Ltd. analysed in triplicate using the same LC-QTOF-MS method 

described in Section 2.3.4 of this chapter. The simplified molecular-input line-entry specifications 

(SMILES) were mined from PubChem and used to generate 16 molecular descriptors for each 
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compound [255]. The descriptors were chosen based on previous work and have shown good 

generalisability across multiple reversed-phase LC methods [246]. The hydrophilic factor (Hy), 

unsaturation index (Ui), Ghose-Crippen and Moriguchi logP (AlogP and MlogP), number of 

benzene-like rings (nBnz), number of oxygen and carbon atoms (nO and nC), number of double 

and triple bonds (nDB and nTB) and number of 4 – 9 membered rings (nR04 – nR09) descriptors 

were generated using the Dragon software (v 7.0, Kode Chemoinformatics srl, Pisa, Italy). LogD 

(mobile phase pH = 3) data was generated using Percepta PhysChem Profiler (ACD Laboratories, 

Ontario, Canada). The molecular descriptors were used as inputs to train a three-layered multi-

perceptron (3MPL) model with a 16-4-1 (optimised) architecture with retention time as the output 

using the Trajan v 6.0 software (Trajan Software Ltd., Lincolnshire, UK). 

Training the model can be broken down into two phases. In the first phase, the training dataset 

(the 239 pesticides) were randomly split into smaller subsets using a 70:15:15 ratio. These are 

subsequently known as the training, verification, and test training set. Thousands of models were 

built across various architectures, including linear models, probabilistic neural networks (PNNs), 

generalised regression neural networks (GRNNs), radial basis functions (RBFs), 3MLP and 4-layer 

multi-perceptron (4MLP) models. Each model was evaluated over several 10-minute training 

phases and the performance of the best 50 models was summarised. The best model architecture 

was then selected based on the lowest and most consistent error across the training, verification 

and test datasets. In the second phase, the chosen model architecture was further refined. The 

original dataset was subdivided into a 70:30 split, and bootstrap sampling was applied in ten rounds 

of training each consisting of 5 min.  
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2.4. Results & discussion 

2.4.1. Targeted LC-MS/MS performance in river water 

Method performance was assessed in a pooled river water sample consisting of equal volumes 

from all analysed water samples. The limit of detection (LOD) was calculated as three times the 

standard deviation of the regression line divided by the slope and the lower limit of quantification 

(LLOQ) was defined as 3.3 times the LOD, in line with the ICH guidelines [254]. The resulting 

LOD and LLOQ values were visually checked with appropriate chromatograms. Compared with 

past assessments in influent wastewater using the same sample preparation technique, the analytical 

method performed better in the river water matrix. There was a significant improvement to the 

limit of detection and lower limit of quantification (p < 0.05, Students t-test), 5 ± 3 ng L-1 and       

14 ± 10 ng L-1 compared to median values of 9 ng L-1 and 31 ng L-1 in wastewater, respectively         

(Table 2.1) [253]. This is unsurprising, given the lower sample complexity of river water, without 

interferences typically found in wastewater. These would traditionally be removed or reduced 

through the solid-phase extraction (SPE) clean-up and pre-concentration steps. However, there is 

an element of imprecision associated with the SPE method, which is all but removed using the 

filtration and analysis method deployed here. Consequentially, the linearity was excellent for a 

majority of compounds over three orders of magnitude. This sample preparation method and 

rapid LC-MS/MS method allows for the procedure to be significantly scaled-up, with the 

preparation and analysis of close to 270 samples within 24 hours which would not be feasible when 

using traditional SPE sample preparation.  

In comparison to other direct injection methods for the analysis of surface waters, three studies 

are comparable in terms of analyte commonality between the methods. The method published by 

Boix et al. (2015), has 19 compounds common with this method (Table A1.3). Generally, the 

LLOQs were lower than what is achieved here over a range of 0.1 to 38 ng L-1 [256]. However, 
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the injection volume was 10-fold larger than what was used in this work (100 L). Hermes et al. 

(2018) also employed a larger injection volume (80 L) and as a result achieved a higher sensitivity 

for the vast majority of common compounds, though enalapril, sulfamethoxazole, tramadol, and 

trimethoprim are similar to our method [257]. The 10 L injection volume was optimised during 

method development by Dr Helena Rapp Wright and detailed in Ng & Rapp Wright, et al. (2020) 

[253]. Higher injection volumes were investigated and deemed unsuitable for a couple of reasons, 

including linearity was lost above 10 L, peak shape deteriorated for several compounds, and 

measurement variance increased [253]. Of methods that had the same or similar injection volume, 

LLOQs were either comparable or higher than what was reported here. Martínez Bueno et al. 

(2011) reported higher LLOQs for amphetamine, MDMA and nicotine by 8 to 17-fold              

(Table A1.3) [258]. The imprecision and matrix effects of this method have been assessed in river 

water by Ms Melanie Egli and Ms Alicia Hartmann, discussed in Egli et al. (2021) [34]. For all 

compounds, the mean imprecision of the peak area was 10 ± 20 % and 5 ± 3 % RSD at 250 and 

2500 ng L-1, respectively. While matrix effects at lower concentrations were not investigated by 

Egli et al., at 250 ng L-1 and 2,500 ng L-1 matrix effects were less than 25 %, which considering the 

minimal sample clean-up is excellent [34].  



CHAPTER 2 

 

69 

 

Table 2.1. Comparison of selected performance characteristics for CECs using direct injection LC-MS/MS analysis for influent wastewater and river 
water. Refer to Table A1.3 for details about individual compounds. 

 Linearity (R2) 

(n  5) 

Sensitivity 
 Peak area imprecision 

(RSD%, n = 6) 

 Matrix effects 
(CV%, n = 6)   

LODc LLOQd  
Lowe Highf 

 
Lowe Highf 

(ng L-1) (ng L-1)   

River watera 

Maximum 0.999 12 36  88 19  515 227 

Minimum 0.813 2 7  1 1  -53 -57 

Median 0.991 4 11  4.5 4  2 4 

Mean (± standard deviation) 0.991 (± 0.04) 4 (± 1) 11 (± 4)  4.5 (± 10) 4 (± 2)  2 (± 60) 4 (± 30) 

  
         

Influent 
wastewaterb 
  

Maximum 0.999 533 1777  55 32  337 188 

Minimum 0.967 0.06 0.21  2 1  -84 -60 

Median 0.999 9 31  8 6  11 9 

Mean (± standard deviation) 0.998 (± 0.004) 29 (± 60) 95 (± 200)   11 (± 10) 8 (± 6)   20 (± 30) 14 (± 20) 
a 141 CECs, data for peak area imprecision and matrix effects from Egli et al. (2021) [34]; b 135 CECs, data from Ng & Rapp Wright et al. (2020) 
[253]; c Limit of detection; d Lower limit of quantification; e 250 ng L-1 in river water, 100 ng L-1 in influent wastewater; f 2500 ng L-1 in river water, 
1000 ng L-1 in influent wastewater. 



CHAPTER 2 

 

70 

2.4.2. Targeted analysis of CEC occurrence in river water 

Across both sampling campaigns, 33 unique compounds were detected in the river water samples. 

These were broadly classified into the following classes based on their use or application: 

pharmaceuticals & personal care products (PPCPs), pesticides, illicit drugs, and metabolites    

(Figure 2.3). Eleven compounds were consistent with past studies investigating the central London 

portion of the River Thames. Munroe et al. (2019) reported the presence of 27 compounds over a 

six-week sampling period in November and December of 2014, of these eleven (amitriptyline, 

benzoylecgonine, carbamazepine, cocaine, diclofenac, ketamine, propranolol, sulfapyridine, 

temazepam, tramadol and trimethoprim) are consistent with this study, (Table 2.2) [24]. Three 

compounds (benzoylecgonine, cocaine and sulfapyridine) were identified in Munroe et al.’s work 

as CSO markers through differential analysis of influent and effluent samples wastewater samples 

from a major London treatment works [24]. Though from the work of White et al. (2019), it is 

likely that the initial pollution point for some of these compounds is further up the River Thames 

in Oxford, through the discharge from other WWTPs [259]. That study also reported the presence 

of nine compounds (amitriptyline, carbamazepine, cocaine, diclofenac, lidocaine, oxazepam, 

propranolol, tramadol, and trimethoprim) along the length of the River Thames ranging from 17 

to 670 ng L-1 [259]. The concentrations determined in this work are lower compared to                 

White et al. (2019) likley due to the temporal variability associated with grab sampling. Several 

compounds detected (acetamiprid, diclofenac and imidacloprid) are also listed on past and current 

iterations of the European Water Framework Directive (WFD) Watch Lists [16]. In particular, the 

neonicotinoids clothianidin and imidacloprid are now banned in the EU for agricultural use [260], 

though some can still be found in veterinary applications such as flea and tick medication.  
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Figure 2.3. Top: Mean concentration (ng L-1) of compound classes detected in water samples using direct 
injection analysis for winter (a) and summer (b) campaigns. Concentric circles represent concentrations 
on a logarithmic scale and standard deviation is indicated by the grey bands. Bottom: Quantities of each 
chemical class detected in the Chemcatcher® passive sampler extracts from winter (c) and summer (d) 

deployments. n = the number of unique compounds within each class. Reproduced from           
Richardson et al. (2020) with permission from the Royal Society of Chemistry [251]. 
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Table 2.2. Maximum and minimum concentrations of CECs quantified in the water samples 
from both the winter and summer campaigns. Maximum concentrations of CECs determined in 
other Thames catchment area studies are included for comparison. Adapted from Richardson   
et al. (2020) with permission from the Royal Society of Chemistry [251]. 

Compound 
Linearity 

(R2) 
LLOQ 
(ng L-1) 

Max [CEC] 
in other 
studies 
(ng L-1) 

Winter Summer 

Min, max 
[CEC] 
(ng L-1) 

Ratea 
Min, max 

[CEC] 
(ng L-1) 

Ratea 

4-Fluoromethcathinone 0.992 13 - - - 18 1/6 

Acetamiprid 0.998 11 - - - 17, 33 4/6 

Amitriptyline 0.991 11 20c, 212b 12 1/3 <LLOQ 1/6 

Amphetamine 0.994 12 - 25 1/3 19, 41 6/6 

Azoxystrobin 0.997 11 - - - <LLOQ 4/6 

Benzoylecgonine 0.998 12 72b <LLOQ 3/3 <LLOQ 3/6 

Bisoprolol 0.997 12 - - - <LLOQ 3/6 

Carbamazepine 0.960 13 
200c, 452b, 

826d 
24, 33 3/3 77, 117 6/6 

Citalopram 0.987 14 - <LLOQ 3/3 
<LLOQ, 

14 
6/6 

Clopidogrel 0.998 11 - - - <LLOQ 1/6 

Clozapine 0.998 11 - - - <LLOQ 5/6 

Cocaine 0.997 11 6c ,29b - - <LLOQ 4/6 

Cyclouron 0.985 12 - - - 50 1/6 

Diclofenac 0.987 12 
125e, 330d, 

380c 
- - 24, 31 2/6 

Fenuron 0.987 12 - 33, 43 3/3 27, 46 6/6 

Imidacloprid 0.927 24 - - - 26, 30 2/6 

Ketamine 0.995 11 18b 
<LLOQ, 

13 
2/3 21, 31 6/6 

Lidocaine 0.999 11 120c 15, 19 3/3 31, 51 6/6 

MDMA 0.996 12 - - - <LLOQ 5/6 

Memantine 0.992 13 - - - <LLOQ 2/6 

Methamphetamine 0.994 13 - - - <LLOQ 3/6 

Nicotine 0.987 14 - 32 1/3 17 1/6 

Oxazepam 0.902 22 20c 41, 58 3/3 52, 75 6/6 

Propamocarb 0.995 11 - <LLOQ 3/3 
<LLOQ, 

12 
4/6 

Propranolol 0.992 12 
20e, 67c, 

141b, 130d 
<LLOQ 1/3 16 1/6 

Pyracarbolid 0.992 9 - - - 12 1/6 

Salicylic acid 0.995 10 - 64 1/3 44, 78 4/6 

Sulfapyridine 0.991 13 418d 
<LLOQ, 

17 
3/3 <LLOQ 1/6 
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Table 2.2. continued        

Compound 
Linearity 

(R2) 
LLOQ 
(ng L-1) 

Max [CEC] 
in other 
studies 
(ng L-1) 

Winter Summer 

Min, max 
[CEC] 
(ng L-1) 

Ratea 
Min, max 

[CEC] 
(ng L-1) 

Ratea 

Temazepam 0.985 10 24b <LLOQ 1/3 10, 20 6/6 

Terbutryn 0.996 11 - - - <LLOQ 6/6 

Tramadol 0.990 11 371b, 670c 78, 93 3/3 169, 251 6/6 

Trimethoprim 0.998 11 
99b, 350c, 

427d 
<LLOQ 2/3 

<LLOQ, 
13 

5/6 

Venlafaxine 0.997 11 - 19, 20 3/3 37, 75 6/6 
aRate represents the number of water extracts where the compound was confirmed; bMunro et 
al. (2019) [24], central London portion of the Thames Nov-Dec 2014; cWhite et al. (2019) [259], 
the entire length of the River Thames Jan-Feb 2016; dThomas & Hilton (2004) [261], central 
London portion of the Thames Oct-Nov 2002; eNakada et al. (2017) [262], River Thames 
upstream of Slough Aug-Sep 2014 & Jan-Aug 2015.  

Per season, 18 CECs were detected and 12 were quantifiable (i.e., calculated concentration was 

determined to be greater than or equal to the LLOQ) in the winter campaign. In the summer, 33 

compounds were confirmed and of these, 19 were quantifiable (Table 2.2). The average 

concentration of quantifiable compounds was 33 ± 20 and 44 ± 40 ng L-1 for winter and summer 

campaigns, respectively. Lower concentrations in winter can likely be attributed to the increased 

dilution due to rainfall in the Thames catchment area. In the two weeks prior to the initial sampling, 

approximately 80 mm of rainfall occurred upstream of the sampling point which likely diluted the 

CECs in the river water [263]. Compared to the summer sampling campaign, where less than          

45 mm of rain fell. Despite this dilution effect, the compound with the highest concentration 

across both campaigns was tramadol, on average 164 ± 70 ng L-1. 

2.4.3. Targeted analysis of CEC in passive sampler extracts 

Due to the sequestering and preconcentration of the HLB sorbent disk, multiple unique CECs 

were detected across both deployment campaigns (n = 65, Figure 2.3 & Figure 2.4). Field blanks 

were similarly analysed and were found to contain traces of six to eight compounds. However, the 

peak intensity was less than 104 in all cases and insignificant when compared to the measured 
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signals in the deployed samplers. When compared to the water samples, an additional 43 and 38 

CECs were identified in the winter and summer Chemcatcher® passive sampler extracts, 

respectively, likely due to insufficient method sensitivity in the water samples. For this study, 

quantification was not performed on the passive sampler extracts, subsequently, LOD and LLOQ 

were not assessed. Therefore, compound detection was determined by manually checking 

chromatographic features for a signal-to-noise ratio greater than 3:1 in all cases. 

Additional EU watch-list compounds detected in the passive sampler extracts, including macrolide 

antibiotics (azithromycin and clarithromycin), neonicotinoid pesticides (clothianidin and 

thiacloprid) and the herbicide ametryn [16]. Several compounds detected on the passive samplers 

are consistent with previous studies of the River Thames and its surrounding catchment including 

diazepam, fluoxetine, metoprolol, nortriptyline, sulfamethazine, sulfamethoxazole and warfarin, 

where they were quantifiable over the range of 5 to 305 ng L-1, median: 50 ng L-1 

[24,259,261,262,264]. In total, there were 18 unique compounds in the water grab samples (17 and 

8 for the winter and summer deployments, respectively) that were not detected in the passive 

sampler extracts. Given the time-integrative performance of passive samplers, pulsed pollution 

events are often missed which would be captured by a well-timed grab sample. This could 

potentially explain the discrepancy between compounds detected between the two matrices, but 

there were no reported CSO events during either deployment. Therefore, what is more likely in 

this scenario is ion suppression for some compounds or incomplete elution from the HLB sorbent 

using MeOH. The range of logD for all compounds sequestered onto the sorbents during both 

campaigns was -1.2 to 6.1, which is similar to that of previous works using the HLB phase 

[202,265–269]. The compounds that are unique to river water cover the logD range of -0.3 to 4.2, 

which is within the range of compounds that were eluted using MeOH. Sequential elutions using 

a range of solvents or at a different pH were considered but deemed excessive for this rapid 

application.  
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Figure 2.4. Top: Frequency of detection in passive sampler extracts in winter (blue, n = 4) and summer 
(green, n = 3) identified using targeted screening. Bottom: Differences in compound occurrence between 

campaigns by chemical classification. n = indicates the number of compounds per class. Reproduced 
from Richardson et al. (2020) with permission from the Royal Society of Chemistry [251]. 

 

 



CHAPTER 2 

 

76 

Despite this limitation, the application of a rapid targeted method for the monitoring of 

contaminants in a river catchment using passive sampling is very useful. Abiotic factors such as 

rainfall, temperature, pH and flow rate are known to influence the uptake performance of passive 

sampler devices and were monitored over the deployment period for both seasons [270]. The 

average pH of the river was almost identical during the two deployments, 7.90 ± 0.04 and                  

7.80 ± 0.05 for winter and summer, respectively. During both deployments, there were no 

discharges from the CSOs into the River Thames, though three discharges were reported in the 

fortnight before the winter deployment on the 7th, 15th and 16th of December 2018 [271]. In the 

six months prior to the deployments, the Southeast region of England, including the River Thames 

catchment area, received 386 mm and 289 mm of rain in the winter and summer, respectively 

(monthly average of 64.4 mm and 48.2 mm, respectively) [263]. Unsurprisingly then, the river flow 

during the winter months was higher and more variable than in summer, 51 ± 30 m3 s-1 and                 

8 ± 1 m3 s-1, respectively. Water temperature was markedly higher during the summer                        

(20 ± 2 C) compared to the winter (8.4 ± 0.3 C). Water temperature has previously been shown 

to increase uptake rates for pharmaceutical-type compounds onto passive samplers [272]. 

Instead of quantification analysis, the fold-change in signal intensities between the 54 compounds 

common to the winter and summer deployments were interrogated (Figure 2.5). For compounds 

common to both seasons, 32 compounds exhibited a higher signal intensity in the summer season 

than the winter as indicated by a fold-change greater than 1.1. Due to the lack of CSO events 

during deployment and the lower rainfall (and therefore dilution) in the summer deployment, this 

result is not unexpected and aligns with the CEC concentrations seen in summer water samples 

(Table 2.2). Interestingly, this trend did not hold for 17 compounds, which encompass a range of 

compound classes.  
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Figure 2.5. Fold-change in peak intensities (log10) in CECs common to both winter and summer passive 
sampler extracts using targeted LC-MS/MS analysis. Bars to the right indicate an increase in summer 

extracts and bars to the left indicate an increase in winter extracts. 
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2.4.4. In silico suspect screening of passive sampler extracts with LC-QTOF-

MS/MS 

The passive sampler extracts were analysed using a LC-QTOF-MS suspect screening workflow 

and a machine learning model to further curate the list of suspects. The initial broad search against 

the Agilent commercial databases using the initial ‘find-by-formula’ criteria detailed in Section 2.3.5 

resulted in an initial match for 8,485 unique compounds across all extracts. The use of other large, 

non-commercial databases would have resulted in more tentative matches. However, for this work, 

a vendor-supplied database was deemed suitable as a proof-of-concept example. Further curation 

by selecting additional adducts and adjusting the score weightings as detailed in Section 2.3.5, 

curated the list further to 237 unique compounds (149 in the winter samples and 157 in the summer 

samples), including multiple matches which were returned for 95 compounds. The scale of data 

acquired demonstrates the advantages of using passive samplers for catchment characterisation in 

a time-integrative manner. However, this amount of data is impractical for routine monitoring 

programs and carries a high degree of uncertainty. Therefore, machine learning can be utilised to 

increase confidence in suspect screening identifications and rapidly prioritise candidates for further 

examination and risk assessment.  

The best model achieved through the training process detailed in Section 2.3.5 was a three-layered 

multilayer perceptron model with an architecture of 16-4-1, which optimises performance using 

the backwards propagation of a gradient descent function. This model had excellent performance 

and agreement across the training, test and blind test sets (R2 = 0.885, 0.871 and 0.874, respectively) 

and a mean average error (MAE) across all data sets of 27 ± 30 s (Figure 2.6 (a) and (b)).  
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Figure 2.6. Top: (a) Linear regression representing the measured retention time vs the retention time 
predicted by the optimised 3-MLP model. (b) The residual error of the predicted retention times. The 

training set is indicated by the grey squares (n = 95), verification set by the purple triangles (n = 80) and 
test set by the red circles (n = 64). Bottom: PCA analysis of the 16 molecular descriptors used to generate 

the retention time prediction model to define the applicability domain of the model and application to 
candidate identifications from suspect screening. (c) training (grey), verification (purple), and test (red) 

cases with a 95 % confidence ellipse. (d) suspect compounds within the error of the predictive model for 
compounds identified in the winter (blue, n = 22) and summer (green, n = 16) deployments, and 

compounds common to both seasons (yellow, n = 21). Reproduced from Richardson et al. (2020) with 
permission from the Royal Society of Chemistry [251]. 
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To assess the suitability of the model for the data, the application domain was investigated using 

principal component analysis in Python using the ‘scikit-learn’ package [273] and defined as a          

95 % confidence interval of the molecular descriptors. The model was applied to the 237 

compounds shortlisted from the suspect screening workflow and retention time was predicted for 

all compounds. The difference between the measured and predicted retention time was calculated 

and compared to the error of the model. Compounds that fell outside of the 75 % of error (52 s) 

were discarded because, as discussed in Munro et al. (2014), above this percentile the model error 

markedly increases due to outlier contributions [239]. In total, 178 compounds were discarded 

through this process, resulting in 59 compounds retained (43 in winter and 37 in summer) for 

consideration (Figure 2.7, Table A1.4). A majority of the remaining compounds clustered well 

within the applicability domain of the model, indicating that it was appropriate to apply these 

compounds to the retention time prediction model. 

The compounds were classified into industrial chemicals, PPCPs, pesticides, drug metabolites, and 

controlled drugs with the largest overall class being the PPCPs. Likely due to the nature of the 

databases used for screening are weighted towards PPCPs products. Of the 59 compounds 

retained, 21 compounds were common to both seasons and two compounds were common to all 

passive sampler extracts across all seasons, O-desmethylvenlafaxine (a metabolite of venlafaxine 

and has recently been added to the latest iteration of the WFD watch list [274]) and                                   

tri-(2-chloroisopropyl)phosphate (TCPP, a flame retardant). There were three interesting 

compounds identified using the suspect screening workflow (Figure 2.8). The active metabolite of 

lidocaine (3-hydroxylidocaine, 3-HL) was shortlisted based on a clear precursor ion at                         

m/z 251.1762 [M + H]+ along with three other possible database matches (2-naepaine 

(anaesthetic), propetamide (analgesic), and tutocaine (anaesthetic)).  
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Figure 2.7. Top: Frequency of compounds identified in the winter (blue, n = 4 Chemcatcher® devices) 
and summer (green, n = 3 Chemcatcher® devices) passive sampler extracts using the in-silico suspects 
screening workflow. Bottom: Differences in compound occurrence between campaigns by chemical 
classification. n = indicates the number of compounds per class. Reproduced from Richardson et al. 

(2020) with permission from the Royal Society of Chemistry [251]. 
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The use of the predicative retention time model identified 3-HL within 19 s of the measured 

retention time, which also corresponded to a qualifier fragment ion at m/z 86.0964 which is likely 

the [CH2N(CH2CH3)2]
+ fragment (Figure 2.8 (a)) [275]. Thus, allowing for a 2(a) identification 

according to the Schymanski framework. 3-HL’s presence is further supported by the presence of 

the parent compound, lidocaine, that was detected through targeted analysis of the passive sampler 

extracts in both seasonal campaigns. Lidocaine is a known adulterant for illicit street drugs               

(e.g., cocaine) and is metabolised to 3-HL in humans by the cytochrome P450 pathway via the 

CPY1A2 and CYP3A4 enzymes [276].  

A novel metabolite identified using the above workflow is 8-hydroxy-efavirenz, the primary 

metabolite of efavirenz, an antiretroviral used for the treatment of HIV-1 infections in the UK 

(Figure 2.8 (b)) [277]. For this compound, a matching [M – H]- qualifier ion (m/z 330.0159), at 

least four fragment ions (m/z 257.9963, 246.0139, 286.0252, 250.0485) were detected, and a 

retention time within the model error was predicted. While in this case, the clear precursor and 

fragment ions alone would rank this identification as 2(a) according to the Schymanski et al. 

framework. The addition of the predicted retention time model increases the assurance of the 

identification further and makes a strong case for the purchase of the reference standard for 

confirmation, especially as this standard is very expensive to obtain. To our knowledge, this is the 

first time this compound has been detected in UK river water. Studies suggest the 

biotransformation of efavirenz into 8-hydroxy-efavirenz occurs via the cytochrome P450 2B6 

(CYP2B6)-mediated pathway [278]. Reports of efavirenz occurrence are limited, though 

concentrations up to 37 g L-1 have been reported in wastewater effluent in South Africa [279].  

TCPP was identified in all passive sampler replicates across both seasonal deployments, it is 

typically used as a coating rather than chemically bonded to surfaces and is therefore prone to 

release into the environment.  
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Figure 2.8. Left: extracted ion chromatograms of (a) 3-hydroxylidocaine, (b) 8-hydroxyefevirenz and (c) 
TCPP in passive sampler extracts. Right: isotopic fit of the [M + H]+ (a) and (c) and [M – H]- (b) and 

matching predicted retention times. Reproduced from Richardson et al. (2020) with permission from the 
Royal Society of Chemistry [251]. 
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This compound has been previously reported in seawater at ng L-1 concentrations and has been 

shown to affect neurobehavior in multiple taxa [280–282]. For this compound, the m/z 327.0081 

[M + H]+ qualifier ion was detected alongside two fragments at m/z 98.9842 and 174.9921,  

[H4PO4]
+ and [C3H6ClO4PH3]

+, respectively (Figure 2.8 (c)).  

Nine of the compounds identified had not been previously reported in the literature for river water 

at the time of this study (Table 2.3). As such, it is difficult to find descriptive studies for most of 

these compounds. 2,4-Dinitro-o-cresol (DNOC) is a selective herbicide that was banned for use 

by the US EPA in 1987 and in Europe between 1999 and 2004 [283]. The activity of DNOC 

occurs through the uncoupling of the mitochondrial oxidative phosphorylation pathway, which 

affects mammals as well as plants and insects [284]. DNOC is highly mobile in soil and is not 

susceptible to rapid microbial or photochemical degradation, which explains its persistence in the 

environment [283]. Furegrelate is a thromboxane synthetase inhibitor that can bind to 

thromboxane A2 synthase, thus preventing vasoconstrictive action. It is used for the treatment of 

arrhythmias, heart disorders and thrombosis. Methylthiouracil is a thionamide medication that was 

used for the treatment of hyperthyroidism. It was originally introduced in the mid-1940s but was 

taken off the UK market in 1986 [285]. Proguanil is often used in combination with atovaquone 

to treat malaria and prophylaxis. Its main mechanism is through the metabolite, cycloguanil, which 

inhibits the action of the dihydrofolate reductase enzyme, thus affecting nucleic acid synthesis 

through the folate pathway [286]. Since the original publication of this work (December 2020) and 

to the author's knowledge, no other studies have reported these compounds in any environmental 

compartment. 

As with the targeted analysis, some compounds were unique to each of the deployment seasons. 

Twenty-two compounds were unique to the winter deployment, and four were identified in all 

winter passive sampler extracts, including 2,4-dichlorophenoxyacetic acid (2,4-D, a systemic 
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herbicide primarily affecting broadleaf weeds), aniline (a versatile precursor used in synthesis 

reactions), butylacetanilide (a generic insect repellent) and dicamba (a broad-spectrum herbicide). 

The higher number of unique compounds found in the winter samples can be partially attributed 

to the CSO discharges in the weeks before deployment. As, due to the tidal movement, pollution 

from CSO events typically takes some time to leave the central London portion of the River 

Thames [24]. In the summer deployment, 16 compounds were unique to this season, of these 

amisulpride (at low doses an antiemetic and an antipsychotic at higher) and dilaurythiodipropionate 

(DLTDP, has multiple uses, including an antioxidant, stabiliser and manufacturing additive) were 

present in all summer passive sampler extracts. 

In reference to the suspect identification framework conceptualised by Schymanski et al. [177]. The 

239 compounds initially shortlisted from the Agilent HRMS databases would mostly have been 

classified as a Level 4 (unequivocal molecular formula) or Level 2(a) (probable structure) 

identification depending on the presence of unique fragment ions (Table A1.4). With the additional 

information of a predicted retention time, we suggest that compounds with measured retention 

times that fall within the error of the model can be elevated to a Level 2(a) match. Though to 

achieve a Level 1 match, confirmation of retention time with an analytical standard is still required. 

However, the use of a retention time prediction model rapidly and efficiently aided in the 

compound confirmation workflow for monitoring CECs at scale.
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Table 2.3. New compounds (at the time of publication) tentatively identified for the first time in river water using the in-silico LC-QTOF-MS/MS workflow in 
passive sampler extracts.  Reproduced from Richardson et al. (2020) with permission from the Royal Society of Chemistry [251]. 

Compound Primary use(s) CAS 

Measured 
m/z + 
isotope 
match 

ppm 
Qualifier 

fragment(s) 
Measured 
tR (min) 

ΔtRP a 

(min) 

Current Schymanski 
framework level 

(now all raised to 2(a) 
with tR prediction) 

2,4-Dinitro-o-cresol (DNOC) Herbicide 534-52-1 198.0235b -1.17 180.0177 7.00 -0.65 3f 

8-Hydroxy-efavirenz 
Antiretroviral 
metabolite 

205754-32-1 330.0159c -2.77 
257.9963, 246.0139, 
286.0252, 250.0485 

8.69 -0.56 2(a)d 

9-Octadecenamide 
Manufacturing 
lubricant 

301-02-0 
 

282.2790b 0.47 
247.242, 97.1012, 
83.0855, 135.1168, 
265.2526 

11.34 0.79 2(a)d 

Benhepazone 
Nonsteroidal anti-
inflammatory 

363-13-3 237.1022b 0.34 - 7.23 -0.09 4e 

Benzhydryl cyanide 
Pharmaceutical 
precursor  

86-29-3 194.0972b -3.89 - 7.23 -0.46 4e 

Dilaurylthio-dipropionate Antioxidant 123-28-4 515.4123b 1.18 
143.0161, 329.2145, 
115.0212, 161.0267, 
89.0056 

11.28 -0.12 2(a)d 

Furegrelate 
Cardiovascular 
pharmaceutical  

85666-24-6 271.1080b -1.00 210.0913 6.03 0.75 3f 

Methylthiouracil Antithyroid agent 56-04-2 143.0275b -1.03 84.0444 3.33 0.39 2(a)d 

Proguanil Malaria prevention 500-92-5 254.1169b -0.75 
170.0480, 153.0214, 
102.1026, 128.0262 

6.72 0.03 2(a)d 

aerror in retention time prediction, b [M+H]+ adduct, c [M-H]- adduct, d ‘Probable structure’ based on precursor ion + at least one product ion, e ‘Unequivocal 
molecular formula’ based on precursor ion + isotope pattern match to the library, f ‘Tentative candidates’ based on precursor ion + product ions. 
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2.5. Conclusions 

A rapid, direct injection LC-MS/MS method was used to identify 33 CECs in grab water samples 

across the summer and winter sampling campaigns, 18 of which were quantifiable. Several 

compounds are consistent with other occurrence studies in the River Thames, though the reported 

concentrations of CECs tend to be higher which is unsurprising given the spatial and temporal 

variability associated with grab sampling. Due to the cumulative nature of the passive samplers, 65 

CECs were detected in the passive sampler extracts across both deployments, however, 

quantification was not performed in this work. Several compounds that were present in the water 

were not present in the passive sampler extracts, which may be indicative of a pulsed pollution 

event that was not detected by the passive sampler, or the result of incomplete elution using 

MeOH. The in silico suspect screening workflow shortlisted an additional 59 compounds in the 

passive sampler extracts from an initial curation of 237 compounds just using HRMS database 

searching alone. Thus, demonstrating the effectiveness of utilising retention time prediction 

models to prioritise CECs of interest for further investigation or acquisition of reference standard 

material. To determine the time-weighted average concentration (TWA) of CECs in river water 

from passive sampler data, the sampling rates (Rs) need to be determined through experimental 

means. However, there are some shortcomings of the commercially available passive sampler, 

primarily the size of the device and deployment apparatus for sufficient replication makes 

deployments conspicuous to the public and at risk of damage or theft, necessitating the need to 

use secure deployment locations. There are also issues with scalability in a sustainable manner, as 

increasing the number of replicate devices dramatically increases the amount of solvent required 

for extraction, which does not align with the goals of sustainable green analytical chemistry. 
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2.6. Key take-home messages 

• HLB-orientated Chemcatcher® devices deployed in the central London portion of the 

River Thames in two campaigns (winter 2018/2019 and summer 2019). 

• 33 CECs detected in grab water samples and 65 CECs detected in the passive sampler 

extracts using a rapid LC-MS/MS targeted method. 

• Retention time prediction model raised 59 compounds to a 2(a) level of identification from 

237 compounds using HRMS database searching.  
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3.1. Chapter overview 

This chapter describes the development and characterisation of a miniaturised 3D printed passive 

sampler device (3D-PSD) to overcome the shortcomings of using the commercially available 

devices observed in Chapter 2. The work presented here describes for the first time, the design 

and iterative prototyping of a miniaturised 3D printed passive sampler device which forms the 

foundation of future chapters as the final design of the 3D-PSD is carried forward throughout the 

rest of this thesis. 

 

3.2. Introduction 

As demonstrated in the previous chapter, passive samplers are an attractive alternative to grab 

sampling for CEC monitoring at scale. Particularly because they offer greater sensitivity as 

compounds are enriched on the sorbent in situ during the deployment period [179]. There are 

multiple passive sampler formats available, depending on the intended application and study 

objective, though there are some key attributes that are consistent across the devices commonly 

used for freshwater sampling (i.e., the Chemcatcher®, POCIS, and o-DGT sampler). Generally, 

most passive sampler designs strive to be inexpensive, have a simple construction, be easy to use 

(prepare, deploy, retrieve, and analyse), and have a high sensitivity and selectivity for a range of 

analytes including the target compounds [189,287]. The Chemcatcher®, POCIS and o-DGT 

devices all comprise of a generic housing design that is compatible with a wide range of 

commercially available sorbents and membranes and can be easily orientated toward any target 

group of compounds. The housings are assembled using simple fittings such as threading 

(Chemcatcher®), mechanical components such as wingnuts and bolts (POCIS), or an interference 

press fit (o-DGT). Once assembled, the devices securely hold the sorbent phase, membranes, and 
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diffusive gels in place to reduce the interstitial gap between the phases, which may affect the uptake 

rate. The housing around the sampling area is designed to reduce the thickness of the water 

boundary layer (WBL) and the housing material itself has no or a very low reactivity to target 

compounds and the intended matrix. 

However, there are some limitations with the popular commercially available passive sampler 

devices. Primarily, each device is only capable of holding a single sorbent phase, aside from the 

POCIS device that can hold the loose particles of multiple sorbent chemistries within the same 

device [183,288]. However, this adds complexity as solvent mixtures are required to elute target 

analytes from the different sorbents and mechanistic resolution of uptake between the different 

sorbents is lost. The use of single-phase devices makes multimodal and replicate deployments 

cumbersome, particularly in areas with difficult terrain and poor access. In addition, when several 

devices are deployed in cages these can be noticeable and attract human interference or theft. 

Another drawback with current designs is that their size requires large, bespoke laboratory 

equipment to perform calibration experiments along with large volumes of water and expensive 

quantities of reference standard material [178]. Furthermore, these devices require large volumes 

of solvents for extraction (e.g., the standard Chemcatcher® extraction requires 40 mL of MeOH 

to extract a single 47 mm sorbent disk [41,197,202,289]), which can become sizable and impractical 

when conducting a long-term monitoring study or calibration experiment. Therefore, this 

approach is not sustainable and does not align with the goals of green analytical chemistry [290].  

Advancements in 3D printing technology has increased print resolution and made them more 

affordable, thus unlocking their potential for rapid prototyping and manufacture. In comparison 

to other traditional manufacturing techniques, 3D-printing can reproducibly generate unique 

designs without the need for bespoke moulds or tooling with little to no waste [291,292]. The 

technology has readily been utilised in other scientific disciplines including medicine, sample 
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preparation, biology, and most notably microfluidics [293–299]. Although the application to the 

field of passive sampling is relatively limited. Kalsoom et al. (2018) used multi-material fused 

deposition modelling (MM-FDM) 3D printing to prototype a POCIS-like device with an integrated 

membrane manufactured from Poro-Lay Lay-Felt. A polylactic acid filament was used to print the 

sampler housing which contained loose polystyrene SPE sorbent particles for the uptake of the 

insecticide atrazine [300]. Nitti et al. (2018) used fused deposition modelling (FDM) 3D printing 

to create an attachment for an existing polymer inclusion membrane (PIM)-based passive sampler 

device to protect it against environmental flow effects [301]. Recently, 3D printing has been 

utilised for the detection and quantification of the SARS-CoV-2 virus in wastewater. Both          

Schang et al. (2021) and Hayes et al. (2021) used FDM (material not disclosed) and material jetting 

(acrylonitrile butadiene styrene (ABS) plastic) to 3D print prototype housings to contain the 

passive samplers and protect from damage [302,303]. However, the application of 3D printed 

devices to a range of chemically diverse compounds has not been explored. 

Similarly, there are very few studies investigating the miniaturising of a passive sampler for 

environmental monitoring compared to those that increase the sampling area. Kaserzon et al. 

(2014) used a POCIS device with a reduced sampling area (16 cm2 compared to the standard            

45.8 cm2 [198]) for the monitoring of pharmaceuticals, pesticides, and perfluorinated chemicals 

(PFCs) including perfluorinated alkyl carboxylates (PFCAs) and sulfonates (PFSAs) [201,208]. 

When compared to the full-sized POCIS device, there was no significant difference in the amount 

of PFCs accumulated between the two devices. Ingeniously, Heltsley et al. (2005) attached 1.5 cm2 

poly(dimethylsiloxane) (PDMS) samplers onto wild flathead catfish (Pylodictis olivaris) to assess the 

local exposure of the animals to polychlorinated biphenyls (PCBs) and organochlorine pesticide 

(OCP) contaminants [304]. However, to the authors' knowledge, no studies investigating the 

miniaturisation of passive samplers for the monitoring of CECs in freshwater systems have been 

conducted.  
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Increased sensitivity of LC-MS systems has been observed in recent years enabling smaller 

injection volumes [34,253,256–258]. As a result, there exists an opportunity to scale down the 

entire passive sampling workflow with a miniaturised device while maintaining sensitivity. Thus, 

making the passive sampling process more sustainable and cheaper by reducing the total volume 

of organic solvent, equipment and other consumables. Thereby, making it more accessible to other 

analytical laboratories. The aim of this work was to design, develop and characterise a miniature 

3D printed passive sampler device (3D-PSD) that could hold multiple sorbent disks. This was 

achieved through the following objectives: (a) iteratively prototype multiple miniaturised housings, 

continually improving and fine-tuning the design to suit the ideal characteristics of a passive 

sampler device; (b) scale down the standard Chemcatcher® extraction procedure and determine 

the recovery of a range of physicochemically diverse CECs from miniaturised HLB, anion and 

cation sorbent disks; and (c) investigate and characterise the sorption of 164 CECs of interest to 

the 3D-PSD housing and determine if the absorbed CECs can be subsequently extracted from the 

housing. Parts of the work presented in this chapter were published in Science of The Total 

Environment (STOTEN) in May 2022 where I contributed all the experimental work and analysis 

[305]. 

 

3.3. Experimental 

3.3.1. Reagents & consumables 

All reagents were of analytical purity or higher unless stated otherwise. The details of MeOH, 

MeCN, formic acid, all analytical standards, ultrapure water, and Affinisep HLB sorbent disks can 

be found in Sections 2.3.1 and 2.3.2 of Chapter 2. In addition to those consumables; propan-2-ol 

(IPA) was purchased from Sigma-Aldrich (Gillingham, Dorset, UK), ammonium hydroxide was 
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obtained from ACROS Organics (Geel, Belgium), anion and cation exchange sorbent disks were 

purchased from Affinisep (details in Section 2.3.2), empty fritted (polypropylene, 20 m pore size, 

6 mL) SPE cartridges were acquired from Agilent Technologies UK Ltd. (Cheshire, UK), and          

7 mL screw-capped, septum lined glass vials (Scientific Laboratory Supplies, Nottingham, UK).  

Artificial freshwater (AFW) was prepared as per the OECD Test Guidelines No. 203 [306]. All 

salts were sourced from their respective companies; magnesium sulfate (MgSO4) from Fisher 

Scientific (Leicestershire, UK), calcium chloride (CaCl2) from ACROS Organics, and both sodium 

hydrogen carbonate (NaHCO3) and potassium chloride (KCl) were purchased from Alfa Aesar 

(Massachusetts, USA). Briefly, stock solutions of CaCl2, MgSO4, NaHCO3, and KCl were diluted 

to 2.0 mM, 0.5 mM, 0.77 mM and 0.07 mM, respectively with ultrapure water. 

3.3.2. Instrumental analysis  

Details of the rapid, targeted LC-MS/MS method used for the analysis of all samples are found in 

Section 2.3.4 of Chapter 2. 

3.3.3. Design & fabrication of the 3D printed passive sampler (3D-PSD) 

All parts were manufactured using a stereolithography (SLA)-based printer, the Asiga MAX mini 

3D printer (PuretoneTM Ltd., Kent, UK) using a commercially available methacrylate-based resin 

(PlasCLEAR v2, PuretoneTM Ltd., Kent, UK). Previous studies by our laboratory determined that 

this resin is stable across a range of acidic-alkaline pHs and in a range of organo-aqueous solvents 

that are commonly used in the analysis of water and passive sampler extractions of CECs [293]. 

This is discussed in detail in Section 3.3.4 of this chapter. The computer-aided designs (CAD) for 

the 3D-PSD prototypes and other parts were designed, developed, and exported as *.STL files 

using SolidWorks (Dassault Systems, Waltham, MA, USA) and Fusion 360 (Autodesk Inc., San 

Rafael, CA, USA) software. The files were sliced and uploaded to the 3D printer using the Asiga 
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Composer application (Asiga, Anaheim Hills, CA, USA). All parts were subjected to the same print 

conditions as recommended by a past PhD student [293]. Completed prints were removed from 

the build platform using a steel blade and underwent two washes in IPA for at least 15 min in an 

ultrasonic bath. All parts were allowed to air dry overnight before undergoing an additional 30 min 

cure under UV light using the Asiga Flash UV oven (PuretoneTM Ltd., Kent, UK). All parts were 

stored dry and were rinsed with MeOH and water before use. 

3.3.4. Physical characterisation of the 3D-PSD 

The physical characteristics of the cured resin were assessed by Dr David Neep at Agilent 

Technologies UK Ltd., Church Stretton using a JSM-IT100 scanning electron microscope (SEM, 

JEOL, Akishima, Tokyo, Japan) and the Brunauer-Emmett-Teller (BET) method using a TriStar 

II instrument (Micromeritics, Norcross, GA, USA). He sent the raw data and images to me for 

further interpretation. For SEM imaging, five cubes (1 mm3) were printed using the same build 

conditions as the 3D-PSD prototypes and underwent the same post-cure process. The cubes were 

mounted onto aluminium stubs using self-adhesive carbon tape and then sputtered with gold 

under argon using an Automatic Sputter Coater (Agar Scientific, Essex, UK). Cubes were viewed 

under x140, x330 and x9,500 and images were taken using secondary electron detection (SED). 

For porosity analysis using BET analysis, approximately 0.17 mg of 0.5 mm3 cubes were degassed 

with nitrogen overnight at ambient temperatures before analysis.  

3.3.5. Assessment of CEC sorption to the 3D-PSD housing 

Plastic Nalgene® bottles (n = 3 replicates per time point, Sigma-Aldrich) were filled with 200 mL 

aliquots of AFW spiked to 500 ng L-1 with the standard mix and a single complete 3D-PSD 

housing. Positive controls of spiked AFW without a 3D-PSD were used to account for the CEC 

loss due to sorption to the Nalgene® bottle and a negative control consisting of unspiked AFW 
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with a 3D-PSD was used to capture any leeching from the device. Shortly after spiking, a 1 mL 

aliquot of water was taken from each bottle as a t = 0 point and stored at -20 C until analysis. 

Bottles were agitated at 250 rpm using an IKA®KS 260 shaker table (IKA® England Ltd., Oxford, 

UK) to ensure the water and 3D-PSD were in constant motion. After the allotted time (2, 4, 6, 

and 8 days), the specific bottles were removed from the shaker table and 1 mL aliquot of water 

was taken and stored at -20 C in a deactivated HPLC vial until analysis to prevent analyte sorption 

to the glass vial. All water samples were analysed using direct-injection LC-MS/MS. Sorption to 

the 3D-PSD housing was determined as a percentage recovery (%r) between the t = 0 (𝐶𝑤
𝑡 = 0) 

reference and the subsequent timepoint measurement for the CEC in the water samples (𝐶𝑤
𝑡 = 𝑛) 

as per Eqn. 3.1. The percentage recovery ratio (% recovery ratio) was calculated as a function of the 

timepoint recovery (%𝑟3𝐷−𝑃𝑆𝐷
𝑡 = 𝑛 ) divided by recovery from the control (%𝑟𝐶𝑜𝑛𝑡𝑟𝑜𝑙

𝑡 = 𝑛 ) as per Eqn. 3.2.  

% 𝑟 =  
𝐶𝑤

𝑡=𝑛

𝐶𝑤
𝑡=0

 Eqn. 3.1 

%  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑟𝑎𝑡𝑖𝑜 =  
%𝑟3𝐷−𝑃𝑆𝐷

𝑡=𝑛

%𝑟𝐶𝑜𝑛𝑡𝑟𝑜𝑙
𝑡=𝑛  Eqn. 3.2 

3.3.6. Investigation of CEC elution from the 3D-PSD resin housing 

Small cubes (0.3 cm along all edges) were printed using the same build conditions as the 3D-PSD 

prototypes and underwent the same post-cure procedures. Aliquots of 2.5 mL of ultrapure water 

were added to 7 mL glass vials and spiked to 500 ng L-1 using the standard mix. Similar to the 

above, the negative controls consisted of vials containing unspiked water and a single cube and 

positive controls consisted of spiked water that did not contain a resin cube. All vials were agitated 

on a shaker table (GEMINI Twin Shaking Water Bath, Robbins Scientific Corp, San Diego, CA, 

USA) at maximum speed for at least 48 hours, based on the results of the experiment described in 

Section 3.3.5. After this time, the cubes were removed, blotted dry with tissue paper and left to air 
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dry overnight. Due to the similar surface area of the cubes compared to the active sampling area 

of the 3D-PSD (0.54 cm2 and 0.50 cm2, respectively), the same extraction procedure as the 

miniaturised disks were used. Briefly, the cubes were dropped into individual, clean SPE 

evaporation tubes (15 mL, Merck Life Science UK Ltd., Dorset, UK) and 1.6 mL of MeOH was 

added along with an appropriate volume of SIL-IS (final concentration of 75 ng L-1), the vials were 

capped and agitated on a shaker table at the same speed as above for 15 minutes. After this time 

the cubes were removed from the tubes using a small, clean spatula and the MeOH extracts were 

evaporated under N2 at 35 C. Extracts were reconstituted in 200 L of initial mobile phase 

conditions (90:10, MPA: MPB) and transferred into silanised inserts for analysis. A calibration 

curve was prepared by spiking the 1.5 mL of MeOH with an appropriate volume of stock and    

SIL-IS to bring the final volume to 1.6 mL over a concentration range of 5 to 1,000 ng L-1 with 

the SIL-IS remaining constant at 75 ng L-1. 

3.3.7. Miniaturised passive sampler extraction procedure  

The extraction protocol of the miniaturised passive sampler disks was based on the method 

described in Taylor et al. with solvent volumes scaled down by the weight of the HLB disk [41]. 

The final volumes for the extraction of the 9 mm sorbent disks are as follows, 1.6 mL of MeOH 

for disk elution and 200 L for sample reconstitution post-evaporation. All 9 mm sorbent disks 

were cut to size from the full-sized 47 mm disks using a clean, dry leather wad punch. All sorbent 

phases were conditioned by soaking in 5 mL of MeOH overnight before conditioning with 5 mL 

ultrapure water before use. The sorbents were allowed to fully dry on MeOH-washed foil before 

preparation for analysis. 

Two different methods of extraction were compared using the same protocol as outlined above. 

The performance of the two methods was assessed by directly spiking the 9 mm HLB sorbent 

disks with 0.3 ng of the standard mix (n = 6 per extraction method) and allowing the disks to fully 
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dry. An unspiked HLB disk and 1.6 mL of MeOH spiked with 0.3 ng of the standard mix were 

used as positive and negative controls. In all cases, the recovery of all replicates and controls was 

assessed by comparing them to a theoretical 100 % recovery standard, and the two methods were 

compared statistically using a Student’s t-test. For the first extraction method (M1), empty SPE 

cartridges were configured to a standard vacuum manifold, the cartridges were washed with at least 

6 mL of MeOH and dried under vacuum before use. With the taps closed, the disk was dropped 

into the empty cartridge, 1 mL of MeOH was added and allowed to soak for 15 min (during this 

time no significant evaporation was noted). After this time, the tap was opened and the MeOH 

was allowed to percolate under gravity into pointed evaporation tubes. An additional 0.6 mL of 

MeOH was added to the cartridges under vacuum, and extracts were evaporated to dryness at        

35 C under N2 before reconstitution with 200 L of initial mobile phase conditions. For the 

second extraction method (M2), the spiked disks were dropped into clean 7 mL glass vials, 1 mL 

of MeOH was added, and the vials were agitated on a shaker table (details in Section 3.3.5) for       

15 min. Following this, the MeOH was transferred to a pointed evaporation tube using a glass 

pipette and an additional 0.6 mL of MeOH was added to the vial and replaced on the shaker table 

for another 15 min. The MeOH extracts were combined, evaporated, and reconstituted as per the 

method above. Once the most appropriate extraction method was chosen, the recovery of the 

weak anion and weak cation sorbent disks was determined. As per the manufacturer (Affinisep’s) 

guidelines the elution solvents for the anion and cation phases were 3 % formic acid in MeOH 

and 5 % ammonium hydroxide in MeOH, respectively.  
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3.4. Results & discussion 

3.4.1. Designing the 3D-PSD 

There were multiple design iterations of the 3D-PSD before settling on the final design that was 

carried forward. All designs were constrained by the size of the 3D printer build platform,                

32 x 51 x 75 mm (w x l x d). The initial concept and prototype (P1) were designed by my primary 

supervisor Dr Leon Barron and the CAD file was produced by Dr Rachel Irlam. All subsequent 

prototype iterations were designed and drawn by me using either the Solidworks or Fusion360 

software. The design was heavily inspired by the Chemcatcher® device, consisting of six “turrets” 

standing proud of a base plate that was shaped like a fish for novelty (prototype 1 (P1),               

Figure 3.1). The outside of each turret was threaded and had an accompanying cap that would 

screw together to hold a small sorbent disk in place. However, there were some drawbacks with 

this P1 design, primarily the threaded fittings were not fit for purpose on a miniaturised scale due 

to inconsistencies in the build quality and the threads were easily damaged/frayed from use. 

Furthermore, was difficult to clean post-deployment, thus increasing the likelihood of carryover 

contamination and rendering the device unusable for reuse.  

As an alternative, individual press-caps, and snap-top caps for securing the sorbent disk were 

investigated (Figure 3.1). The press caps initially showed promise, however, the design recessed 

the sorbent disk into the device which was undesirable as it increased the thickness of the water 

boundary layer, i.e., the distance between the surface of the device and the sorbent. This would 

have inhibited the uptake of compounds from the environment to the receiving phase. Further, 

the depression would have accumulated sediment and other particulates from the water column 

which could further inhibit uptake onto the receiving disk and encourage biofouling. The snap-

top designs were inspired by the Agilent snap caps for HPLC vials and were also promising as they 

held the sorbent securely and did not depress the disk like the press-tops. However, it was difficult 
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to remove the tops without breaking them due to the rigidity of the cured resin. Additionally, the 

small components were considered likely to be easily lost when assembling and disassembling the 

device, especially at site. Therefore, to increase the simplicity of the device, future prototypes 

consisted of two components that would connect via a friction fit. A one-piece, flat, top would 

also reduce water turbulence and ensure consistent conditions across the sampling areas of all 

replicate disks within the device. Adapting the initial “fish” design (P1) to this new two-part 

criterion, this design (P2, Figure 3.1) consisted of six turrets on the base with a one-piece top that 

fitted over the whole base thus holding the sorbent in place. For variety, a circular device (P3, 

Figure 3.1) consisting of six turrets, a one-piece top and a hexagonal hole was also developed. 

Ultimately, I decided to carry forward the circular design because this arrangement ensured that 

all sorbent disks were exposed to relatively the same local condition in the water column, and from 

a personal perspective, it was more aesthetically pleasing. One of the challenges of the P3 design 

was aligning the top and base pieces to fit together in the correct orientation during assembly. 

Initially, a “lock and key” feature was incorporated into the design (P4, Figure 3.1) before more 

experience using the CAD software resulted in the discovery of how to space sketch objects equally 

distant from each other, thereby allowing the device to be assembled in any orientation. Another 

challenge was the frequent formation of voids in the walls of the top piece which affected the 

structural integrity, this was resolved by reducing the number of turrets to five (P5, Figure 3.1) 

which allowed for walls thicker than 1 mm which significantly reduced the formation of voids.  
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Figure 3.1. Computer-aided designs of the various 3D-PSD prototypes (left: base, middle: tops) and 
photographs of the printed prototypes (right). P1 – the original “fish” design from Dr Leon Barron and 
Dr Rachel Irlam, images below represent the press and snap-top caps investigated as an alternative to the 
threaded caps used in the “fish” design; P2 – the second prototype investigating the two-part assembly in 

a fish shape; P3 – the first prototype of the circular design including the hexagonal hole to reduce the 
amount of resin used in prints; P4 – carrying forward the circular design with a “lock-and-key” to aid with 
assembly in the correct orientation; P5 – the near-final prototype that can be assembled in any orientation 

and with five sorbents rather than six that allows space for the outer wall to be thicker to avoid voids 
when printing. 
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From here, it was a matter of tweaking the dimensions of the top and base, so the two components 

fit tightly together while maintaining structural integrity. It was determined that the “turrets” had 

to be at least 3.8 mm in height to provide enough surface area to maintain the friction fit and the 

lid had an additional 0.2 mm in diameter for a snug fit that was still possible to disassemble. A       

2 mm gap was left between the top of the turret and the underside of the lid so the sorbent disks 

would not be significantly deformed when the 3D-PSD was assembled. Half-circle indents were 

added along the outer edges of the design to save on resin when printing and to provide additional 

anchor points for cable ties during deployment. A transport cap was designed to protect the 

sorbent disks from contamination during transport, which was held in place using the pentagonal 

central hole and the edge indents. At the time, the total print duration of the 3D-PSD, including 

the transport cap, was 1.93 h and the total cost of material per device was £ 2.37 (Pound sterling, 

base = £ 1.16, lid = £ 0.62, and cap = £ 0.59) which was encouraging for potentially large-scale 

applications with multiple options for multiplexed sorbent functionality. The final design and 

measurement specifications of the 3D-PSD and transport cap can be found in Figure 3.2. 

Reproducibility between replicate prints of the final design was high and there was no significant 

difference between individual replicates or before and after the post-cure process (< 2 % RSD in 

weight and across all dimensions (n = 23). The durability of the interference fit was tested through 

multiple assemblies and disassembly and a tight fit was achievable after more than ten iterations. 

The advantage of a 3D-printed device is the inherent flexibility of the design. As any element of 

this final design could be altered to suit the deployment method, receiving phase or format (i.e., a 

small depression can be printed into the turrets for the embedment of a hydrogel or the sizes of 

samplers and disks increase or decrease, as needed). 

Utilising a 3D printer to produce the passive sampler parts represents a significant cost reduction 

as parts can be printed on-demand, thus saving lead time in production and delivery as *.STL files 

can be readily shared electronically. With the miniaturised nature of the device, three 3D-PSD, 
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each containing five disks, can be assembled from a single 47 mm sorbent disk, making replication 

easier and more accessible for large-scale monitoring programs. The reduced size of the device 

makes large batches of samplers easy to transport to deployment sites and makes it easier to 

conceal. 

  

Figure 3.2. Computer-aided designs with dimensions (left) and photographs (right) of the final 3D-PSD 
design components manufactured in PlasCLEAR v2 including (a) the base, (b) the top, and (c) the 

transport cap. Reproduced from Richardson et al. (2022) with permission from Elsevier [305]. 
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3.4.2. Miniaturising the passive sampler sorbent 

Miniaturising commercially available passive sampler sorbent disks also posed some challenges. 

Initially, a 10 mm sorbent disk was considered for miniaturisation, but through the design of the 

3D-PSD housing, it was determined that a 9 mm disk would be more suitable as the disk would 

not get caught and potentially cut during the assembly of the housings. The Atlantic Biotage HLB 

sorbent disk that was used in Chapter 2 and is commonly used in Chemcatcher® devices 

[41,188,197,198,202,203,223,237,289,307], fell apart when punched to 9 mm using a leather punch. 

This was due to the structure of the sorbent disk where the sorbent particles appeared to be loosely 

sandwiched between a paper-like material that was compressed at the edges (Figure 3.4 (a) and 

(b)). However, when the 9 mm disk was punched out, the layers would separate, and the sorbent 

particles would be lost. This required a shift from the Atlantic Biotage HLB sorbent disks to the 

Affinisep HLB disks that were far more suitable for punching as the sorbent particle were held in 

place by a mesh-like material, as seen using SEM (Figure 3.3), and therefore did not delaminate 

when punched out (Figure 3.4 (c) and (d)).  

 

 

Figure 3.3. Scanning electron microscope (SEM) images of the Affinisep HLB sorbent as a cross-section 
(a) and from the surface (b) showing the sorbent beads and the web-like material used to hold the sorbent 

beads in place. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 
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Figure 3.4. Photographs of the punched 9 mm (left) and unpunched 47 mm (right) Atlantic Biotage HLB 
sorbent disk ((a) and (b)) and the Affinisep HLB disk ((c) and (d)). White bars represent a 9 mm scale 

relative to each image. 

Using the extraction method described by Taylor et al. as a guide, all solvent volumes were scaled 

down by sorbent disk weight rather than sampling area because the sampling area partially controls 

the uptake of the compounds onto the sorbent disk but does not represent the capacity of the 

sorbent disk. The scaling factor was determined by weighing randomly selected unpunched full-

sized 47 mm and punch 9 mm Affinisep disks (n = 10 of each). The average weight of both disk 

sizes was determined and the ratio of MeOH used in Taylor et al. per milligram of the 47 mm disks 

was calculated. This value was then applied to the average mass of the 9 mm disks to give the total 

elution volume of MeOH needed. The final reconstitution volume was also adjusted to maintain 

the concentration factor of the original method. In comparison to the standard Chemcatcher® 

extraction procedure, this extraction procedure represents a 25-fold reduction in the total volume 

of MeOH used for extraction and thus aligns well with the principles of green chemistry. 
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Particularly point seven that states that the generation of a large volume of analytical waste should 

be avoided [290]. A two-step elution method and a 15-minute soak were included to improve 

recovery. Extractions without the soak time were not investigated due to time restrictions in 

selecting the extraction method and it was not optimised further. Future studies seeking to 

optimise the method should investigate if the soak time is beneficial and the effects of sequential 

elution steps using different organic solvents.  

On average across all CECs, the recoveries using the vial extraction method (M2) were higher by 

9 % compared to the SPE manifold extraction method (M1), 66 ± 30 % (median = 66 %) and    

57 ± 30 % (median = 59 %), respectively. There was a statistically significant difference between 

the mean recoveries of the two methods (p < 0.05, Student’s t-test, n = 6). However, when 

examining the standard deviation between replicates of each extraction method, M1 was more 

repeatable with an average standard deviation across replicates for the same CEC being 12 ± 8 % 

compared with 33 ± 30 % for M2 (Figure 3.5, Table A1.6). Therefore, despite the statistically 

significant difference in recovery, the SPE extraction method (M1) was carried forward for all 

future 9 mm sorbent disk extractions due to the higher repeatability and from a practical 

perspective, it was easier to perform in the lab with fewer manipulations.  

 
Figure 3.5. Boxplot of the mean percentage recovery for all compounds directly spiked onto the sorbent 
disk using the vial (HLB-M2) and the SPE (HLB-M1, Anion, and Cation) extraction methods. Refer to 

Tables A1.6, A1.7, and A1.8 for details. 
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Overall, CEC recovery for the anion and cation phases using the solvents recommended by the 

manufacturer were 55 ± 20 % (median = 58 %) and 47 ± 20 % (median = 45 %), respectively. 

Detailed recoveries of the anion and cation phases for individual CECs extracted using M1 can be 

found in Figure 3.5, Tables A1.7 and A1.8.

3.4.3. Physical characterisation of the resin  

The initial characterisation of the PlasCLEAR v2 resin was completed by Irlam et al. (2020) [293]. 

They investigated various 3D printer materials for their resistance to leaching and structural 

degradation when exposed to solvents. The PlasCLEAR v2 resin, when exposed to organic 

solvents did not significantly degrade, exhibited low leaching compared to other materials, and was 

stable across a range of acidic-alkaline pHs [293]. Nuclear magnetic resonance (NMR) analysis of 

the resin indicated that the primary monomer is diurethane dimethacrylate (DUDMA) with 

Irgacure®819 (phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide) as the photoinitiator and 

tetrahydrofurfuryl methacrylate (THFMA) as an additional crosslinker/stabiliser (Figure 3.7) [293]. 

The results of the SEM imaging revealed that the cured resin is non-porous with no evidence of 

delamination or void formation in the final print (Figure 3.6). The absence of micro- and 

mesopores was confirmed through BET analysis; thus, it is unlikely that water will reach the 

sorbent through the walls of the 3D-PSD.  

 
Figure 3.6. Scanning electron microscope (SEM) images of the 3D printed PlasCLEAR v2 resin at x140 

(a) showing that the print layers have fused together and the surface at x9,500 (b) showing the non-
porous nature of the cured PlasCLEAR v2 resin. Adapted from Richardson et al. (2022) with permission 

from Elsevier [305]. 
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Figure 3.7. (a) Left: overlaid LC-UV chromatograms (210 nm) of leachate from 10 different 3D printed 
materials after treatment with ethanol:water (50:50). a – Rigur (RGD450); b – Durus; c – Formlabs Clear; 
d – Freeprint Clear; e – Formlabs Black; f – Verowhite; g – Veroblack; h – PlasCLEAR v2; i – nylon; j – 
PLA/PHA. Right: PLA/PHA and PlasCLEAR v2 blocks before and after submersion in various organic 
solvents. Adapted from Irlam et al. (2020) with permission from Elsevier [293]. (b) Chemical structures of 

the components of the PlasCLEAR v2 resin. Structures were drawn using ChemDraw. 



CHAPTER 3 

 

109 

3.4.4. Characterisation of CEC sorption onto the PlasCLEAR resin  

The final 3D-PSD design was used to assess the sorption of a range of physiochemically diverse 

CECs to the resin housing material. Of the 164 CECs in the standard mix, sorption could be 

assessed for 136 compounds. The sorption profiles for the remaining 28 compounds in AFW 

could not be determined because they occurred below LLOQ (refer to Table 2.1 and Table A1.3) 

or the data was unreliable. On average, the mean loss due to analyte sorption to the 3D-PSD 

housing across eight days was 28 ± 40 % (median = 12 %, Figure 3.8 (a)). Seventy-seven 

compounds showed no or low sorption (< 15 %) to the 3D-PSD over the study period            

(Figure 3.8(b), see Figure A1.1 for individual compound uptakes). For the compounds that did 

absorb the 3D-PSD housing (59 CECs), > 50 % of the loss occurred within the first 48 h of 

exposure (Figure 3.8(b)). The logD values at pH 7.4 (the pH of AFW) were compared for all 

compounds and there was a significant difference between the logD values of compounds that did 

and did not absorbe to the 3D-PSD (Student’s t-test, p < 0.05, Figure 3.8(c)). The logD values for 

all compounds that absorbed to the 3D-PSD ranged from -0.4 to 5.7 (median = 3.0), which is very 

similar to that of the primary monomer DUDMA (logD = 4.4), but the more hydrophobic 

compounds absorbed to the resin housing. As an example, flufenoxuron (logD = 5.4), fluocinonide 

(logD = 3.4), and flurbiprofen (logD = 3.8) all exhibited strong sorption to the housing and have 

logD values that are close to that of DUDMA. It is likely that hydrophobic interactions with the 

resin housing will initially cause aggregation and clusters to form at the surface of the housing 

before chemical sorption occurs [308]. Hydrogen bonding is expected to be a strong sorption 

mechanism as the DUDMA polymer contains ten acceptor sites (two nitrogen and eight oxygen 

atoms) while, due to the lack of aromatic rings in the polymer, - stacking would not significantly 

contribute to compound sorption. Van der Waals, permanent dipoles, and induced dipoles are also 

expected to strongly influence sorption mechanisms. This echoes previous work by Dr Rachel 

Irlam, who found little to no sorption to the resin of low- to mid-polarity explosive-related 
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compounds to the resin, many of which are aromatic [293]. However, this absorptive property of 

the housing resin presents an opportunity to potentially use the 3D-PSD housing itself as a passive 

sampler for those compounds that exhibited strong sorption behaviour. Though given the volume 

of solvent and equipment required to completely elute the whole device, it is more reasonable to 

use a disk printed from the resin.  

 

 
Figure 3.8. (a) Violin plots of the % recovery ratio across all compounds in the standard mix across all 
time points as per Eqn. 3.1 and 3.2. The mean value across all analytes is represented by the black line 

and the median is indicated by the dashed line. (b) The mean (± standard deviation) % recovery ratio of 
compounds separated into no loss (blue) and those that did absorb onto the 3D-PSD (orange). (c) 

Boxplot distribution of the logD of compounds that did (orange) and did not (blue) absorb to the 3D-
PSD, significant difference indicated by the *. Adapted from Richardson et al. (2022) with permission 

from Elsevier [305]. 
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An approach to overcome the sorption of chemicals to the housing would be to manufacture the 

device out of an alternative material (e.g., poly(tetrafluoroethylene) (PTFE)) using other 

manufacturing methods such as injection moulding or milling, which would be necessary to mass 

produce the 3D-printed prototype on a large scale if needed. At the time of writing, there are no 

studies in the literature investigating chemical sorption to the Chemcatcher® or POCIS passive 

sampler housings. The Chemcatcher® device is manufactured from PTFE and sorption is assumed 

to be low [178]. Investigations of PTFE membranes have determined that sorption is negligible 

under controlled laboratory conditions for pharmaceuticals and chemicals used in manufacturing 

[309,310]. The DGT device is typically manufactured from acrylonitrile butadiene styrene (ABS). 

When ABS is present in the environment as a microplastic, it will absorb cadmium (Cd(II)) and 

compounds such as 4-acetamidophenol, perfluorooctanoic acid, and perfluorooctanesulphonic 

acid up to 90 %  [311,312]. But no measurable sorption of the antibiotic sulfamethoxazole to the 

DGT housing was observed by Chen et al. (2012) [313]. 

3.4.5. Investigation of eluting CECs from PlasCLEAR v2 resin 

For ease of use, cubes with a near identical surface area compared to the miniature disk were used 

to conduct preliminary investigations into extracting absorbed compounds off the PlasCLEAR v2 

resin. Of the 59 compounds that did absorb to the resin housing, 40 CECs were able to be 

recovered using MeOH (Table 3.1 for individual CEC recoveries). On average, the mean recovery 

after two days of exposure to spiked AFW (500 ng L-1) was 141 ± 200 ng L-1                                    

(median = 71 ng L-1). It was not possible to determine the concentration of CEC in the extract for 

the remaining 19 compounds due to unsatisfactory calibration linearity (R2 < 0.98) or values that 

were less than the LLOQ (14 ± 5 ng L-1). However, 44 CECs were detectable in the extracts (i.e., 

a clear chromatographic peak with a matching retention time and fragments to a standard) after 

MeOH extraction, indicating that there is potential to use the PlasCLEAR v2 resin as a passive 
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sampler device for compounds with a logD over the range of 0.04 to 4.3. Interestingly, 13 of the 

compounds that did not exhibit significant sorption to the resin were able to be eluted from the 

cubes. Though, in lesser quantities, with an average extract concentration of 34 ± 20 ng L-1     

(median = 28 ng L-1). The use of stronger solvents such as MeCN for elution was not investigated 

at this stage due to the preliminary nature of this work but should be considered in future studies.  

Table 3.1. Mean (standard deviation, n = 5) concentration of individual CECs extracted from the PlasCLEAR v2 
resin using MeOH. Compounds that did and did not absorb to the 3D-PSD are indicated. 

 Compound Mean (ng L-1)  Compound Mean (ng L-1) 

Absorption 
to the 
3D-PSD 
housing 

2-(Thiocyanomethylthio)benzothiazole  556 (60) No 
absorption 
to the 
3D-PSD 
housing 

Atrazine  82 (5) 

Ametryn  139 (5) Benzatropine  33 (10) 

Azoxystrobin  44 (3) Clofibric acid  20 (10) 

Benoxacor  288 (40) Clothianidin  12 (5) 

Bensulide  36 (20) Cyclouron  34 (9) 

Carazolol  102 (20) Fuberidazole  76 (10) 

Celecoxib  36 (9) Imidacloprid  14 (7) 

Citalopram  17 (6) Ketamine  12 (2) 

Clopidogrel  539 (90) Metformin  15 (5) 

Clozapine  89 (50) Oxazepam  13 (2) 

Diazepam  82 (5) Prometon  28 (3) 

Diflubenzuron  71 (10) Pyracarbolid  48 (4) 

Dimethametryn  547 (50) Simazine  50 (6) 

Dimethomorph  26 (6) Tamsulosin  11 (2) 

Diphenhydramine  16 (6) Temazepam  20 (1) 

Famoxadone  230 (30) Tramadol  11 (5) 

Fluoxetine  17 (6) 
   

Flutamide  97 (9) 
   

Flutolanil  100 (7) 
   

Isradipine  29 (20) 
   

Ketotifen  29 (10)    

Lorazepam  34 (20)    

Medroxyprogesterone  41 (8)    

Nordiazepam  63 (7)    

Nortriptyline  28 (10)    
Orphenadrine  28 (10) 

   

Picoxystrobin  78 (10) 
   

Piperophos  74 (8) 
   

Pretilachlor  180 (20) 
   

Prometryn  276 (20) 
   

Propranolol  22 (6) 
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Table 3.1. continued     

 Compound Mean (ng L-1) 
   

Absorption 
to the 
3D-PSD 
housing 

Propazine  129 (10)    

Pyraclostrobin  14 (4)    

Pyraflufen-ethyl  36 (6)    

Sulfamerazine  45 (20)    

Terbutryn  464 (30)    

Terbutryn  464 (30)    

Terfenadine  121 (70)    

Thiazopyr 155 (20)    
 Verapamil 29 (10)    

Ziprasidone 701 (100)    

 

3.5. Conclusions 

A new miniaturised, 3D printed passive sampler disk and housing was prototyped and 

characterised. The device went through several design iterations, with small improvements being 

made at each stage before the device was finalised. The final 3D-PSD design fulfils most of the 

criteria of a successful passive sampler device as outlined by Taylor et al. (2019), being inexpensive 

(total cost of materials for a single 3D-PSD is less than £3), has a simple construction with only 

two core components that fit together through friction, are easy to assemble and use, and the 

device can be multiplexed with up to five different sorbent chemistries thus increasing the chemical 

space the device can capture. The device can also be easily modified to include the functionalities 

of other passive samplers such as the POCIS or o-DGT devices. The 3D-PSD also aligns with the 

principles of green analytical chemistry, particularly points five (automated and miniaturised 

methods should be selected) and seven (generation of a large volume of analytical waste should be 

avoided) [290]. Unfortunately, as this device has a smaller sampling area than other passive sampler 

devices it may suffer from a loss of sensitivity, this will be explored further in Chapter 4. Generally, 

CECs with a logD > 2 were found to absorb to the 3D-PSD housing within a 48-h period, likely 
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due to hydrophobic interactions with the DUDMA polymer. However, these compounds could 

also be extracted from the polymer using methanol, therefore the housing itself or in a disk format 

could also be used as a passive sampler for those compounds, though further work is needed to 

fully optimise this. The miniaturised extraction procedure for the 9 mm sorbent disk was able to 

recover 59 ± 40 % (median = 59 %), 55 ± 20 % (median = 58 %), and 47 ± 20 %                       

(median = 45 %) from the HLB, anion and cation phases, respectively using the manufactures 

recommendations. This was sufficient for this development work, though future studies should 

investigate the use of other solvents. The next steps in the development of the 3D-PSD are 

determining the uptake rates or Rs values for each sorbent the device can be multiplexed with.  

 

3.6. Key take-home messages 

• Novel, miniaturised 3D printed passive samplers consists of two components that fit 

together via an interference fit and can contain five 9 mm sorbent disks. 

• Compounds with a logD > 2 tended to absorb to the housing within a 48-h period. 

• Scaled-down extraction procedure developed for 9 mm sorbent disks with recoveries of 

47 % to 59 % for three sorbent chemistries.
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4.1. Chapter overview 

This chapter describes the laboratory calibration of the three 9 mm sorbent phase chemistries used 

in the 3D-PSD to determine the uptake rates for a variety of CECs for future application to the 

environment. The work presented here is used in subsequent chapters to determine the time-

weighted average concentration of CECs in water during the field studies described in Chapter 5. 

 

4.2. Introduction 

One of the main advantages of using a passive sampler is the ability to calculate the time-weighted 

average (TWA) concentration of CECs in the water from the mass accumulated on sampler from 

extended exposure periods [187]. For kinetic PSDs (Chemcatcher®, POCIS, and o-DGT) the 

uptake or sampling rate (Rs) of the different compounds are used [182,314,315]. For equilibrium 

PSDs (e.g., polydimethylsiloxane sheets (PDMS) and semipermeable membrane devices (SPMD), 

refer to Section 1.8 of Chapter 1 for more details) the TWA concentration is determined using the 

receiving phase to water partition coefficient (KSM, Eqn. 4.1) [316,317]. These rate constants need 

to be determined for each compound through either laboratory or in situ field calibration 

experiments. Currently, there is no collectively agreed or standardised protocol for experimentally 

determining Rs values [318]. As such, each study is slightly different, often depending on the 

equipment available to the investigating group, which frustratingly results in differing Rs values for 

the same compound across studies using the same PSD format. As an example, the uptake rate of 

carbamazepine determined in laboratory studies by Vermeirssen et al. (2013) and Kaserzon et al. 

(2014) using the Chemcatcher® equipped with a hydrophilic poly(styrene-divinylbenzene) 

copolymer with sulfonic groups (SDB-RPS) sorbent range from 98 to 1,070 L day-1 [201,319]. The 

Chemcatcher® devices were exposed to freshwater in both studies, Vermeirssen et al. (2013) used 
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a recirculating flow-through system while Kaserzon et al. (2014) used a water tank with a steel rotor 

to create flow. In addition, the concentration at which target analytes were spiked into the 

freshwater exposure matrix was 1 g L-1 and 270 ng L-1, respectively.   

However, the general calibration method is similar across all experiments, whereby the PSDs are 

exposed to a medium fortified to a known concentration with analytical standards. The mass of 

the compound on the passive sampler and concentration in the exposure medium is then regularly 

monitored over a defined period with PSDs removed from the experimental set-up and analysed 

alongside samples of the exposure medium. The exposure medium for aquatic PSDs can consist 

of potable water [201,265], river water [200,320], wastewater [202,266], or seawater [321]. In situ 

methods of determining Rs are generally preferential, especially when conducted in the water 

system of interest because the abiotic conditions will be more representative of the intended 

application as variations in abiotic conditions are known to affect compound uptake onto a PSD 

receiving phase [185,186]. Though, it is often not possible to perform an in situ calibration of PSDs 

due to site access, cost, available labour, or other practical reasons. In these instances, Rs values 

can be determined using controlled laboratory studies.  For these studies, the exposure medium is 

refreshed either at regular intervals using static renewal [223] or continuously with a calibrated 

flow-through system [265]. Other methods without matrix renewal can also be used, such as static 

depletion, although the accuracy of such calibrations is questionable due to analyte losses through 

degradation, sorption or analyte volatility [270]. In the absence of a dedicated calibration study, Rs 

values can sometimes be determined using performance reference compounds (PRCs). These are 

typically deuterated analogues of the compounds of interest that are preloaded onto the receiving 

phase prior to deployment [192,322]. The offload kinetics of the PRC is measured over time and 

where it follows first-order exponential decay kinetics, the offload rate (ke) can be mathematically 

determined. Where there is a linear relationship between Rs and the ke - thus indicating isotropic 

exchange - the Rs value for the compound can be inferred [192,322].   
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Regardless of the calibration method, the mathematical equations for experimentally deriving Rs 

in kinetic samplers such as the Chemcatcher®, POCIS, and o-DGT are generally the same, with 

some minor corrections depending on the PSD format [182,314,315]. The general model for 

describing the uptake onto the passive sampler is:  

𝐶𝑠 =  𝐾𝑆𝑀𝐶𝑤 (1 − exp (− (
ℎ0𝐴𝑠

𝑉𝑠𝐾𝑆𝑀
) 𝑡)) Eqn. 4.1 

Where the mass of the analyte on sampler (CS) is a function of the sampler and exposure medium 

partition coefficient (KSM), analyte concentration in the exposure medium (CW), the mass transfer 

coefficient (h0), deployment time (t), the sampling area (AS), and sampler volume (VS) 

[189,323,324]. When applied to integrative samplers that operate within the linear, kinetic region 

of uptake (Figure 1.8), the analyte concentration on the receiving phase is insignificant, therefore 

Eqn. 4.1 is reduced to: 

𝐶𝑠 =  ℎ0𝐴𝑠𝐶𝑤𝑡 Eqn. 4.2 

Where the term: h0As describes the sampling rate (Rs) [323], thus: 

𝐶𝑠 =  𝐶𝑤𝑅𝑠𝑡 Eqn. 4.3 

Such that, Rs represents the volume of water sampled over time (Eqn. 4.7). With the design of the 

3D-PSD outlined in Chapter 3, there is the opportunity to multiplex the device with multiple 

sorbent chemistries, thus increasing the chemical space that can be sampled by a single device. To 

fully realise this capability of the 3D-PSD in field monitoring studies, the sampling rates across 

multiple sorbent chemistries for as many compounds as possible need to be experimentally 

determined. The three sorbent chemistries chosen for this work are the HLB, anion and cation 

exchange resins. As demonstrated in Chapter 2, the HLB sorbent has been widely used in passive 

sampling studies to capture a range of polar and non-polar environmental contaminants, including 
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PPCPs, PAHs, and pesticides [41,43,197,202,203]. Anion and cation sorbent phases have been 

used for the extraction of acidic and basic pharmaceutical and pesticide compounds in wastewater 

studies [325,326]. The aim of this work was to determine the sampling rates for as many CECs as 

possible on three different 9 mm sorbent phase chemistries (HLB, anion and cation). This was 

achieved through the following objectives: (a) construct a calibration apparatus to determine Rs 

using the 3D-PSD, and (b) investigate the effects of reducing the size of the active sampling area 

on Rs. Parts of the work presented in this chapter were published in Science of The Total 

Environment (STOTEN) in May 2022 where I contributed all the experimental work and analysis 

[305]. 

 

4.3. Experimental 

4.3.1. Reagents & consumables 

All reagents were of analytical purity or higher unless stated otherwise. The details of MeOH, 

MeCN, formic acid, all analytical standards, ultrapure water, Affinisep HLB sorbent disks, PES 

membranes, and other consumables can be found in Sections 2.3.1 and 2.3.2 of Chapter 2. Details 

of IPA, ammonium hydroxide, anion and cation exchange sorbent disks, and AFW preparation 

can be found in Section 3.3.1 of Chapter 3.  

4.3.2. Instrumental analysis  

Details of the rapid, targeted LC-MS/MS method used for the analysis of all samples are found in 

Section 2.3.4 of Chapter 2. 
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4.3.3. Preparation of the miniaturised sorbents for calibration experiments 

All sorbent disks and PES membranes (details in Section 2.3.2 of Chapter 2) were cut to 9 mm 

disks using a clean, dry leather punch. In line with the protocol described in Section 2.3.2 of 

Chapter 2, the PES membranes were soaked in two-sequential 24 h MeOH washes to remove 

manufacturing by-products. All sorbents were prepared as described in Section 3.3.7 in Chapter 3 

with sequential overnight soaks of MeOH and ultrapure water prior to assembly. The 3D-PSDs 

containing five sorbent disks were assembled by first placing the PES membrane inside the top 

section (Figure 4.1) of the device, then stacking the sorbent disk on top before aligning the base 

“turrets” with the wells on the top component and pushing the two parts together to form a tight 

interference fit. The assembled devices were stored in ultrapure water for a maximum of 48 h 

before use. 

 
Figure 4.1. Photographs of 3D-PSD assembly process; (a) with the top part upside down, use tweezers to place 

in the pre-soaked PES membranes, (b) on top of the PES membranes, place the pre-soaked HLB sorbent 
disks, (c) fit the base part into the top and gently press together, (d) assembled 3D-PSD with the PES 

membrane and 9 mm HLB sorbent ready for deployment. Reproduced from Richardson et al. (2022) with 
permission from Elsevier [305]. 
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4.3.4. Calibration of the 3D-PSDs using a static renewal technique 

For all sorbent calibrations, the static renewal calibration method was used due to the equipment 

limitations within the laboratory [178]. For the HLB exposures, a 5 L glass beaker was filled with 

AFW and spiked to 50 ng L-1 with the standard mix. Twelve 3D-PSDs were used in this experiment 

and were secured onto a zinc-plated threaded rod (M8 x 1 m, Toolstation, Bridgewater, UK) using 

a 3D-printed “key” that was designed to snugly fit inside the pentagonal hole of the 3D-PSD 

(Figure 4.2 (a)). The devices were mounted at six-cm intervals using a non-slip M8 bolt 

(Toolstation, Bridgewater, UK) and fishing line was used as an additional method of securing the 

3D-PSD onto the “keys” and threaded rod. Four of these rods, each containing three 3D-PSDs, 

were arranged in the exposure beaker and positioned three cm away from the centre of rotation 

of the magnetic stirrer. Such that the exposed disks of the 3D-PSDs were positioned inwards and 

aligned with the flow of water approximately 2.5 cm away from the centre of rotation (Figure 4.2 

(b) & (c)).  Using the equations published by Halász et al. (2007) [327], the magnetic stirrer was set 

to a speed that delivered a flow velocity of 0.5 ± 0.1 m s-1, which is similar to that observed in the 

local rivers around London [328,329]. 

Halász et al. determined that the vortex flow generated by a magnetic stirrer is described by the 

following equations, where under the Burgers vortex model, the overall velocity (Vl, Eqn. 4.5) is 

a product of the radial, tangential, and axial velocities (vr, vt, and vz, respectively, Eqn. 4.4): 

𝑣𝑟 = −
2𝑣

𝑐2 𝑟,     𝑣𝑡 =
𝐶

𝑟
(1 − 𝑒−𝑟2/𝑐2

),     𝑣𝑟 =
4𝑣

𝑐2 𝑧 Eqn. 4.4 

𝑉𝑙 = √(𝑣𝑟
2 + 𝑣𝑡

2 + 𝑣𝑧
2) Eqn. 4.5 
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Figure 4.2. (a) 3D printed “key” used in the calibration studies manufactured from PlasCLEAR v2 resin, left: 
CAD schematic with measurements, right: photograph. Adapted from Richardson et al. (2022) with permission 

from Elsevier [305]. (b) Photographs of the calibration set-up, left: 3D-PSD attached to the threaded rods, 
middle: assembled calibration set up, right: top-down view of the set-up showing the position of the magnetic 
stirrer and the threaded rods. (c) Labelled line drawing of the calibration set up with all components labelled, 

not to scale. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 
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Where v represents the kinematic velocity of water (1.0038 mm s-1), the c term represents the 

internal radius of the vortex funnel at half height created by the magnetic stirrer, C describes the 

strength of the vortex, r is the distance from the centre of rotation, and z is the height of the        

3D-PSD within the beaker. The C term can be derived from Eq 4.6, where h represents the depth 

of the vortex funnel, and the g term refers to the gravity constant (9.806 m s2 -1). 

∆ℎ = ln 2
𝐶2

𝑐2𝑔
 Eqn. 4.6 

The glass beaker and deployment apparatus were conditioned at the exposure conditions (5 L of 

AFW spiked to 50 ng L-1) for at least 48 h prior to the start of the calibration experiment to reduce 

analyte loss to the equipment during the study. All 3D-PSD were deployed in the beaker 

simultaneously and at the following time points, a random 3D-PSD was removed from the 

exposure system: 8, 24, 28, 72, 96, 120, 144, 168, 192, 216, 240 and 264 h. At the same time as   

3D-PSD collection, a 30 mL sample of water was collected and frozen at -20 °C until analysis. At 

set-up and each timepoint retrieval, an unused 3D-PSD was prepared and acted as a negative 

control to account for any contamination caused by manipulation or exposure to the laboratory 

air. To preserve enough matrix-matched sorbent disks for calibration purposes, three 9 mm 

sorbents were removed from the chosen 3D-PSD at each time point. The remaining two sorbents 

were replaced into the exposure set-up to ensure consistent flow conditions across the whole 

experiment for all time points. After all samples had been collected, the spiked AFW was replaced 

aside from the 8-h time point. The sorbent disks and membranes that were removed from the      

3D-PSD were left to air dry overnight on MeOH-washed foil alongside the negative control. Once 

dry, the disks and the membranes were wrapped in clean foil and stored at -20 °C until extraction 

and analysis. For the anion and cation calibrations, the concentration of standards in the exposure 

tank was increased to 100 ng L-1. 
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All sorbent disks were extracted as per the method described in Section 3.3.7 in Chapter 3. 

Calibrants for quantification for all phases were prepared by soaking freshly conditioned 9 mm 

sorbents in AFW for 24 h, allowing them to dry before spiking with analytical standards over the 

range of 0.005 to 1 ng disk-1.  

All water samples were prepared as per the method described in Section 2.3.3 of Chapter 2 with 

some slight alterations. Water samples were defrosted overnight and a 900 L aliquot was spiked 

with 100 L of SIL-IS in MeOH to a final concentration of 500 ng L-1. Samples were briefly 

vortexed before filtering directly into deactivated HPLC vials through a 0.2 m PTFE membrane 

using a syringe. Quantification was performed using an external, matrix-matched, nine-point 

calibration (10 to 1,000 ng L-1) series prepared in AFW. Quantification standards were prepared as 

per above with the water aliquot spiked to the required concentration with 100 L of analytical 

standard and SIL-IS (at 500 ng L-1) in MeOH, before filtration as per normal. All standards were 

analysed in triplicate, and the water and passive sampler timepoint replicates (n = 3) were analysed 

in duplicate alongside the corresponding negative blank passive sampler for that timepoint.  

4.3.5. Estimation of Rs from calibration experiments 

For this style of PSD, the Rs is determined from the slope of the regression line derived from the 

contaminant mass on sampler per unit of time (Cs t 
-1) divided by the mean concentration of the 

contaminant in the matrix (Cw) over the period for which the uptake is linear (Eqn. 4.7) [185,223]. 

The Cs for each timepoint is determined by the mass on sampler less the mass quantified on the 

negative blanks from set-up and the timepoint collection.  

𝑅𝑠 =
𝐶𝑠

𝐶𝑤𝑡
 Eqn. 4.7 
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Refer to Section 4.2 of this chapter for an understanding of how this equation is derived from the 

first-order, single-compartment model that represents a compound's uptake and elimination onto 

a passive sampler device. Figure 4.3 graphically represents the workflow for calculating Rs. 

 

 
Figure 4.3. Workflow used to determine if an Rs value can be calculated per compound from the water 

and 3D-PSD data.  
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4.4. Results & discussion 

4.4.1. HLB calibration of 39 compounds 

For the HLB calibration, an exposure concentration of 50 ng L-1 was chosen based on the results 

from Chapter 2, where the average concentration of 33 CECs in the River Thames was                     

47 ± 50 ng L-1. Therefore, 50 ng L-1 was deemed an environmentally relevant concentration and 

within the capabilities of passive sampling and the rapid LC-MS/MS methods utilised during 

Chapter 2. The actual measured concentration of CECs during the exposure remained constant at         

36 ± 6 ng L-1 across multiple renewals of freshly prepared spiked AFW, possibly due to sorption 

to the experimental apparatus despite preconditioning or evaporation from the beaker. Of the 164 

compounds spiked into the exposure matrix, there were 56 compounds that could be quantified 

at every timepoint with at least three replicate injections. The LOD and LLOQs for all compounds 

in AFW were determined as per the ICH guidelines and Section 2.4.1 of Chapter 2 [254], with all 

values verified. On average, the mean values were 5 ± 4 ng L-1 and 15 ± 10 ng L-1 for LOD and 

LLOQs, respectively which are similar to those obtained in Section 2.4.1 of Chapter 2 for river 

water (Table 2.1 and Table A1.3).  

 

Table 4.1. Selected performance characteristics for CECs using direct injection LC-MS/MS 
analysis of AFW. Refer to Table A1.5 for individual compounds and Ng and Rapp-Wright et 
al. and Egli et al. for additional method validation data [34,253]. 

 

Linearity (R2) 

(n  5) 

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Maximum 0.999 44 131 

Minimum 0.454 3 8 

Median 0.988 4 12 

Mean ± standard deviation 0.965 ± 0.08 5 ± 4 15 ± 10 
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Uptake onto the 9 mm HLB disks could be reliably determined for 88 compounds with all 

compounds quantifiable on disk after the 120 h time point. No significant contamination was 

quantified on any of the negative controls used throughout the study. The LOD and LLOQ of 

the HLB-orientated 3D-PSD (as mass on sampler) were calculated from the spiked calibration line 

in the same way as the AFW with the value verified with the appropriate chromatograms in all 

cases (Figure 4.4). Overall, 111 compounds had an R2  0.98 for these compounds the average 

LOD was 20 ± 30 pg disk-1 (median = 10 pg disk-1) and the average LLOQ was 61 ± 90 pg disk-1                       

(median = 31 pg disk-1, Table 4.2 and Table A1.4.).  

 

Table 4.2. Selected method performance data of the passive sampler extracts from the HLB, anion and 
cation phases. Refer to Table A1.9 for individual compounds. Adapted from Richardson et al. (2022) with 
permission from Elsevier [305]. 

Sorbent chemistry Linearity 
LOD LLOQ 

pg  
disk-1 

Weekly 
ng L-1 a 

pg  
disk-1 

Weekly 
ng L-1 a 

HLB 
(n = 140) 

Maximum 0.999 3,456 3 10,367 3 

Minimum 0.153 0.5 0.01 2 0.01 

Median 0.994 14 0.2 42 0.2 

Mean ± SD 0.965 ± 0.1 82 ± 400 0.5 ± 0.6 247 ± 1000 0.5 ± 0.6 
       

Anion 
(n = 149) 

Maximum 0.999 12,757 12 38,270 37 

Minimum 0.012 4 0.08 11 0.2 

Median 0.994 22 0.6 65 2 

Mean ± SD 0.969 ± 0.1 151 ± 1000 1.3 ± 2 454 ± 3000 3.9 ± 6 
       

Cation 
(n = 143) 

Maximum 0.999 5,301 7 15,904 22 

Minimum 0.000 3 0.03 10 0.08 

Median 0.991 27 0.2 81 0.5 

Mean ± SD 0.954 ± 0.2 106 ± 500 0.5 ± 1 317 ± 1000 1.4 ± 3 
a Weekly LOD and LLOQs were calculated using the determined Rs value over an exposure period of seven 
days. 
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Figure 4.4. Examples of compounds quantified at low concentrations on the HLB (a), anion (b), and 
cation (b) sorbent phases. Calibration lines were constructed by directly spiking the 9 mm disks with the 

appropriate volume of standard and extracted as described in Section 3.3.7. 

There were 15 compounds that were present in every water sample for which there was no HLB 

uptake data: 4-fluoromethacathinone, 4-methylethcathinone, ametryn, amitriptyline, atrazine, 

bupropion, clozapine, mephedrone, methedrone, orphenadrine, pretilachlor, prometon, 

prometryn, propazine, and risperidone. For 11 of these (ametryn, amitriptyline, atrazine, clozapine, 

mephedrone, orphenadrine, pretilachlor, prometon, prometryn, propazine, and risperidone), 

uptake onto the 9 mm HLB sorbent was detected. However, the calibration linearity was not 

adequate for quantification to be performed (R2 < 0.98). 4-Fluoromethacationone was not 

detected on the HLB disk at all during the study. From the recovery experiment detailed in    

Sections 3.3.7 and 3.4.2 of Chapter 3, 4-fluoromethacationone has a very low recovery from the 

HLB sorbent using MeOH as a solvent (12 ± 10 %, Table A1.6) and exhibits a high degree of 

sorption to the 3D-PSD housing with a logD (pH = 7.4) of 1.3 and a recovery ratio of 4 % after 
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eight days of exposure, Figure A1.1. Therefore, it is likely that either MeOH is not a strong enough 

solvent to elute this compound from the sorbent disk or this compound preferentially absorbs to 

the 3D-PSD housing rather than the HLB disk. For 4-methylethcathinone, bupropion, and 

methedrone, these compounds were quantifiable at most time points on the HLB disk. However, 

there was no discernible pattern of uptake across the study. Similar to 4-fluoromethacathinone, 

these compounds also exhibited a high degree of sorption to the 3D-PSD housing (recovery ratio 

of 16 to 34 % after an eight-day exposure,  Figure A1.1). Therefore, it’s likely that these compounds 

were also preferentially absorbed to the housing over the HLB sorbent during the study.  

 

 

Figure 4.5. Number of compounds in the water and on the HLB 9 mm sorbent that meet the criteria 
outlined in Figure 4.3, and those for which Rs could and could not be calculated with examples. 
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The Rs values for 39 compounds could be determined over 11 days, for which uptake for a majority 

of compounds was linear (Figure 4.6 (a) and Figure A1.2 for individual compounds). Refer to 

Figure 4.5. for a representation of the overlap between the water and 3D-PSD data required for 

Rs calculation. It was noted that after eight days for some compounds the uptake trend approached 

a nonlinear state, most notably bisoprolol, benztropine, ketamine, and oxycodone (Figure A1.2). 

Therefore, it was decided to limit the deployment of the 3D-PSD to seven days to ensure that all 

compounds remained in the linear uptake region during deployment and for ease of use during 

field studies. The reduced deployment time is likely due to the reduced size of the active sampling 

area compared to the Chemcatcher® device, which is usually deployed for 14 days, as per Chapter 

2. Calculated Rs values ranged from 0.3 mL day-1 (propamocarb) to 12.3 mL day-1 (carbamazepine), 

see Table 4.3 for details. The logD and logP values ranged from -1.5 to 6.1 and -0.4 to 6.1, 

respectively. Although, interrogation of the logD and logP values for all CECs revealed no 

significant correlation between these features and the calculated Rs value (R2 < 0.05 for both logD 

and logP, p > 0.05), which is in line with past studies [200,202,330,331]. The TWA LOD and 

LLOQs in water were determined by extrapolating the corresponding LOD and LLOQ values 

obtained from the spiked ng disk-1 calibration line to ng L-1 water values using the calculated Rs 

values over seven days (Table 4.2 and Table A1.9). The mean LOD and LLOQ across all 

compounds with Rs values was 0.5 ± 0.6 ng L-1 and 1.4 ± 2.0 ng L-1, respectively. This represents 

a significant improvement in sensitivity (p < 0.05) by 4 ng L-1, on average when compared to direct 

measurements in AFW for LOD. 
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Figure 4.6. Right: violin plots of the uptake for all compounds on the (a) HLB (n = 39), (b) anion             
(n = 67), and (c) cation phases (n = 78). Mean and median values are represented by the solid and dashed 

lines, respectively. Left: Mean uptake onto the 9 mm sorbent (•, primary axis) and mean concentration in 

water (o, secondary axis) across all compounds. Error bars indicate standard deviation, refer to Figure 
A1.2, Figure A1.3 and Figure A1.4 for all individual compounds for the HLB, anion, and cation sorbents 

respectively. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 
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Table 4.3. All 39 compounds for which Rs (± standard deviation (SD)) could be determined on the 9 mm 
HLB phase. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 

Compound 
Linear 
range 

(d) 

R2 of  
uptake 
range 

Rs ± SD 
(mL d-1) 

LogP a 
LogD 

(pH 7.4) a 

Charge 
state (q) 

(pH 7.4) b 

Amphetamine 1 - 11 0.822 1.6 ± 0.1 1.82 -0.62 +1 

Azoxystrobin 1 - 11 0.766 10.2 ± 0.8 3.54 3.54 0 

Benzatropine 1 - 11 0.799 3.2 ± 0.1 4.71 1.89 +1 

Benzoylecgonine 0.3 - 11 0.874 8.5 ± 0.7 2.29 -0.21 0 

Bisoprolol 0.3 - 11 0.807 3.7 ± 0.3 2.21 0.12 +1 

Buspirone 4 - 11 0.975 2.4 ± 0.4 2.95 2.59 +1 

Carazolol 0.3 - 11 0.823 4.9 ± 0.5 3.33 1.15 +1 

Carbamazepine 0.3 - 11 0.848 12.3 ± 1 2.28 2.28 0 

Carbamazepine-10,11-epoxide 0.3 - 11 0.885 4.2 ± 0.4 6.09 6.09 0 

Citalopram 3 - 11 0.989 1.6 ± 0.2 3.39 1.27 +1 

Dimethametryn 1 - 10 0.925 3.4 ± 0.9 3.73 3.73 0 

Flutolanil 1 - 11 0.803 6 ± 0.6 4.06 4.06 0 

Fuberidazole 1 - 11 0.752 8.3 ± 0.6 2.54 2.54 0 

Isocarbamid 0.3 - 11 0.887 6.3 ± 0.5 0.65 0.65 0 

Ketamine 1 - 11 0.707 2.7 ± 0 2.12 2.07 0 

Ketotifen 3 - 11 0.844 1.3 ± 0.2 4.06 2.61 +1 

Lidocaine 0.3 - 6 0.963 0.8 ± 0.1 2.33 1.81 +1 

MDMA 1 - 11 0.688 3.3 ± 0.4 1.93 -0.77 +1 

Memantine 0.3 - 11 0.871 5.9 ± 0.3 3.48 0.56 +1 

Mephosfolan 0.3 - 11 0.858 6.7 ± 0.5 1.57 1.57 0 

Methamphetamine 1 - 11 0.781 1.4 ± 0.1 2.17 -0.57 +1 

Metoprolol 0.3 - 11 0.783 4.1 ± 0.4 1.85 -0.25 +1 

Oxycodone 0.3 - 11 0.768 2.8 ± 0.3 0.91 0.45 +1 

Pirenzipine 1 - 11 0.841 1 ± 0.1 0.31 0.03 0 

Propamocarb 0.3 - 7 0.715 0.3 ± 0.2 1.15 -0.67 +1 

Pymetrozine 0.3 - 11 0.888 3.5 ± 0.4 0.3 0.30 0 

Pyracarbolid 1 - 11 0.777 5.4 ± 0.4 2.03 2.03 0 

Ronidazole 0.3 - 11 0.903 2.1 ± 0.2 -0.42 -0.42 0 

Salbutamol 0.3 - 11 0.812 4.8 ± 0.6 0.61 -1.52 +1 

Sulfamethazine 0.3 - 11 0.860 6 ± 0.6 0.44 0.3 0 

Sulfapyridine 0.3 - 11 0.870 6 ± 0.7 0.47 0.41 0 

Tacrine 0.3 - 11 0.852 11.9 ± 1.1 2.87 0.81 +1 

Tamsulosin 1 - 11 0.763 8.1 ± 0.5 2.14 0.77 +1 

Temazepam 0.3 - 11 0.802 8.2 ± 0.6 2.11 2.11 0 

Terbutryn 0.3 - 10 0.888 6.1 ± 1 3.35 3.35 0 

Tramadol 1 - 11 0.670 1.9 ± 0.3 2.54 0.52 +1 

Trimethoprim 0.3 - 11 0.854 6.3 ± 0.5 1.12 1.00 0 

Venlafaxine 1 - 11 0.726 1.6 ± 0.3 3.15 1.43 +1 

Verapamil 3 - 11 0.630 3.7 ± 0.5 3.95 2.38 +1 
a Predicted from SMILES using Percepta PhysChem Profiler;  b Charge state of > 50 % of the compound 
population in solution 
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Despite steps taken to minimise differences in flow velocity between the 3D-PSDs exposed at 

different heights in the exposure system through the application of Eqns. 4.4 and 4.5, minor local 

differences in velocity could have existed. To assess this, three random HLB disks were selected 

from each level at the final timepoint (264 h) and the mean mass on sampler was compared across 

all compounds. Generally, the average mass for samplers placed on the different levels across all 

quantifiable compounds was 1.9 ± 1.5 ng disk-1, 1.9 ± 1.3 ng disk-1, and 1.5 ± 1.2 ng disk-1 for the 

bottom, middle, and top levels respectively (median = 1.6, 1.6 and 1.1 ng disk-1). A one-way analysis 

of variance (ANOVA) was used to test for significance between the means of the three groups 

and the Tukey’s posthoc test was used to identify significance between the groups. Statistical 

analysis was performed using the ‘onewaytests’ package in RStudio (Posit (PCB), MA, USA,             

build 576) [332,333].  

Results indicated that there was a significant difference between the mass accumulated on disk 

between the bottom and top levels of the exposure system across all compounds of interest                

(p < 0.05, Figure 4.7). This accounts for the fluctuations in mass on sampler uptakes observed in   

Figure 4.6 (a), noticeably after the 144 h time point. The variance in uptake associated with 

different flow velocities has been noted in other calibration studies and is a shortcoming of this 

experimental setup [196,265,334,335]. However, due to COVID-19 travel/access restrictions and 

supply chain shortages, this set-up was unable to be adapted and improved for future uptake 

studies within the time allocated to this work. Nevertheless, using this set-up the mean absolute 

error of the TWA water values obtained using the calculated Rs values, compared to the measured 

water values was 21 ± 20 ng L-1. Furthermore, the variability of flow velocities across the sampler 

levels may increase the robustness of the calculated Rs values across different flow rates that would 

be expected during field deployments.  
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Figure 4.7. Boxplot distribution of the mass accumulated on the 9 mm HLB sampler at the 264 h 

timepoint at the different levels within the exposure system for all compounds (refer to Figure 4.2 for a 
diagram of the set-up). Significant differences are indicated by the * between the bottom and top levels of 

the exposure system. 

4.4.2. Anion calibration of 67 compounds 

Due to the ongoing COVID-19 restrictions at King’s College London in July and August 2020 

and the results of the HLB calibration studies, the exposure period for the anion calibration was 

shortened to seven days. This compromise allowed for sufficient data to be collected in series 

without accessing the lab on sequential weekends, which was strongly discouraged by the 

university at the time. An oversight occurred during the initial analysis of these samples, where-by 

the calibration range (0.005 ng disk-1 – 1 ng disk-1) was not broad enough to capture the 

concentrations present all the time points. Thus, 49 % of data points across all compounds and 

time points fell outside the upper range of the calibration and were extrapolated by several orders 

of magnitude (average mass on sampler at the 168 h time point = 5.2 ± 5 ng disk-1). For example, 

the mass of carbamazepine on disk ranged from 0.41 to 10.6 ng disk-1 and temazepam ranged from 
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0.44 to 20.1 ng disk-1 during the study (Figure A1.3). This was far from ideal, so the LC-MS/MS 

analysis for all samples was repeated as there was not enough time to repeat the full calibration 

study for the anion and cation phases. Unfortunately, due to the COVID-19 restrictions at the end 

of 2020 and the move of all laboratory instruments and equipment to a new site at Imperial College 

London in early 2021, the analysis of the extracts from the 9 mm anion disks was not able to be 

repeated until eight to eleven months after the initial analysis. For the re-analysis, the calibration 

range was increased to 0.005 ng disk-1 – 20 ng disk-1, which was the highest possible spiking 

concentration without saturating the MS detector and would capture 99 % of data points within 

the calibration range. Unfortunately, SIL-IS were not used due to the limited availability of these 

compounds at the time of study in 2020. Therefore, to identify any potential degradation of the 

compounds over the months while in storage (eight to eleven months in the dark at -20 C), the 

original calibration line was bracketed within the freshly prepared standards as quality control (QC) 

samples to calculate the % of inaccuracy, thus suggesting degradation. Of the 67 compounds for 

which Rs values could be determined, n = 34 (51 %) had a mean % inaccuracy of less than or equal 

to 15 % across the whole range of QC concentrations, indicating that these compounds were 

stable over the months of storage. For the remaining 33 compounds (encompassing a range of 

chemical classes and physicochemical properties) with a higher % inaccuracy, compound 

degradation cannot be ruled out and therefore the calculated concentrations of each timepoint and 

subsequent Rs values obtained for these compounds should be considered semi-quantitative until 

such time that the study can be repeated. That being said, the discrepancy between the Rs values 

calculated from the original (0.005 ng – 1 ng disk-1) and the new (0.005 ng – 20 ng disk-1) calibration 

lines are on average 1.8 ± 3 mL day-1, which is well within the error of Rs values reported across 

the literature for the Chemcatcher® device using the same sorbent phase (270 ± 200 mL day-1 for 

the SDB-RPS and C18 phases [199–201,336–338]). At the higher spiking concentration,                   
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93 compounds were quantifiable  at every time point with sufficient replication to calculate a 

standard deviation. The mean exposure concentration across the whole study was 94 ± 40 ng L-1.  

Uptake onto the 9 mm anion sorbent across the seven days could be observed for 84 compounds, 

with all compounds quantifiable on disk after 48 hours, which is a shorter period than the HLB 

disk likely due to the higher matrix exposure concentration used in this study (Figure 4.6 (b) and 

Figure A1.3 for all individual compounds). As with the HLB negative control blanks, there was no 

significant contamination in any of these samples. The LOD and LLOQs for compounds with an 

R2  0.98 (n = 138) were 43 ± 40 pg disk-1 (median = 20 pg disk-1) and 130 ± 100 pg disk-1      

(median = 60 pg disk-1), respectively (Table 4.2, Figure 4.4, and Table A1.9). In this exposure,              

16 compounds (4-fluoromethacationone, atrazine, carazolol, carbamazepine-10, 11-epoxide, 

celecoxib, citalopram, cyclouron, lincomycin, nicotine, propazine, pyracarbolid, pyraclostrobin, 

rizatriptan, salicylic acid, simazine, sulfamonomethoxine) were present in the water samples for 

which there was no corresponding passive sampler data. All compounds, aside from                               

4-fluoromethcationone, were unable to be quantified due to poor linearity of the calibration line 

(R2 < 0.98). 4-Fluoromethacationone was present at levels below LLOQ and likely preferentially 

absorbed to the 3D-PSD housing as described in Section 4.4.1. 

The Rs values for 67 compounds were calculated over seven days and ranged from 0.3 mL day-1 

(salbutamol) to 18.8 mL day-1 (thiacloprid), refer to Table 4.4 for details. Refer to Figure 4.8 for a 

representation of the overlap between the water and 3D-PSD data required for Rs calculation. It 

was possible to determine Rs values for more compounds than the HLB sorbent due to the 

increased match between high-confidence water and passive sampler data driven by the higher 

exposure medium concentrations. When comparing the Rs values obtained using the old and new 

calibration series, there were seven compounds (amphetamine, carazolol, celecoxib, citalopram, 

nortriptyline, rizatriptan, and sulfamonomethoxine) for which Rs values could not be determined 
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in the re-analysis, due to either sample degradation (amphetamine and rizatriptan) or poor linearity              

(R2 < 0.98, Table 4.4). The logD and logP values ranged from -2.5 to 4.2 and -0.4 to 4.7, respectively. 

Similar to the HLB phase, there was no significant correlation between Rs and the logD/logP values 

across all CECs (R2 < 0.06 for both logD and logP, p > 0.05). There was no correlation between Rs 

and molecular weight (R2 = 0.12). In comparison to the HLB phase, the mean TWA LOD and 

LLOQs across all compounds were slightly higher by 0.8 ng L-1 (1.3 ± 2.0 ng L-1,                         

median = 0.6 ng L-1) and 2.4 ng L-1 (3.9 ± 6.0 ng L-1, median = 1.7 ng L-1), respectively. 

Representing an overall loss of sensitivity when compared to the HLB phase. 

 

 

Figure 4.8. Number of compounds in the water and on the HLB 9 mm sorbent that meet the criteria 
outlined in Figure 4.3, and those for which Rs could and could not be calculated with examples. 
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Table 4.4. All 67 compounds for which Rs (± standard deviation (SD)) could be determined on the 9 mm 
anion phase. 

Compound 
Linear 

range (d) 

R2 of 
uptake 
range 

Rs ± SD 
(mL d-1) 

LogP a 
LogD 

(pH 7.4) a 

Charge 
state (q) 

(pH 7.4) b 

4-Methylethcathinone 0.3 - 7 0.918 3.4 ± 0.5 2.18 1.87 +1 

Acetamiprid 0.3 - 7 0.940 9.4 ± 0.5 1.06 1.06 0 

Alprazolam* 0.3 - 7 0.863 12.7 ± 3.0 2.63 2.63 0 

Ametryn* 0.3 - 7 0.914 6.0 ± 2.0 3.04 3.04 0 

Amitriptyline* 1 - 5 0.695 3.2 ± 0.3 4.72 2.95 +1 

Antipyrine 0.3 - 7 0.983 4.8 ± 0.3 0.72 0.72 0 

Atorvastatin* 1 - 6 0.904 4.6 ± 0.3 4.36 1.26 -1 

Azoxystrobin 0.3 - 7 0.818 7.8 ± 3.0 3.54 3.54 0 

Benzatropine* 0.3 - 7 0.930 6.1 ± 0.1 4.71 1.89 +1 

Benzoylecgonine 0.3 - 7 0.975 1.9 ± 0.1 2.29 -0.21 0 

Betaxolol 0.3 - 7 0.919 5.0 ± 1.0 2.87 0.77 +1 

Bezafibrate* 0.3 - 7 0.856 13.7 ± 4.0 3.48 -0.11 -1 

Bisoprolol 0.3 - 7 0.933 5.8 ± 0.8 2.21 0.12 +1 

Bupropion* 1 - 7 0.704 6.2 ± 1.0 3.08 2.88 0 

Buspirone 0.3 - 7 0.882 10.1 ± 4.0 2.95 2.59 +1 

Carbamazepine 0.3 - 7 0.918 11.1 ± 0.9 2.28 2.28 0 

Cilazapril 0.3 - 7 0.898 6.2 ± 2.0 1 -2.5 -1 

Clopidogrel* 0.3 - 7 0.828 7.3 ± 3.0 4.21 4.21 0 

Clothianidin* 0.3 - 7 0.931 9.7 ± 1 -0.03 -0.03 0 

Cocaine 0.3 - 7 0.913 12.5 ± 2.0 2.78 1.21 +1 

Diazepam 1 - 7 0.854 12.5 ± 3.0 2.92 2.92 0 

Diclofenac* 0.3 - 7 0.821 10.9 ± 4.0 4.48 1.37 -1 

Diphenhydramine* 0.3 - 5 0.768 0.9 ± 0.3 3.71 2.34 +1 

Flutamide 0.3 - 7 0.835 11.2 ± 3.0 3.14 3.14 0 

Imidacloprid 0.3 - 7 0.939 14.2 ± 1.0 0.81 -0.52 -1 

Ketamine* 0.3 - 7 0.913 11.5 ± 0.8 2.12 2.07 0 

Ketotifen 0.3 - 7 0.920 4 ± 1.0 4.06 2.61 +1 

Levamisole 0.3 - 7 0.926 4.4 ± 0.2 2.15 0.25 +1 

Levocabastine* 0.3 - 7 0.935 17.4 ± 7.0 4.48 1.98 0 

Lidocaine 0.3 - 7 0.907 7.6 ± 0.9 2.33 1.81 +1 

MDMA 0.3 - 7 0.891 1 ± 0.1 1.93 -0.77 +1 

Mephedrone 1 - 5 0.736 0.6 ± 0.1 1.9 1.59 +1 

Methamphetamine 0.3 - 7 0.853 0.5 ± 0.1 2.17 -0.57 +1 

Methcathinone* 3 - 5 0.404 0.4 ± 0.1 1.51 1.32 0 

Metoprolol 0.3 - 7 0.929 4.2 ± 0.5 1.85 -0.25 +1 

Nadolol* 0.3 - 7 0.953 2.4 ± 0.2 1.24 -0.86 +1 

Nitenpyram* 1 - 5 0.102 1.4 ± 0.3 0.4 0.4 0 

Nordiazepam* 0.3 - 7 0.875 6.6 ± 1.0 2.94 2.94 0 

Orphenadrine 0.3 - 5 0.792 1.4 ± 0.4 4.05 2.71 +1 

Oxazepam 0.3 - 7 0.847 9.2 ± 2.0 2.06 2.06 0 

Oxycodone 0.3 - 7 0.926 3.4 ± 0.4 0.91 0.45 +1 

Picoxystrobin* 0.3 - 7 0.781 7.3 ± 3.0 3.84 3.84 0 

Pirenzipine* 0.3 - 7 0.889 1.2 ± 0.2 0.31 0.03 0 
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Table 4.4. continued       

Compound 
Linear 

range (d) 

R2 of 
uptake 
range 

Rs ± SD 
(mL d-1) 

LogP a 
LogD 

(pH 7.4) a 

Charge 
state (q) 

(pH 7.4) b 

Prometon* 0.3 - 7 0.905 8.1 ± 2.0 2.79 2.79 0 

Prometryn* 1 - 7 0.867 9.8 ± 1.0 3.4 3.4 0 

Propranolol* 0.3 - 7 0.936 4.1 ± 1.0 3.26 1.15 +1 

Ronidazole 0.3 - 7 0.896 0.9 ± 0.1 -0.42 -0.42 0 

Salbutamol 0.3 - 7 0.977 0.3 ± 0.1 0.61 -1.52 +1 

Sulfadimethoxine* 0.3 - 7 0.771 15.3 ± 3.0 1.46 -0.49 -1 

Sulfamethazine* 0.3 - 7 0.791 7.0 ± 0.5 0.44 0.3 0 

Sulfamethoxazole* 0.3 - 7 0.785 10 ± 1.0 0.65 -0.55 -1 

Sulfapyridine* 2 - 7 0.739 0.4 ± 0.1 0.47 0.41 0 

Sulfathiazole* 2 - 7 0.769 1.3 ± 0.3 0.42 0.04 -1 

Sulfisoxazole* 0.3 - 7 0.804 7.4 ± 1.0 0.85 -0.77 -1 

Tacrine* 0.3 - 7 0.937 3.9 ± 0.2 2.87 0.81 +1 

Tamsulosin 0.3 - 7 0.915 6.6 ± 2.0 2.14 0.77 +1 

Temazepam* 0.3 - 7 0.740 8.0 ± 2.0 2.11 2.11 0 

Terbutryn* 1 - 7 0.873 10.4 ± 4.0 3.35 3.35 0 

Thiacloprid 0.3 - 7 0.886 18.8 ± 2.0 1.22 1.22 0 

Thiamethoxam 0.3 - 7 0.961 8.4 ± 0.5 -0.33 -0.33 0 

Timolol 0.3 - 7 0.899 5.5 ± 0.6 1.53 -0.35 +1 

Tramadol 0.3 - 7 0.928 5.4 ± 0.2 2.54 0.52 +1 

Trimethoprim 0.3 - 7 0.955 3.9 ± 0.8 1.12 1 0 

Valsartan* 1 - 7 0.786 6.7 ± 3.0 3.87 -0.86 -2 

Venlafaxine 0.3 - 7 0.912 2.8 ± 0.4 3.15 1.43 +1 

Verapamil 0.3 - 7 0.858 10.0 ± 3.0 3.95 2.38 +1 

Warfarin* 0.3 - 7 0.831 11.7 ± 3.0 3.1 0.31 -1 

* Compounds with a QC inaccuracy of > 15 %, Rs values should be considered semiquantitative; a Predicted 
from SMILES using Percepta PhysChem Profiler;  b Charge state of > 50 % of compound population in 
solution. 
 

The charge state (q) of all compounds at pH 7.4 was predicted from the SMILES using Percepta 

PhysChem Profiler (software details in Section 2.3.5 of Chapter 2). Most of the compounds for 

which Rs could be determined on the anion phase did not have an overall negative charge (16 % 

(n = 11), q  -1 for more than ~ 50 % of the population in solution (Table 4.4). A vast majority of 

compounds have either a neutral (44 % (n = 31), q = 0) or a positive (40 % (n = 28), q  +1) charge 

state at pH 7.4. Though it should be noted that only 26 out of 164 compounds (16 %) in the 

standard mix are negatively charged at the experimental pH. The AttractSPE® Disks anion 

exchange sorbent consists of a polystyrene-divinylbenzene (PS-DVB) co-polymer with tertiary 
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ammonium moieties with an ionic capacity greater than 0.25 meg g-1 (Figure 4.9). Compounds that 

are deprotonated at pH 7.4, such as atorvastatin, cilazapril, imidacloprid, and sulfathiazole, will 

interact with the positively charged sorbent functional groups through electrostatic interactions 

such as Van der Waals, induced dipole and ion-ion interactions. Neutral compounds may interact 

with the anionic functional group through non-specific binding forces such as hydrophobic 

interactions and Van der Waals forces, though it is more likely that these and other positively 

charged compounds are interacting with the PS-DVB polymer through - interactions, 

hydrophobic interactions, induced dipoles and Van der Waals forces.  

 
Figure 4.9. Chemical structures of the (a) PS-DVB base polymer, (b) tertiary ammonium, and (c) 

sulfonate functional groups present in the Affinisep AttractSPE® Disks anion and cation exchange 
sorbents. 

Comparing Rs values between the HLB and anion sorbents (n = 27 common compounds), there 

were no compounds that were negatively charged for which Rs values were determined on the 

HLB sorbent due to lack of water data. Thus, demonstrating the benefits of multiplexing HLB 

and anion sorbents within the same 3D-PSD to capture a range of compounds across different 

charge states. It was noted that the Rs values between the two phases for the same compound were 

different, potentially due to the affinity of the compounds for the different functional groups of 

the sorbent phase. Two compounds exhibited very similar Rs values across the two sorbents 

(metoprolol and temazepam), with 12 compounds exhibiting higher Rs values on the HLB phase 
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and the remaining 13 with higher Rs values on the anion phase. There was a significant difference 

(p < 0.05) in the array of logD values between the two groups with average logD values of                      

1.5 ± 1.0 and 0.4 ± 1.0 for the anion and HLB groups, respectively.  

4.4.3. Cation calibration of 78 compounds 

As with the anion calibration exposure above, this study was also shortened to seven days due to 

COVID-19 access restrictions and the samples were re-analysed eight to eleven months (while 

stored at -20 C in the dark) after the initial analysis. Any potential sample degradation was 

identified using the old calibration line as QC samples and the % inaccuracy was determined. Rs 

values could be determined for 78 compounds and 12 exhibited a mean % inaccuracy of less than 

or equal to 15 % across all QC samples, suggesting that these compounds have remained stable 

over the intervening months of storage (Table 4.5). The remaining 66 compounds had a higher 

mean % inaccuracy and compound degradation cannot be discounted when interpreting the 

results. Therefore, the Rs values obtained for these compounds should be considered semi-

quantitative until such time that the study can be repeated. However, the mean absolute error 

(MAE) of the TWA water concentrations derived from the Rs values calculated using the fresh 

calibration line (0.005 ng disk-1 – 20 ng disk-1) across all 78 compounds was only 17 ± 9 ng L-1 

when compared to the mean measured water concentrations. For the cation exposure, the mean 

matrix concentration was 94 ± 40 ng L-1 (n = 106) and 98 compounds had sufficient replication 

to calculate a standard deviation.  

A total of 99 compounds exhibited uptake across a majority of the time points for the 9 mm cation 

phase. All compounds were quantifiable in the extracts within 24 h and the negative control blanks 

were not significantly contaminated. The LOD and LLOQ for the cation phase were calculated in 

the same way as the anion and HLB phases, with the LOD and LLOQs for compounds with an 

R2  0.98 (n = 101) being 42 ± 40 pg disk-1 (median = 19 pg disk-1) and 126 ± 100 pg disk-1         
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(median = 58 pg disk-1), respectively (Table 4.2, Figure 4.4, and Table A1.9). There were 13 

compounds (4-fluoromethacationone, atorvastatin, carboxine, citalopram, clozapine, cyclouron, 

fluoxetine, nicotine, oxamyl, picoxystrobin, pyracarbolid, pyraclostrobin, and risperidone) 

quantified in the water samples at every timepoint for which there was no corresponding data in 

the passive samplers due to poor linearity of the calibration series (R2 < 0.98). The Rs values were 

determined for 78 compounds in the cation phase, ranging from 2 mL day-1 (sulfamethoxazole) to                           

81 mL day-1 (methcathinone), encompassing a logD and logP range of -2.5 to 6.1 and -0.4 to 6.1, 

respectively (Figure 4.6 (c), Table 4.5, and Figure A1.4 for individual compounds). Refer to Figure 

4.10 for a representation of the overlap between the water and 3D-PSD data required for Rs 

calculation. There also was no relationship between the logD/logP values and Rs (R
2 < 0.1 for both 

logD and logP, p > 0.05). There was also no relationship between molecular weight and Rs                                            

(R2 = 0.14, p > 0.05). The mean TWA LOD and LLOQ values across all compounds for which 

Rs values could be calculated were 0.5 ± 1.0 ng L-1 (median = 0.2 ng L-1) and 1.4 ± 3.0 ng L-1 

(median = 0.5 ng L-1). Which were very similar to those of the HLB phase and lower than those 

calculated on the anion phase.  

 
Figure 4.10. Number of compounds in the water and on the HLB 9 mm sorbent that meet the criteria 

outlined in Figure 4.3, and those for which Rs could and could not be calculated with examples. 
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Table 4.5. All 78 compounds for which Rs (± standard deviation (SD)) could be determined on the 9 mm 
cation phase. 

Compound 
Linear 
range 

(d) 

R2 of 
uptake 
range 

Rs ± SD 
(mL d-1) 

LogP a 
LogD 

(pH 7.4) a 

Charge state 
(q) 

(pH 7.4) b 

4-Methylethcathinone* 0.3 - 4 0.718 47.9 ± 2.0 2.18 1.87 +1 

Acetamiprid 0.3 - 7 0.881 10 ± 0.8 1.06 1.06 0 

Alprazolam 0.3 - 7 0.859 16 ± 0.8 2.63 2.63 0 

Ametryn* 0.3 - 4 0.601 27.5 ± 1.0 3.04 3.04 0 

Amitriptyline* 0.3 - 7 0.760 22.6 ± 5.0 4.72 2.95 +1 

Antipyrine* 0.3 - 7 0.915 13.7 ± 0.8 0.72 0.72 0 

Atrazine* 0.3 - 4 0.865 31.8 ± 10 2.66 2.66 0 

Azithromycin* 0.3 - 4 0.848 25.8 ± 3.0 3.29 1.36 +2 

Azoxystrobin* 0.3 - 7 0.761 9.5 ± 2.0 3.54 3.54 0 

Benzatropine* 0.3 - 5 0.785 33.8 ± 9.0 4.71 1.89 +1 

Benzoylecgonine* 0.3 - 7 0.878 3.1 ± 0.3 2.29 -0.21 0 

Betaxolol* 0.3 - 7 0.775 23.4 ± 3.0 2.87 0.77 +1 

Bezafibrate 0.3 - 7 0.839 6.4 ± 1.0 3.48 -0.11 -1 

Bisoprolol* 0.3 - 7 0.804 27.4 ± 3.0 2.21 0.12 +1 

Bupropion* 0.3 - 5 0.673 28.1 ± 2.0 3.08 2.88 0 

Buspirone* 0.3 - 7 0.785 33.6 ± 4.0 2.95 2.59 +1 

Carazolol* 0.3 - 5 0.742 30.3 ± 6.0 3.33 1.15 +1 

Carbamazepine 0.3 - 7 0.879 13 ± 1.0 2.28 2.28 0 

Carbamazepine-10,11-epoxide* 0.3 - 7 0.889 23.3 ± 2 6.09 6.09 0 

Celecoxib* 0.3 - 7 0.493 10.7 ± 3 3.24 3.24 0 

Cilazapril* 0.3 - 7 0.879 3.2 ± 0.5 1 -2.5 -1 

Clarithromycin 0.3 - 7 0.777 60.8 ± 10 3.12 2.37 +1 

Clopidogrel 0.3 - 7 0.690 11.4 ± 2.0 4.21 4.21 0 

Clothianidin* 0.3 - 7 0.906 13 ± 1.0 -0.03 -0.03 0 

Cocaine* 0.3 - 7 0.789 22 ± 4.0 2.78 1.21 +1 

Diazepam 2 - 7 0.800 12.8 ± 2.0 2.92 2.92 0 

Diclofenac* 0.3 - 7 0.688 5.4 ± 2.0 4.48 1.37 -1 

Diphenhydramine* 0.3 - 7 0.789 25.4 ± 3.0 3.71 2.34 +1 

Flutamide 0.3 - 7 0.733 10.9 ± 3.0 3.14 3.14 0 

Imidacloprid* 0.3 - 7 0.896 11.1 ± 1.0 0.81 -0.52 -1 

Ketamine* 0.3 - 7 0.846 53.6 ± 8.0 2.12 2.07 0 

Ketotifen* 0.3 - 7 0.763 15.7 ± 3.0 4.06 2.61 +1 

Levamisole* 0.3 - 7 0.837 21.6 ± 2.0 2.15 0.25 +1 

Levocabastine* 0.3 - 7 0.669 15.1 ± 4.0 4.48 1.98 0 

Lidocaine* 0.3 - 5 0.864 31.8 ± 2.0 2.33 1.81 +1 

Lincomycin 0.3 - 7 0.922 4.1 ± 0.2 0.63 -0.44 +1 

Mefenamic acid* 3 - 7 0.602 3.9 ± 1.0 5 2.04 -1 

Memantine* 0.3 - 3 0.560 67.4 ± 4.0 3.48 0.56 +1 

Mephedrone* 0.3 - 4 0.658 37.9 ± 2.0 1.9 1.59 +1 

Methcathinone* 0.3 - 5 0.832 74.6 ± 6.0 1.51 1.32 0 

Methedrone* 0.3 - 7 0.837 27.9 ± 3.0 1.33 0.99 +1 

Methylphenidate* 0.3 - 7 0.832 43.1 ± 3.0 2.33 0.26 +1 

Metoprolol* 0.3 - 7 0.804 27.3 ± 2.0 1.85 -0.25 +1 
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Table 4.5. continued       

Compound 
Linear 
range 

(d) 

R2 of 
uptake 
range 

Rs ± SD 
(mL d-1) 

LogP a 
LogD 

(pH 7.4) a 

Charge state 
(q) 

(pH 7.4) b 

Nadolol* 0.3 - 7 0.840 18.5 ± 2.0 1.24 -0.86 +1 

Nordiazepam* 0.3 - 7 0.826 6.7 ± 0.7 2.94 2.94 0 

Nortriptyline* 0.3 - 5 0.756 37.9 ± 4.0 4.76 2.28 +1 

Orphenadrine* 0.3 - 7 0.789 24.6 ± 4.0 4.05 2.71 +1 

Oxazepam 0.3 - 7 0.919 3.6 ± 0.7 2.06 2.06 0 

Oxycodone* 0.3 - 7 0.845 16.3 ± 2.0 0.91 0.45 +1 

Pirenzipine* 0.3 - 7 0.896 8.1 ± 0.8 0.31 0.03 0 

Prometon* 0.3 - 4 0.700 26.2 ± 4.0 2.79 2.79 0 

Prometryn* 0.3 - 5 0.693 25 ± 0.5 3.4 3.4 0 

Propamocarb* 0.3 - 4 0.745 26.5 ± 2.0 1.15 -0.67 +1 

Propanolol* 0.3 - 5 0.754 37.4 ± 7.0 3.26 1.15 +1 

Propazine* 0.3 - 7 0.823 26.7 ± 7.0 2.98 2.98 0 

Pymetrozine* 0.3 - 7 0.888 4.3 ± 0.1 0.3 0.3 0 

Rizatriptan* 0.3 - 7 0.883 9.6 ± 0.9 1.97 0.04 +1 

Ronidazole* 0.3 - 7 0.903 4 ± 0.3 -0.42 -0.42 0 

Salbutamol* 0.3 - 7 0.869 15.2 ± 2.0 0.61 -1.52 +1 

Simazine* 0.3 - 7 0.805 26.7 ± 5.0 2.29 2.29 0 

Sulfadimethoxine* 0.3 - 7 0.882 4.2 ± 0.3 1.46 -0.49 -1 

Sulfamethazine* 0.3 - 7 0.888 1.6 ± 0.1 0.44 0.3 0 

Sulfamethoxazole* 0.3 - 7 0.855 1.9 ± 0.1 0.65 -0.55 -1 

Sulfamonomethoxine* 2 - 7 0.854 2.5 ± 0.2 0.56 -1.31 -1 

Sulfapyridine* 0.3 - 7 0.922 3.1 ± 0.3 0.47 0.41 0 

Sulfathiazole* 0.3 - 7 0.849 2.6 ± 0.1 0.42 0.04 -1 

Tamsulosin* 0.3 - 7 0.768 20.4 ± 3.0 2.14 0.77 +1 

Temazepam* 0.3 - 7 0.909 6.4 ± 0.9 2.11 2.11 0 

Terbutryn* 0.3 - 5 0.703 27.6 ± 1.0 3.35 3.35 0 

Thiacloprid 0.3 - 7 0.879 17.6 ± 2.0 1.22 1.22 0 

Thiamethoxam* 0.3 - 7 0.911 6.8 ± 0.6 -0.33 -0.33 0 

Timolol* 0.3 - 7 0.853 21.5 ± 2.0 1.53 -0.35 +1 

Tramadol* 0.3 - 7 0.814 30.7 ± 3 2.54 0.52 +1 

Trimethoprim* 0.3 - 7 0.846 17.3 ± 2.0 1.12 1 0 

Valsartan* 2 - 7 0.504 2.2 ± 0.2 3.87 -0.86 -2 

Venlafaxine* 0.3 - 7 0.784 23.5 ± 2.0 3.15 1.43 +1 

Verapamil* 0.3 - 7 0.621 22.5 ± 5.0 3.95 2.38 +1 

Warfarin 0.3 - 7 0.763 4.5 ± 0.7 3.1 0.31 -1 

* Compounds with a QC inaccuracy of > 15 %, Rs values should be considered semiquantitative; a Predicted 
from SMILES using Percepta PhysChem Profiler;  b Charge state of > 50 % of compound population in 
solution 
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Most of the compounds for which Rs could be calculated on the cation phase were either neutrally 

(42 % (n = 33)) or positively (44 % (n = 34) charged at pH 7.4, with a small group (n = 11) that 

were negatively charged (Table 4.5). As with the anion sorbent, the polymer chemical composition 

of the AttractSPE® Disks cation exchange sorbent is a PS-DVB copolymer with sulfonic moieties 

with an ionic capacity greater than 1 meq g-1 (Figure 4.9). With this sorbent, positively charged 

compounds would interact with the negatively charged functional group through electrostatic 

interactions such as Van der Waals, induced dipole and ion-ion interactions. As with the anion 

phase, neutral compounds and other negatively charged compounds can interact with the 

functional group through non-specific binding. The number of compounds for which Rs can be 

determined on the cation and anion phase (n = 39) indicate that interactions with the base polymer 

of the sorbents are the main driver of sorption onto the disk rather than the anionic or cationic 

functional groups. 

Overall, the Rs values obtained using the cation sorbent were, on average, ~15 times higher than 

those calculated on the HLB and anion phases. Interrogation of the fold-change between the 

magnitude of the Rs values for the anion and cation phases revealed that compounds with an 

overall negative charge had a higher Rs value on the anion phase compared to the cation phase, 

and vice-versa on the cation phase with the positively charged compounds, as would be expected. 

When compared to the HLB phase, all compounds with a positive charge had a larger Rs value on 

the cation phase. For the neutral compounds, 58 % of the compounds had a similar or larger Rs 

value on the HLB phase. Therefore, while the main mechanism of sorption to the disks may be 

interaction with the base polymer, the functional groups appear to affect the rate of uptake of 

compounds onto the passive sampler sorbents.  
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4.4.4. Effect of sampling surface area on Rs 

As described in Section 4.2 of this chapter, the total mass transfer coefficient (h0) and the sampling 

area (As) describe the sampling rate for a passive sampler operating in the linear, kinetic region. 

Therefore, reducing the sampling area will result in a lower Rs value and potentially represents a 

loss of sensitivity of the 3D-PSD when compared to other PSDs. The smaller active sampling area 

has been shown to reduce the deployment period to seven days, thus reducing the 

representativeness of the passive sampler for longer-term monitoring. When compared to the 

Chemcatcher® device, which mechanistically is most similar to the 3D-PSD, the active sampling 

area of the 3D-PSD is approximately 30.4-fold smaller. With the sampling area for the 

Chemcatcher® and the 3D-PSD measuring 15.2 cm2 and 0.5 cm2, respectively [198]. The Rs values 

across the HLB, anion and cation phases are smaller in comparison to the full-sized Chemcatcher® 

counterparts by approximately 0.4 to 238-fold. Although it is difficult to directly compare Rs values 

in published literature due to the variation in abiotic factors (e.g., temperature and water velocity), 

experimental set-up, exposure matrix, receiving phases, and passive sampler formats which all can 

affect Rs [185,186].  

Disparities in uptake rate between PSD formats with various surface areas have been previously 

reported [188,198,201,214,215,339], though it is important to note that not all devices have a 

defined surface area and differences in uptake mechanisms between device formats are also likely 

to be contributing factors. Gravell et al. (2020) reported that under the same conditions, extracts 

from the POCIS device yielded peak areas larger than the extract from the Chemcatcher® device 

for the same compound [198]. It was noted, however, that the difference in uptake was smaller 

than expected based on the active sampling area ratio between the two devices. This is likely due 

to the mobility of the free sorbent in the POCIS device sagging towards the bottom of the device 

when deployed in the vertical plane, which would hypothetically decrease the available sampling 
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area [340]. Similarly, Buzier et al. (2019) noted that the o-DGT device exhibited a lower sensitivity 

than the POCIS device under the same laboratory conditions which were also attributed to the 

smaller sampling area of the o-DGT device [215].  

When comparing PSDs of the same format, there are mixed results in terms of the impact of 

changes in the sampling area. Martins de Barros et al. (2022) investigated the behaviour of an 

enlarged o-DGT device (Lo-DGT, surface area (SA) = 15.2 cm2) compared to a standard o-DGT 

(SA = 3.1 cm2). The Lo-DGT was found to have a lower LLOQ and that mass accumulated onto 

the device was 4.8 times higher than the standard o-DGT device, which is proportional to the 

increase in the sampling area of the Lo-DGT [195]. In a comparative study in wastewater effluent, 

Kaserzon et al. (2012) determined that there was no significant difference in the mass of individual 

compounds accumulated on device between the standard POCIS device (45.8 cm2) and a modified 

one (16 cm2) [208]. While the weight of the sorbent used is accounted for in the calculations to 

determine Rs in POCIS [208]. It should be noted that, in this study, while the sampling area was 

decreased compared to a standard POCIS, the mass of sorbent was increased to 600 mg (from the 

usual 200 mg), and a different sorbent chemistry was used (Strata XAW compared to Oasis HLB). 

Thus, it is difficult to establish the effect of the smaller surface area in this study.  

Following this line of thinking, the Rs of the 9 mm sorbents were normalised to the sampling area 

of the Chemcatcher®. The Rs values adjusted for surface area were broadly similar to the range of 

published Rs values mined from the literature across a variety of sorbent chemistries (Table 4.6 and 

Table A1.10). Implying that in instances where Rs values could not be calculated for a specific 

compound, the Rs value mined from literature and scaled down to the surface area of the 3D-PSD 

could be used. Values obtained in this way would have to be caveated carefully and considered 

semi-quantitative for calculation purposes, at best. 
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Table 4.6. Comparison of the Rs values across the HLB, anion and cation phases for which there are literature values for the Chemcatcher® device. Refer to Table A1.10 for 
all Rs values. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 

Compound 
Calculated Rs (normalised surface area) † 

Literature Rs 

In laboratory In situ 

HLB Anion Cation Freshwater Effluent Freshwater Effluent 

Acetamiprid - 9.4 (286) 10 (304) 10 a,iv, 30 c,iv, 390 c,vii - 10 a,i - 

Amphetamine 1.6 (49) - - - - - 28 b,iii 

Atorvastatin - 4.6 (140) - - - - 13 b,iii 

Atrazine - - 31.8 (967) 30 c,iv, 88 c,v, 100 a,iv, 290 c,v 120 c,viii 100 a,i, 53 b,ii - 

Azithromycin - - 25.8 (784) - - - 24 b,iii 

Azoxystrobin 10.2 (310) 7.8 (237) 9.5 (289) 60 a,iv, 90 c,iv, 770 c,vii, 580 c,ix - 60 a,i - 

Bezafibrate - 13.7 (416) 6.4 (195) - - - 42 b,iii 

Carbamazepine 12.3 (374) 11.1 (337) 13 (395) 98 c,v, 340 c,v - 100 c,vi 45 b,iii 

Carbamazepine-10,11-epoxide 4.2 (128) - 23.3 (708) - - 100 c,vi - 

Citalopram 1.6 (49) - - - - - 69 b,iii 

Clarithromycin - - 60.8 (1848) - - 50 c,vi 24 b,iii 

Clothianidin - 9.7 (295) 13 (395) 4 a,iv, 30 c,iv, 460 c,vii - 4 a,i, 46 b,ii - 

Cocaine - 12.5 (380) 22 (669) - - - 61 b,iii 

Diclofenac - 10.9 (331) 5.4 (164) 50 c,v, 240 c,v 100 c,viii 60 c,vi 44 b,iii 

Fuberidazole 8.3 (252) - - - - 20 a,i - 

Imidacloprid - 14.2 (432) 11.1 (337) 10 a,iv, 80 c,iv, 470 c,vii - 10 a,i, 53 b,ii - 

Lidocaine 0.8 (24) 7.6 (231) 31.8 (967) - - 90 c,vi - 

MDMA 3.3 (100) 1 (30) - - - - 74 b,iii 

Mefenamic acid - - 3.9 (119) - - 60 c,vi - 

Methamphetamine 1.4 (43) 0.5 (15) - - - - 25 b,iii 

Metoprolol 4.1 (125) 4.2 (128) 27.3 (830) - - 4 c,vi 50 b,iii 

Picoxystrobin - 7.3 (222) - 10 a,iv, 130 c,iv - 10 a,i - 
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Table 4.6. continued   

Compound 
Calculated Rs (normalised surface area) † 

Literature Rs 

In laboratory In situ 

HLB Anion Cation Freshwater Effluent Freshwater Effluent 

Propamocarb 0.3 (9) - 26.5 (806) 3 a,iv, 90 c,iv, 20 c,vii - 3 a,i, 1.3 b,ii - 

Propranolol - 4.1 (125) 37.4 (1137) - - - 114 b,iii 

Propazine - - 26.7 (812) - - 50 b,ii - 

Simazine - - 26.7 (812) 50 a,iv, 50 c,iv - 50 a,i, 52 b,ii - 

Sulfamethazine 6 (182) 7 (213) 1.6 (49) - - 100 c,vi - 

Sulfamethoxazole - 10 (304) 1.9 (58) 20 c,v, 110 c,v 90 c,viii 40 c,vi 58 b,iii 

Sulfapyridine 6 (182) 0.4 (12) 3.1 (94) - - 100 c,vi - 

Temazepam 8.2 (249) 8 (243) 6.4 (195) - - - 326 b,iii 

Terbutryn 6.1 (185) 10.4 (316) 27.6 (839) 20 a,iv, 20 c,iv, 81 c,v, 380 c,v, 790 c,ix 110 c,viii 20 a,i, 46 b,ii - 

Thiacloprid - 18.8 (572) 17.6 (535) 10 a,iv, 120 c,iv, 580 c,vii - 10 a,i, 65 b,ii - 

Thiamethoxam - 8.4 (255) 6.8 (207) 5 a,iv, 60 c,iv, 310 c,vii - 5 a,i, 53 b,ii - 

Tramadol 1.9 (58) 5.4 (164) 30.7 (933) - - - 46 b,iii 

Trimethoprim 6.3 (192) 3.9 (119) 17.3 (526) - - 30 c,vi 28 b,iii 

Valsartan - 6.7 (204) 2.2 (67) - - - 60 b,iii 

Venlafaxine 1.6 (49) 2.8 (85) 23.5 (714) - - 10 c,vi - 
† Rs normalized to Chemcatcher® surface area by multiplying by the fold difference between the PSDs (x30.4); i [199]; ii [203]; iii [202]; iv [188]; v [337]; vi [200]; vii [43];         
viii [336]; ix [319];   a C18; b HLB; c SDB-RPS 
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4.5. Conclusions 

Rs values for 93 unique compounds could be determined across the HLB, anion and cation phases 

on the 9 mm sorbent disks used in the 3D-PSD, with 25 compounds common across all three 

phases. On the HLB disk at an exposure concentration of 50 ng L-1, Rs values for 39 compounds 

could be calculated ranging from 0.3 mL day-1 (propamocarb) to 12.3 mL day-1 (carbamazepine). 

After the initial HLB calibration, the concentration of the exposure matrix was increased to          

100 ng L-1 and the total study time was shorted to seven days for the anion and cation phases due 

to COVID-19 restrictions in place at King’s College London from July 2020 onwards. The Rs 

values for 67 compounds could be determined on the anion phase ranging from 0.3 mL day-1 

(salbutamol) to 18.8 mL day-1 (thiacloprid). While 78 Rs values were generated for compounds on 

the cation phase ranging from 2 mL day-1 (sulfamethoxazole) to 81 mL day-1 (methcathinone). 

Interestingly, the charge state of the compounds at the experimental pH (7.4) did not appear to 

significantly affect the selectivity of the different compounds for the different sorbents, likely due 

to interactions with the base polymer. However, the charge state did appear to influence the uptake 

rates onto the sorbents i.e., compounds that were positively charged in solution typically had a 

larger Rs value on the cation sorbent when compared to the anion and HLB sorbents. For example, 

99 % of venlafaxine molecules in solution have a charge state of +1 at the experimental pH and 

the Rs value on the cation, anion and HLB phases were 23.5, 2.8 and 1.6 mL day-1, respectively.  

The reduction in the sampling area of the 3D-PSD does affect the sensitivity of the device and the 

deployment period when compared to the Chemcatcher® and 3D-PSD extracts may need to be 

combined to achieve good instrument sensitivity. Representing on average a 23 ± 30-fold 

difference in Rs values for the same compound mined from the literature. However, when the 

calculated Rs values were normalised for surface area, they were broadly similar to those reported 

in the literature sources. Despite the loss of sensitivity, the overall workflow and miniaturisation 
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represents a significantly cost-effective and practical solution for time-integrative CEC monitoring 

and potentially increases the accessibility of large-scale passive sampling. Following this calibration 

work, the 3D-PSD in multiple formats were applied to a chemically impacted freshwater river in 

the south of London with the move towards biota predictive modelling.  

 

4.6. Key take-home messages 

• Rs values for 39, 67, and 78 compounds were calculated for the 9 mm HLB, anion, and 

cation phases, respectively. 

• Compound charge state affected the rate of uptake onto a sorbent. 

• The smaller sampling area of the 3D-PSD resulted in smaller Rs values, requiring more 

sensitive LC-MS/MS methods. 
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5.1. Chapter overview 

This chapter describes the field testing of the 3D-PSD in an impacted urban freshwater river 

system in South London, and a monitoring programme over six months using the 3D-PSD and 

Gammarus pulex. The work presented here shows the applicability of the 3D-PSD design and 

sampling rates determined in Chapters 3 and 4 to a real-world environment. Furthermore, this 

work creates a matched dataset between compounds and concentrations accumulated on the             

3D-PSD and in the G. pulex, which will be used for modelling in Chapter 6. 

 

5.2. Introduction 

According to the ‘Water quality in rivers’ report from the UK House of Commons published in 

2022, only 14 % of English rivers have good ecological status and 0 % of rivers in England have 

good chemical status [23]. Though when excluding ubiquitous, persistent, bioaccumulative, and 

toxic substances (uPBTs), 93 % of rivers are considered to have good chemical status [23]. Defined 

in this context, uPBTs include polybrominated diphenyl ether (PBDE), polyaromatic 

hydrocarbons (PAHs), and perfluorooctane sulfonic acid (PFOS) to name a few examples, and 

these have been found in various environmental compartments worldwide [341–343]. These 

chemicals have also been well studied in biota monitoring programmes, particularly in species for 

human consumption [344,345]. By comparison, CEC occurrence has also been well studied in 

water systems throughout the world, work by Aus der Beek et al. (2016) determined that 613 

compounds were present in 71 countries across multiple environmental compartments from the 

metanalysis of 1,166 publications [13]. The number of publications focusing on the environmental 

occurrence of CECs in biota is relatively limited in comparison, with a recent review by             
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Świacka et al. (2022) recording only 73 original publications investigating pharmaceutical 

occurrence in wild aquatic organisms [73].  

A review of the literature by Millet et al. (2018) determined that a vast majority of studies have 

focused on biomonitoring in fish species, with literature reporting 490 positive quantifications of 

therapeutic drugs compared to 200 compounds quantified in invertebrate species [81]. Due to this 

knowledge gap, the lifetime exposure and ecological risks to biota caused by CECs at 

environmentally relevant concentrations are still relatively unknown [100]. The effect of CEC 

pollution on invertebrates is of particular interest as they are considered good indicators of river 

quality and overall ecosystem health [76]. Many invertebrate species are detritivores, responsible 

for the breakdown of leaf litter which represents the main source of organic carbon and nutrients 

in food webs. Therefore, the rate of breakdown and nutrient recycling can represent the functional 

integrity of the ecosystem [346].  

Pharmaceuticals are of particular concern due to their design following Lipinski’s ‘rule of five’ 

which enables them to partition across membranes, are easily absorbed, and are often 

biotransformed or metabolised [347]. These properties also make analytical recovery from 

biological samples challenging due to matrix interferences, method sensitivity, and the absence of 

analytical grade reference materials, particularly for transformation products and metabolites 

[73,81]. Pharmaceuticals have been reported in a range of freshwater aquatic invertebrate taxa, 

from bivalves to crustaceans over the range of 0.3 ng g-1 (wet weight, acetamiprid in Hydropyshe 

pellucidula (fly larvae) [100]) to 96.3 ng g-1 (wet weight, triclosan in Lasmigona costata (bivalve) [99]), 

with the most frequently detected class of compound being antibiotics, antidepressants and         

non-steroidal anti-inflammatories (NSAIS) [73]. Pesticides are similarly concerning because of 

their intended design to be harmful to terrestrial invertebrates and have been shown to cause 

adverse effects in non-target organisms, including humans [348]. Furthermore, due to persistent 
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and widespread use of pesticides, target species have evolved resistances which necessitates the 

development of novel modes of action to maintain the effectiveness of the compounds [349]. 

Thus, and by extension, this increases the potential for exposure and risk to non-target organisms. 

However, it should be noted there exists a gap in the literature for a comprehensive review of 

pesticides in biota across various taxa. 

For many compounds, effects and risk are often predicted from external environmental exposure 

concentrations using measures such as risk quotients or toxic units [350]. Risk quotients have been 

used in numerous studies as a rapid indicator of environmental risk for a given compound 

[30,34,351,352]. Values are a ratio between the measured or predicted environmental 

concentrations (MEC/PEC) within the ecosystem and the lowest concentration at which an 

adverse effect will occur in sensitive species, or the lowest (predicted or measured) ‘no-effect 

concentration’ (MNEC/PNEC) [352]. Toxic units are calculated by dividing the compound 

concentration in surface waters by known toxicity data such as the concentration which induces 

an effect (EC50, e.g., changes in feeding, reproduction, movement, or development) or results in 

50 % mortality in the test population (LC50) [353,354]. Recently, these principles have been 

slightly modified to account for the internal concentration in the animal [100,113]. The ability to 

predict internal biological effects from external matrices is still very useful due to the shorter 

sample work-up and analysis time compared to the clean-up procedure for biological samples 

(refer to Section 1.6), and it is in line with the 3Rs of reducing animal testing (Replacement, 

Reduction and Refinement) [355]. Passive samplers have been proposed as a potential surrogate 

for biota during pollution studies and have been identified in regulatory guidance as a first-level 

screen in the development of biota monitoring programmes [356]. Silicon rubber equilibrium 

passive samplers used for a 10-year monitoring study in the Netherlands closely matched the 

contaminant concentrations in mussel tissues [218]. Münze et al. (2015) determined that there was 

a significant relationship between the toxic units determined using the TWA water concentration 
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derived from the Chemcatcher® passive samplers over 14-days and both the SPEARpesticides value 

and leaf litter decomposition rates [357].  However, the predictive relationship for both 

comparisons was poor (R2 < 0.35), indicating that more work is required and machine learning 

techniques may need to be utilised to fully realise the potential of using a PSD as a surrogate for 

biota. In past studies by our group, we have focused on the benthic amphipod Gammarus pulex as 

it is widely distributed throughout Europe and Asia and is considered a key species in the 

breakdown of leaf litter in streams [122,358]. By co-deploying the 3D-PSD in multiple formats 

and collecting G. pulex regularly for several months it is possible to assess trends and fluctuations 

in CEC occurrence from the summer to winter months in both the animal and water phases.  

Therefore, the aim of this work was to understand CEC occurrence in both the 3D-PSD and         

G. pulex over a six-month field study, this matched dataset  will be used for modelling purposes 

that will be explored in Chapter 6. This was achieved through the following objectives: (a) locate 

the pollution-impacted sites along the River Wandle and field test the 3D-PSD through 

deployments at impacted and non-impacted sites; (b) identify the species of Gammarid endemic to 

the selected sampling site using a taxonomic key and DNA identification; and (c) conduct a             

six-month occurrence study of CECs in the 3D-PSD and G. pulex to assess trends in temporal 

occurrence and examine trends between matrices. Parts of the work presented in this chapter were 

published in Science of The Total Environment (STOTEN) in May 2022 where I contributed all 

the experimental work and analysis [305]. 
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5.3. Experimental 

5.3.1. Reagents & consumables 

All reagents were of analytical purity or higher unless stated otherwise. The details of MeOH, 

MeCN, formic acid, all analytical standards, ultrapure water, Affinisep HLB sorbent disks, PES 

membranes, and other consumables can be found in Section 2.3.1 of Chapter 2. Details of IPA, 

ammonium hydroxide, anion and cation exchange sorbent disks can be found in Section 3.3.1 of 

Chapter 3. Glacial acetic acid, ammonium acetate, TRIzole reagent, ethidium bromide, and            

Tris-acetate-ethylene diamine tetra acid (TAE) were purchased from ThermoFisher Scientific 

(Loughborough, UK).  Chloroform, isopropyl alcohol (IPA), ethanol and HPLC-grade water used 

in RNA/DNA extraction were sourced from Merck (Darmstadt, Germany). 

5.3.2. Instrumental analysis  

Details of the rapid, targeted LC-MS/MS method used for the analysis of all samples are found in 

Section 2.3.4 of Chapter 2. 

5.3.3. River Wandle site selection and preliminary field deployment 

To select the 3D-PSD deployment location, water samples were taken from four general locations 

along the length of the River Wandle in Greater London in April 2021. The Wandle is a freshwater 

chalk river that originates in Croydon, South London and flows through the boroughs of Sutton, 

Merton, and Wandsworth before joining the River Thames in Central London. This river was 

chosen for the field study due to its easy access, location and G. pulex populations were readily 

found along the river. In addition, over 2019 and 2020, the Wandle received 1,034 h of combined 

sewer overflows (CSO) discharge from eight locations over 400 events, making it one of the worst 

wastewater-impacted rivers along its length in South London [29,359]. 
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Figure 5.1. Map of selected sampling sites along the River Wandle with corresponding pictures taken at the indicated locations. Insert pictures copyright                  
A. Richardson 2021, map data copyrighted OpenStreetMap contributors and available from https://www.openstreetmap.org [252]. Refer to Table A1.11 for full 

details of sampling locations.

https://www.openstreetmap.org/
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By comparison, the Hogsmill River received 450 h of discharge from four sites over 91 events in 

2019/2020. A 30 mL grab water sample was collected in pre-rinsed Nalgene® bottles at 19 

locations in Ravensbury Park, Poulter Park, Beddington Park, and Richmond Green. A single 

sample was taken at Ravensbury Park, while high-resolution grab samples (< 200 m between 

points) were taken at the other three sites (Figure 5.1). Samples were prepared for analysis and 

quantification as per the method described in Section 4.3.4 in Chapter 4 over the range of 5 to 

2,000 ng L-1. 

Following the water analysis, the pollution impact site was identified as the effluent outfall from 

the Beddington Water Treatment Works (Site F, 51.387923, -0.165262). Therefore, an impacted 

site downriver of this point (Ravensbury Park, Site A, 51.395227, -0.175981) and a background 

site upstream (Beddington Park, Site K, 51.372588, -0.147129) of the WWTP were selected for 

preliminary deployments of HLB-loaded 3D-PSDs for seven days from the 4th to the 11th of June 

2021. Two 3D-PSD were deployed in the river at the Ravensbury Park site and five were deployed 

in the Beddington Park site, for adequate measurement replication at both sites and excess 

sorbents to prepare a matrix-matched calibration series. 

As described in Section 4.3.4 of Chapter 4, a field blank containing HLB sorbents that were 

exposed to the air and experienced the same handling as the samplers during deployment and 

retrieval was used for both sites. For river deployment, the 3D-PSD were fitted onto U-shaped 

galvanised garden pegs (15 x 0.29 cm, G&B, UK), these were then pushed into the riverbed so 

that the sampler was sitting on top of the riverbed surface. During retrieval, the 3D-PSD were 

pulled up and rinsed in the river water to dislodge any particulates on the device. Transport caps 

were fitted to the devices before wrapped in foil, labelled and stored in a clean plastic container 

for transport back to the laboratory in a cool box. There, they were rinsed with ultrapure water, 

disassembled, dried, stored and extracted as per the methods described in Section 4.3.4 of          
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Chapter 4 and Section 3.3.7 of Chapter 3. Quantification calibration curves were prepared in the 

same way as described in Section 4.3.4, using the spare 3D-PSDs exposed at the background site 

and spiked over the range of 0.005 to 10 ng disk-1 (n = 1 per concentration). Water samples were 

collected during deployment and retrieval were transported back to the lab in the same cool box 

as the 3D-PSDs and stored at -20 °C until extraction and analysis. 

5.3.4. Six-month CEC occurrence study in the River Wandle – sample collection 

The 6-month study took place shortly after the first assessment, from the 20th of July to the 14th 

of December 2021 at the Ravensbury Park site (Site A). This site was chosen due to ease and safe 

access, good visibility and was sufficiently far downstream of the pollution point (~1.5 km) that 

the discharge from the Beddington Water Treatment works and fresh water from the River Wandle 

source would be well mixed. Each month, ten 3D-PSDs (n = 3 devices per sorbent phase (HLB, 

anion, and cation) and n = 1 device multiplexed with all three sorbents in the same device) were 

deployed for seven days with water and G. pulex collections occurring at least three times per 

month. Ideally, collections occurred during the deployment and retrieval of the 3D-PSD, with 

additional collections on day four or five of the deployment and one outside the deployment 

period where possible.  

The 3D-PSD deployment, retrieval and analysis procedure was the same as described above 

(Section 5.3.3), with a 3D-PSD multiplexed with all three phases used as a field blank during 

deployment and retrieval. For this study, the extraction procedure of the 3D-PSD was slightly 

modified from that described in Section 4.3.4 of Chapter 4, with the addition of a filtration step 

prior to evaporation. Briefly, all MeOH eluent was collected into 2 mL tubes and filtered into the 

SPE evaporation tubes through a 0.2 μm PTFE membrane using a BD PlastipakTM syringe. Water 

samples were collected as above in pre-rinsed Nalgene® bottles and prepared for analysis and 

quantification as per the methods described in Section 2.3.3 of Chapter 2.  
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Invertebrates were collected by kick sampling into a 500 μm net (NHBS, Totnes, UK). Originally, 

the G. pulex were sorted on site and collected into 15 mL FalconTM tubes (ThermoFisher Scientific) 

for transport back to the laboratory. This proved difficult at site due to weather conditions and 

ambient lighting, therefore in the latter months (October to December), all invertebrates collected 

by kick sampling were pooled into a 500 mL Nalgene bottle with sufficient river water to keep 

them alive on the journey back to the laboratory. The invertebrates were sorted with the assistance 

of 1,000 and 500 μm sieves and collected in 15 mL FalconTM tubes before freezing at -20 C in 

preparation for extraction and analysis. Refer to Figure 5.2 for an overview of the workflow for 

each sample type.  

5.3.5. Gammarus pulex extraction procedure 

All G. pulex samples were extracted as per the method described by Miller et al. (2021) [100]. All 

invertebrate samples were frozen at -20 C for at least 48 h before freeze drying at -40 C for at 

least 12 h. The freeze-dried material was then sorted to remove foreign/unwanted objects such as 

stones, other invertebrates, and freeze-dried organic matter. Sorted material was placed into 2 mL 

Eppendorf tubes (ThermoFisher Scientific) with a 3 mm diameter tungsten carbide bead and 

homogenised into a powder using a TissueLyser LT (Qiagen, Hilden, Germany) at 50 Hz until a 

fine powder was formed. All homogenised samples from the same collection were recombined 

and vortexed to thoroughly mix the material. Triplicate aliquots, where possible, of                             

20 mg ± 0.1 mg (roughly equates to three G. pulex individuals on average by weight) of material 

were weighed into clean 2 mL Eppendorf tubes and the appropriate volume of SIL-IS (final 

concentration of 50 ng g-1) was spiked directly onto the dried media. The samples were extracted 

in 2 mL of 0.1 % (v/v) glacial acetic acid in 3:1 MeCN:MeOH solution, and briefly vortexed before 

being sonicated for 15 min. After sonication, all samples were briefly vortexed again before 

centrifugation at 14,000 rpm for five min to pellet the insoluble material. A 1.9 mL aliquot of the 
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supernatant was diluted to 100 mL of 10 mM aqueous ammonium acetate for extraction using 

SPE. Tandem SPE extraction was used for sample clean-up and concentration. Strata Alumina-N 

cartridges (6 mL, 1 g, Phenomenex Ltd. Cheshire, UK) were used as the first cartridge for the 

removal of matrix interferences such as pigments and lipids. Analytes of interest were concentrated 

on the lower Oasis HLB cartridge (6 mL, 200 mg, Waters Corp., Hertfordshire, UK). Both 

cartridges were conditioned with duplicate washes of 3 mL of MeOH, and 3 mL of the loading 

diluent (10 mM ammonium acetate). After loading, both cartridges were washed with 1 mL of the 

loading diluent, the alumina cartridge was then disposed of, and the Oasis HLB was dried under 

vacuum for at least 30 min until all sorbent was dried. If elution was not performed on the same 

day, cartridges were stored at -20 C in the interim. Analytes were eluted with sequential washes 

of 2.5 mL of MeOH (5 mL total elution volume) and the eluent was dried under nitrogen at             

35 C. Residues were reconstituted in 100 μL of initial mobile phase conditions (90:10, 0.1 % 

formic acid(aq): 0.1 % formic acid in MeCN:MeOH), briefly vortexed and centrifuged twice at        

1,500 rpm for 5 min to pellet any insoluble particulates that formed during the reconstitution step. 

As much of the supernatant as possible was transferred to silanised HPLC inserts using a glass 

pipette without disturbing the pellet.  

Quantification was performed using an external calibration line prepared from G. pulex collected 

from the River Cray, Orpington (51.385972, 0.109000) in September 2020 as this is known to be 

a relatively clean site from past work [101,135]. Standards were prepared following the same 

procedure as above (including the deuterated standards) over the range of 0.05 ng g-1 to                   

150 ng g-1 added directly to the homogenised material with the amount of extraction buffer 

adjusted so that the final volume (including standards) was 2 mL. 
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5.3.6. Assessment of toxic and effect pressures and calculation of risk  

Risk quotients (RQ) were calculated as per Palma et al. (2014) and Egli et al. (2021) [34,352] as the 

ratio of measured environmental concentration (MEC) to the predicted no-effect concentration 

(PNEC) using the lowest PNEC value (Eqn. 5.1, Table 5.1). Where possible the lowest, relevant, 

PNEC data were sourced from the NORMAN Ecotoxicological Database [360] (accessed:             

3rd January 2023) or calculated from the lowest EC50 across aquatic taxa and the assessment factor 

(AF, set to 1,000 in line with recommendations from the European Commission, Eqn 5.2           

[361–364]). EC50 values for compounds not present in the NORMAN Ecotoxicological Database 

were mined from literature sources [365]. RQ thresholds were set as: < 0.1 (insignificant risk),        

0.1 – 1 (low risk), 1 – 10 (medium risk), and > 10 (high risk) in line with Egli et al. (2021) [34]. 

𝑅𝑄 =  
𝑀𝐸𝐶

𝑃𝑁𝐸𝐶
 Eqn. 5.1 

𝑃𝑁𝐸𝐶 =  
𝐸𝐶50

𝐴𝐹
 Eqn. 5.2 

Toxic and effect pressure were calculated as per the methods described by Miller et al. (2019), 

based on the work of Munz et al. (2018) [113]. Internal toxic units (TUint) were used to assess the 

risk from pesticides and were calculated as per Eqn 5.3 and 5.4 [100]. Where Cinvert is the internal 

concentration determined in the invertebrate, EC50int is derived from EC50 value and 

bioconcentration factor (BCF) as the internal concentration which affects 50 % of the population 

(Eqn 5.3), EC50 is the exposure concentration at which 50 % of the population is affected (lowest 

48 h acute in G. pulex or Daphnia magna), and BCF was estimated using the EPI Suite BCFBAF        

v 4.11 [366] or an artificial neural network BCF prediction model specific to G. pulex developed by 

Miller et al. (2019) [367]. As the two datasets were not statistically significant from one another 
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[100], the higher BCF value was used in calculations to estimate a “worst-case” scenario               

(Table 5.2).  

𝐸𝐶50𝑖𝑛𝑡 =  𝐸𝐶50. 𝐵𝐶𝐹 Eqn. 5.3 

𝑇𝑈𝑖𝑛𝑡 =  
𝐶𝑖𝑛𝑣𝑒𝑟𝑡

𝐸𝐶50𝑖𝑛𝑡
 Eqn. 5.4 

 

Internal effect units (EUint) (Eqn. 5.5) calculated from the predicted critical environmental 

concentrations (PCcrit) were used to assess risk from pharmaceuticals, drug metabolites and 

controlled drugs due to the lack of EC50 data for these substances [100]. Where PCcrit values could 

not be mined from Fick et al. (2010), they could be calculated as per Eqn. 5.6 [368]. Where, HTPC 

represents the human therapeutic plasma concentration (lowest value mined from the literature), 

CR is assumed to be 1 for all compounds and is the ratio of concentrations between the HTPC and 

the steady-state plasma concentration in fish, and the Pbw term describes the blood to water 

partition coefficient. This term was derived for each compound as per Eqn. 5.7 from logD as 

defined by Fitzsimmons et al. (2001) and Margiotta-Casaluci et al. (2014) [369,370]. 

𝐸𝑈𝑖𝑛𝑡 =  
𝐶𝑖𝑛𝑣𝑒𝑟𝑡

𝑃𝐶𝑐𝑟𝑖𝑡
 Eqn. 5.5 

𝑃𝐶𝑐𝑟𝑖𝑡 =  
𝐻𝑇𝑃𝐶

𝐶𝑅. 𝑃𝑏𝑤
 Eqn. 5.6 

𝐿𝑜𝑔𝑃𝑏𝑤 = 0.73 × 𝐿𝑜𝑔𝐷𝑝𝐻 7.4 − 0.88 Eqn. 5.7 
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Table 5.1. Predicted no-effect concentration (PNEC) values used to calculate risk quotients. Values accurate to the 
NORMAN network database as of the 3rd January 2023 [360]. 

Compound 
PNEC 
(ng L-1) 

Type Taxonomic group Ref. 

4-Methylethcathinone 24,800 QSAR predicted Algae & plants [360] 

Acetamiprid 24 Experimentally determined Invertebrates [360] 

Amitriptyline 140 QSAR predicted Algae & plants [360] 

Amlodipine 230 Experimentally determined Algae & plants [360] 

Amphetamine 24,800 QSAR predicted Fish [360] 

Antipyrine 330 QSAR predicted Fish [360] 

Atorvastatin 8,500 Experimentally determined - [360] 

Atrazine 600 Experimentally determined - [360] 

Azithromycin 19 Experimentally determined Cyanobacteria [360] 

Azoxystrobin 200 Experimentally determined Invertebrates [360] 

Benzoylecgonine* 600 - Invertebrates [365] 

Bezafibrate 2300 Experimentally determined Invertebrates [360] 

Bisoprolol 92,000 Experimentally determined - [360] 

Bupropion 4,400 QSAR predicted Algae & plants [360] 

Buspirone 74 QSAR predicted Algae & plants [360] 

Carbamazepine 2,000 Experimentally determined Invertebrates [360] 

Carbamazepine-10, 11-epoxide 2,570 QSAR predicted Fish [360] 

Celecoxib 90 QSAR predicted Algae & plants [360] 

Citalopram 16,000 Experimentally determined Invertebrates [360] 

Clarithromycin 120 Experimentally determined Algae & plants [360] 

Clopidogrel 3,210 QSAR predicted Fish [360] 

Clozapine 180 Experimentally determined Fish [360] 

Cocaine 2,460 QSAR predicted Fish [360] 

Diazepam 290 Experimentally determined Fish [360] 

Diclofenac 50 - - [360] 

Diphenhydramine 990 Experimentally determined Invertebrates [360] 

Fluoxetine 100 Experimentally determined Fish [360] 

Hydrochlorothiazide 100,000 - - [360] 

Imidacloprid 13 Experimentally determined Invertebrates [360] 

Ketamine 5,710 QSAR predicted Invertebrates [360] 

Levamisole 1,810 QSAR predicted Algae & plants [360] 

Levocabastine 170 QSAR predicted Algae & plants [360] 

Lidocaine 4,670 QSAR predicted Algae & plants [360] 

Lincomycin 3,950 QSAR predicted Algae & plants [360] 

MDMA 30,100 QSAR predicted Algae & plants [360] 

Mefenamic acid 1,000 Experimentally determined Fish [360] 

Memantine 1,840 QSAR predicted Invertebrates [360] 

Metformin 160,000 Experimentally determined Fish [360] 

Methamphetamine 9,740 QSAR predicted Invertebrates [360] 
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Table 5.1. continued     

Compound 
PNEC 
(ng L-1) 

Type Taxonomic group Ref. 

Methylphenidate 11,600 QSAR predicted Fish [360] 

Metoprolol 8,600 Experimentally determined Algae & plants [360] 

Nadolol 7,210 QSAR predicted Algae & plants [360] 

Nicotine 5,450 Experimentally determined Fish [360] 

Nortriptyline 190 QSAR predicted Algae & plants [360] 

Orphenadrine 1,450 QSAR predicted Algae & plants [360] 

Oxazepam 370 QSAR predicted Fish [360] 

Oxycodone 8,040 QSAR predicted Algae & plants [360] 

Pirenzipine 170 QSAR predicted Algae & plants [360] 

Prometryn 500 - - [360] 

Propamocarb 1,000,000 Experimentally determined Invertebrates [360] 

Propranolol 410 Experimentally determined Fish [360] 

Propazine 180 Experimentally determined Cyanobacteria [360] 

Risperidone 380 QSAR predicted Algae & plants [360] 

Rizatriptan 400 QSAR predicted Algae & plants [360] 

Salbutamol 17,100 QSAR predicted Algae & plants [360] 

Salicylic acid 18,000 Experimentally determined Invertebrates [360] 

Simazine 1000 - - [360] 

Spiramycin 120 QSAR predicted Algae & plants [360] 

Sulfadimethoxine 1,210 QSAR predicted Algae & plants [360] 

Sulfamethazine 30,000 Experimentally determined Algae & plants [360] 

Sulfamethoxazole 600 Experimentally determined Cyanobacteria [360] 

Sulfamonomethoxine 1,870 QSAR predicted Algae & plants [360] 

Sulfapyridine 460 - - [360] 

Tamsulosin 350 QSAR predicted Algae & plants [360] 

Temazepam 71 Experimentally determined Fish [360] 

Terbutryn 65 Experimentally determined Algae & plants [360] 

Thiacloprid 10 Experimentally determined Invertebrates [360] 

Thiamethoxam 42 QSAR predicted Invertebrates [360] 

Timolol 1,880 QSAR predicted Algae & plants [360] 

Tramadol 8,650 QSAR predicted Algae & plants [360] 

Trimethoprim 120,000 Experimentally determined Algae & plants [360] 

Valsartan 560,000 Experimentally determined Invertebrates [360] 

Venlafaxine 880 - - [360] 

Verapamil 2,530 Experimentally determined Fish [360] 

Warfarin 12,000 Experimentally determined Fish [360] 

* Compounds for which the PNEC was calculated from EC50 values as per Eqn. 5.2. 
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Table 5.2. Values used to calculate the toxic and effect units in G. pulex as per Eqn. 5.4 and 5.5. 
References for values are indicated. 

Pesticide 
Toxic units  

EC50 (mg L-1) BCF EC50int 

Clothianidin 11.43 [371] 3 [372] 34,290 

Imidacloprid 0.021 [115] 9 [100] 185 

Oxamyl 0.42 [371] 6 [100] 2,520 

PPCPs 
Effect units 

logDpH 7.4
a HtPC (mg L-1) PCcrit (mg L-1) 

Amlodipine 1.91 - 7.0x10-3 [368] 

Antipyrine 0.72 - 14 [368] 

Benzatropine* 1.89 0.01 3.2x10-3  [373] 

Carbamazepine 2.28 - 0.35 [368] 

Citalopram 1.27 - 1.4x10-4 [368]  

Clarithromycin 2.37 - 7.3x10-3 [368] 

Clopidogrel* 4.21 0.001 6.4x10-6 [373] 

Clozapine 2.71 - 0.32 [368] 

Diclofenac 1.37 - 4.6x10-3  [368] 

Diphenhydramine 2.34 - 2.0x10-3 [368] 

Fluoxetine 1.75 - 4.9x10-4  [368] 

Ketoconazole 3.49 - 4.3x10-3  [368] 

Lidocaine 1.81 - 0.47 [368] 

Lincomycin* -0.44 1.5 24 [374] 

Nortriptyline 2.28 - 5.6e-5 [368] 

Propranolol 1.15 - 2.0e-3 [368] 

Risperidone 1.18 - 1.3e-4 [368] 

Sulfamethoxazole -0.55 - 98 [368] 

Sulfathiazole* 0.04 37.1 263 [375] 

Trimethoprim 1.00 - 3.3 [368] 

Venlafaxine 1.43 - 6.1x10-3 [368] 

Warfarin 0.31 - 0.19 [368] 
a Predicted from SMILES using Percepta PhysChem Profiler; * Compounds for which the PCcrit was 
calculated from logD and HTPC values as per Eqn. 5.6 and Eqn. 5.7. 
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Figure 5.2. Overview of the workflow for all environmental samples in this chapter. From site selection to assessment of risk.
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5.3.7. Species identification using phylogenetic analysis and morphological 

characteristics  

To confirm that the invertebrates present at the chosen sampling site were G. pulex, two different 

identification methods were undertaken. Firstly, a taxonomic key from the Freshwater Biological 

Association [376] was followed and the morphological structures were investigated with the 

assistance of a light microscope for three random individuals. 

[376]The second method used Cytochrome C Oxidase I (COI) DNA barcode sequencing with the 

help of Ms Chubin Zhang using a TRIzol RNA extraction based on the work of Chomczynski & 

Sacchi (1987) [377], a reverse transcription and polymerase chain reaction (PCR) amplification, 

followed by a Gene Wizard gel extraction (Wizard® SV Gel and PCR Clean-Up system, Promega, 

Southhampton, UK) and finally DNA sequencing. Three separate primers were designed using 

the Primer3Plus platform from data available from the National Centre for Biotechnology 

Information database (NCBI, National Library of Medicine [378]) and purchased from Integrated 

DNA Technologies UK, Ltd. (Leuven, Belgium). 

For this identification, three individuals were collected from the sampling site and transported 

back to the laboratory alive. The animals were individually homogenised with liquid nitrogen and 

transferred into a clean 1.5 mL capped microcentrifuge tube (ABGene, Portsmouth, NH, USA). 

For the RNA extraction, 500 μL of TRIzol reagent was added to each sample, briefly vortexed 

and then incubated at room temperature for five minutes for complete dissociation of the 

nucleoprotein’s complexes. After this time, sample lysis was performed with 200 μL of 

chloroform, vortexed for ten seconds, incubated at room temperature for an additional 12 minutes, 

and centrifuged for 15 min at 16,100 g at 4 C. The supernatant was transferred to a clean 

microcentrifuge tube and the RNA was precipitated by adding 500 μL of IPA, incubated for           

12 min, and centrifuged at 16,100 g for 10 minutes at 4 C. After discarding the supernatant, the 
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pellet was resuspended, washed with 1 mL of ethanol, briefly vortexed and centrifuged at            

16,100 g for 5 min at 4 C. After the wash, the supernatant was discarded, and the pellet was air 

dried. The RNA pellet was re-suspended in 50 μL RNase-free water (double filtered and 

autoclaved HLPC water) and the total extraction yield for each individual was determined using 

the Nano-drop (Nanodrop ND-1000, ThermoFisher).  

Reverse transcriptase polymerase chain reaction (PCR) was done as per the Promega protocol. 

The master mix consisted of 4 μL of M-MLV RT 5x buffer, 2 μL dNTPs (10 mM), 1 μL oligo dT 

(5ʹ - TTT TTT TTT TTT TTT TTT TTV N -3ʹ, 10 μM, Merck), and 1 μL M-MLV RT enzyme 

(200 units) per reaction with sufficient RNA to result in 1,000 ng of cDNA. The reaction was 

incubated at 42 °C for one hour and then the enzyme was inactivated at 72 °C for 10 min. The 

synthesised cDNA was used as a template to amplify a 170-bp fragment of the COI gene using 

Taq polymerase (Promega) in a final volume of 20 µL. The master mix consisted of the following 

constituents: 4 μL 5X Green GoTaq Flexi Buffer, 3 μL MgCl2 (25 mM),1 μL sense primer              

(10 pM), 1 μL antisense primer (10 pM, IDT), 0.5 μL PCR nucleotide mix (10 mM), 0.5 μL Taq 

Polymerase (5 units μL-1) and 10 μL nuclease-free water. Forward and reverse primers were diluted 

to 1:10 in a total volume of 100 μL with RNase-free water. Three separate master mixes were 

prepared for each primer pair to validate performance. The forward and reverse primers for each 

pair were as follows: 5ʹ-ACGTCATAGTCACCGCTCAC-3ʹ and                                                                     

5ʹ-CGTTCACCCTGTTCCTACCC-3ʹ for primer #1; 5ʹ-GGTAGGAACAGGGTGAACGG-3ʹ 

and 5ʹ-AGTATTGTGATAGCCCCGGC-3ʹ for primer #2; and                                                                      

5ʹ-CTTGGGCTAGTGTTGTTGGC-3ʹ and 5ʹ-GGGTGGGTATACCGTTCACC-3ʹ for primer 

#3. All amplifications were carried out with a negative control containing all reagents less the 

cDNA. Initial amplification was performed using the following conditions, Taq Polymerase 

activation at 94 °C for 5 min, 35 cycles of DNA double-strand denaturation at 94 °C for 30 s, 
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primer annealing at 60 °C for 30 s, and extension at 72 °C for 30 s. Due to the occurrence of non-

specific binding, the primer annealing step was performed at 62 °C for all subsequent amplification 

steps. Amplification products were confirmed by electrophoresis using a 1.5 % (w/v) agarose gel 

containing 0.016 % ethidium bromide, run time was 25 min at 110 V in TAE buffer. Samples were 

run in triplicate alongside the negative controls, a 1000-bp and 100-bp standard ladder (Promega).  

Amplification products were purified using the Wizard® SV Gel and PCR Clean-Up System 

(Promega) prior to Sanger sequencing by GENEWIZ (Bishop's Stortford, UK). For the final 

amplification, the total volume was increased to 25 μL to increase the yield of primer-bound 

sequences. Under UV light, the corresponding DNA bands were carefully cut from the gel and 

transferred to a microcentrifuge tube. The membrane binding solution (10 μL for every 10 mg of 

gel) was added and incubated at 60 °C with frequent vortexing until the gel had completely 

dissolved. The solution was transferred to an SV Minicolumn (GENEWIZ) and incubated for 1 

min to ensure maximum adherence of the DNA to the column before centrifugation at 16,100 g 

for 1 min. The flow-through was discarded and the DNA was rinsed with 700 μL of membrane 

wash solution (prepared as per manufactures guidelines) using the same centrifuge conditions as 

before. The column was washed for a second time with 500 μL of solution and centrifuged at 

16,100 g for 5 min. The DNA was eluted into a nuclease-free 1.5 mL microcentrifuge tube with 

50 μL of nuclease-free water after a 1 min incubation at room temperature.  

The sequence reads were imputed into MegaX [379,380] and compared to published COI 

sequences of four freshwater Gammarid species known to exist in the UK (G. pulex, G. duebeni,        

G. lacustris, and G. fossarum) and Asellus aquaticus an evolutionary more distant water louse (National 

Centre for Biotechnology Information (NCBI) GenBank, [381]). All sequences were trimmed to 

the same size before phylogenetic tree analysis using the MegaX software and maximum likelihood 

estimation was used to build the phylogenetic tree.
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5.4. Results & discussion 

5.4.1. Site selection 

Water samples from 19 sites along the River Wandle were analysed for CEC concentrations to 

identify the major source of chemical pollution in this river. A total of 48 unique compounds were 

detected across all water samples, six of which (atrazine, simazine, sulfamethoxazole, terbutryn, 

trimethoprim, and venlafaxine) are or have been listed on the European WFD Watch Lists or as 

Priority Hazardous Substances [16,17]. The detection of another six compounds (bezafibrate, 

carbamazepine, metoprolol, propranolol, temazepam, and trimethoprim) was relatively consistent 

with previous studies monitoring the River Wandle [101].  

Compounds above the LLOQ (n = 32, Table A1.11) were categorised into PPCPs, pesticides, 

controlled drugs and drug metabolites, similar to Section 2.4.2 of Chapter 2. The discharge point 

of the Beddington Water Treatment Works was identified at site F (51.387923, - 0.165262) due to 

the marked increase in the number of contaminants found, the summed concentrations across all 

compounds and the variety of contaminant classes (Figure 5.3). Anecdotally, when walking 

downstream past site F there was a distinct foul change in the smell of the river upstream and 

downstream of the sampling location. A water sample taken from the channel at Mill Green          

(site MG, 51.387682, -0.160118) which appears to flow from the Beddington STW into the River 

Wandle, contained similar levels of contaminants to those observed at Site F (Figure 5.4). Upriver 

of site F, only 19 compounds were detected across the 13 sites with an average concentration of 

23 ± 10 ng L-1 (median = 19 ng L-1). While downstream, 47 compounds were detected at six 

locations, with an average concentration of 70 ± 80 ng L-1 (median = 35 ng L-1). Controlled drugs 

including amphetamine, MDMA, and ketamine were exclusively quantified at all downstream sites 

alongside the human drug metabolites benzoylecgonine and carbamazepine-10,11-epoxide. 
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Furthermore, 14 of the 26 compounds quantifiable at all downstream sites have been previously 

reported in the effluent of other London treatment works, including those that were identified by 

Munro et al. (2019) as markers of wastewater overflows (Table A1.11) [24].  

 

Figure 5.3. Total CEC concentrations at all 19 River Wandle sampling sites in April 2021 measured using 
direct-injection LC-MS/MS of grab samples, positive error bars represent the standard error of the 
standard deviation across all CEC concentrations at that site. Sites are in descending order moving 

upstream from A to S towards the source. Sites A and K are marked with an * and represent the locations 
chosen for 3D-PSD deployment. Insert pie charts represent the mean concentrations (ng L−1) of 
compound classes detected at selected sites (A, F, G, K, and S), with standard deviation in grey. 

Concentric rings represent concentrations on a log scale. The number of compounds within each class is 
also indicated. Individual concentrations in ng L−1 for all CECs detected at each site are given in         

Table A1.11 Reproduced from Richardson et al. (2022) with permission from Elsevier [305]. 
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Figure 5.4. (a) Map of the Mill Green (MG) sampling site in relation to sampling site F and the Beddington Water Treatment Works. (b) Bar chart comparing the 
concentrations found at site F (black bars) and the MG site (grey bars). Error bars represent standard deviation. Insert pictures copyright A. Richardson 2021. Map 

data is copyrighted by OpenStreetMap contributors and available from https://www.openstreetmap.org [252]. 

https://www.openstreetmap.org/
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5.4.2. Initial 3D-PSD field deployment 

Based on the results above, two sites were selected for the deployment of the 3D-PSDs in a 

comparative study. Site A (Ravensbury Park) was selected as the pollution-impacted site and site 

K (Beddington Park) acted as the background site as it is located upstream of the impact site, but 

also had easy and safe access, and only 11 compounds were detected at the site in the above study, 

three of which were quantifiable. All 3D-PSDs were retrieved from site A, but only three could be 

collected from Site K as two devices were missing. The device collection was undertaken by two 

colleagues, highlighting a shortcoming of the miniaturised 3D-PSD in fieldwork, because of the 

small size insufficient documentation of deployment locations for third-party retrieval could lead 

to device loss. Particularly when those retrieving the devices were not the ones who undertook or 

observed the deployment. Analysis of water samples collected at sampler deployment and retrieval 

revealed 42 compounds across both sites and 32 were quantifiable (Table 5.3). 

A total of 80 compounds were detected in the passive sampler extracts across both sites, with 56 

compounds in common. For compounds that were also detected in the extracts of the field blank 

and extraction blanks, the peak intensities were compared to those found in the extracts from the 

deployed 3D-PSDs. Where the peak intensities in the field or extraction blanks were greater than 

10 % of the deployed 3D-PSD replicates the compound was excluded as contamination could not 

be ruled out. At site A and site K, there were 38 and 32 compounds detected on sampler for which 

there were no measured concentrations in water, respectively. Demonstrating the increased 

sensitivity of the miniaturised sorbent disk over grab sampling at environmentally relevant 

concentrations. Conversely, two compounds (cyromazine and disulfoton sulfone) were present in 

the water samples and not in the 3D-PSD extracts from either site.  
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Table 5.3. The mean concentration of contaminants detected at site A and site K in extracts from the 3D-PSD and water samples collected at the deployment and retrieval 
of the samplers. Data are reported along with the standard deviation in parenthesis. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 

Compound 
Rs 

(mL d-1) 

 Site A  Site K 

 [CEC] on 3D-
PSDa  

(ng disk-1) 

[CEC] in river water 
(ng L-1) 

TWA [CEC] 
in river water 

(ng L-1) 

 [CEC] on 3D-
PSDa  

(ng disk-1) 

[CEC] in river water 
(ng L-1) 

TWA [CEC] 
in river water 

(ng L-1)  04 Jun 2021b 11 Jun 2021a  04 Jun 2021b 11 Jun 2021a 

Acetamiprid -c  1.4 (1.0) 119 (7) 133 (10) -  0.012 (0.01) - - - 
Amiodarone -  D - - -  D - - - 
Amitriptyline -  D 34 (4) 39 (3) -  D <LLOQ <LLOQ - 
Amlodipine -c  0.83 (0.3) - - -  - - - - 
Antipyrine -c  0.10 (0.01) - - -  - - - - 
Atrazine -  D 17 (0) 15 (1) -  D 18 (1) 21 (1) - 
Azithromycin -  D 89 (40) 71 (30) -  D - - - 
Azoxystrobin 10.2  0.19 (0.02) - - 3 (<0.1)  0.029 (0.02) - - 0.4 (<0.1) 
Benzatropine 3.2  D - - -d  D - - -d 

Benzoylecgonine 8.5  D 14 (1) 6 (1) -d  D 31 (1) 8 (1) -d 
Bezafibrate -c  0.74 (0.05) - - -  0.084 (0.03) - - - 
Bisoprolol 3.7  1.4 (0.2) 31 (3) 35 (2) 54 (9)  0.038 (0.02) <LLOQ <LLOQ 1 (1) 
Carbamazepine 12.3  D 333 (20) 342 (50) -d  D <LLOQ <LLOQ -d 
Carbamazepine-10,11-epoxide 4.2  3.4 (0.3) 57 (5) 75 (6) 117 (9)  0.20 (0.06) - - 7 (2) 
Celecoxib -c  0.17 (0.06) - - -  - - - - 
Citalopram 1.6  D 219 (7) 275 (20) -d  D - - -d 
Clarithromycin -  D 81 (40) 101 (40) -  D - - - 
Clodinafop-propargyl -c  0.58 (0.2) - - -  <LLOQ - - - 
Clopidogrel -c  1.5 (0.2) 26 (3) 28 (2) -  0.042 (0.02) - - - 

Clothianidin -  <LLOQ - - -  - - - - 
Clozapine -  D 17 (4) 19 (3) -  D <LLOQ <LLOQ - 
Cocaine -c  0.40 (0.06) 5 (1) 3 (1) -  0.80 (0.2) 33 (2) <LLOQ - 
Cyromazine -  - 18 (2) 20 (5) -  - <LLOQ <LLOQ - 
Diazepam -c  0.065 (0.01) - - -  - - - - 
Diclofenac -  >10 ng disk-1 339 (3) 307 (40) -  <LLOQ - - - 
Diphenhydramine -c  2.0 (0.5) 48 (5) 48 (4) -  - - - - 
Disulfoton sulfone -  - D D -  - D D - 
Fenuron -  <LLOQ D D -  <LLOQ D D - 
Fluoxetine -c  1.5 (0.2) 14 (4) 15 (4) -  - - - - 
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Table 5.3. continued      

Compound 
Rs 

(mL d-1) 

 Site A  Site K 

 [CEC] on 3D-
PSDa  

(ng disk-1) 

[CEC] in river water 
(ng L-1) 

TWA [CEC] 
in river water 

(ng L-1) 

 [CEC] on 3D-
PSDa  

(ng disk-1) 

[CEC] in river water 
(ng L-1) 

TWA [CEC] 
in river water 

(ng L-1)  04 Jun 2021b 11 Jun 2021a  04 Jun 2021b 11 Jun 2021a 

Flutamide -c  0.016 (0.009) - - -  <LLOQ - - - 
Hydrochlorothiazide -c  0.80 (0.05) - - -  - - - - 
Imidacloprid -  D 91 (10) 75 (20) -  D - - - 
Ketamine 2.7  D 47 (4) 56 (5) -d  D - - -d 
Levamisole -c  1.5 (0.3) - - -  - - - - 
Lidocaine 0.8  2.7 (0.5) 93 (1) 107 (10) 510 (100)  0.072 (0.04) <LLOQ - 14 (8) 
Lincomycin -c  0.078 (0.02) - - -  - - - - 
MDMA 3.3  D <LLOQ <LLOQ -d  D - - -d 
Mefenamic acid -  D - - -  D - - - 
Memantine 6  1.1 (0.2) 22 (1) 24 (3) 26 (5)  - - - - 
Mephedrone -  D - - -  D - - - 
Mephosfolan 6.7  0.002 - - <0.1 (<0.1)  - - - - 

Metformin -  D - - -  - - - - 
Methamphetamine 1.4  D 18 (0.1) 24 (3) -d  D - - -d 
Methcathinone -  D - - -  D - - - 
Methylphenidate -c  0.057 (0.01) - - -  - - - - 
Metoprolol 4.1  0.15 (0.02) <LLOQ <LLOQ 5 (1)  - <LLOQ <LLOQ -d 
Nadolol -  <LLOQ - - -  - - - - 
Nicotine -  D 109 (3) 22 (2) -  D 1447 (19) <LLOQ - 
Nordiazepam -c  0.18 (0.03) - - -  - - - - 
Nortriptyline -  D <LLOQ <LLOQ -  D <LLOQ <LLOQ - 
Orphenadrine -  <LLOQ - - -  <LLOQ - - - 

Oxazepam -c  0.43 (0.08) - - -  - - - - 
Picoxystrobin -  <LLOQ - - -  - - - - 
Piperophos -  D - - -  D - - - 
Pirenzipine 1  0.31 (0.05) 12 (3) 12 (3) 45 (7)  - - - - 
Prometon -  <LLOQ - - -  - - - - 
Propamocarb 0.3  - - - -  <LLOQ - - -d 
Propazine -  <LLOQ - - -  0.13 (0.05) - - - 
Propranolol -c  3.7 (0.4) D D -  0.090 (0.02) - - - 
Pyraclostrobin -  <LLOQ - - -  - - - - 
Pyridaben -  D - - -  D - - - 
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Table 5.3. continued      

Compound 
Rs 

(mL d-1) 

 Site A  Site K 

 [CEC] on 3D-
PSDa  

(ng disk-1) 

[CEC] in river water 
(ng L-1) 

TWA [CEC] 
in river water 

(ng L-1) 

 [CEC] on 3D-
PSDa  

(ng disk-1) 

[CEC] in river water 
(ng L-1) 

TWA [CEC] 
in river water 

(ng L-1)  04 Jun 2021b 11 Jun 2021a  04 Jun 2021b 11 Jun 2021a 

Risperidone -  D - - -  D - - - 
Roxithromycin -  D - - -  D - - - 
Salbutamol 4.8  0.28 (0.03) 13 (1) 13 (1) 8 (1)  - - - - 
Salicylic acid -  D 202 (40) 220 (70) -  D 742 (6) 250 (100) - 
Sertraline -  D D D -  D D D - 
Simazine -  D 11 (3) - -  D - 12 (1) - 
Spiramycin -  D - - -  D - - - 
Sulfamethoxazole -c  2.4 (0.2) 14 (1) 28 (10) -  0.083 (0.03) - - - 
Sulfapyridine 6  8.9 (0.7) 122 (4) 193 (20) 210 (20)  0.37 (0.1) - - 9 (3) 
Tamsulosin 8.1  0.086 (0.01) - - 2 (<0.1)  - - - - 
Temazepam 8.2  1.1 (0.1) 26 (3) 27 (4) 20 (2)  - - - - 
Terbutryn 6.1  D 10 (1) 10 (1) -d  D <LLOQ <LLOQ -d 

Terfenadine -  D - - -  D - - - 
Thiacloprid -c  0.029 (0.01) - - -  0.017 (0.01) - - - 
Thiamethoxam -c  0.034 (0.01) - - -  - - - - 
Timolol -c  0.050 (0.01) - - -  - - - - 
Tramadol 1.9  D 261 (6) 293 (20) -d  D 14 (1) 12 (1) -d 
Trimethoprim 6.3  5.8 (1.0) 146 (10) 164 (20) 131 (20)  0.15 (0.07) <LLOQ <LLOQ 4 (2) 
Valsartan -  D - - -  D - - - 
Venlafaxine 1.5  8.1 (0.3) 348 (4) 221 (10) 724 (30)  0.30 (0.07) <LLOQ <LLOQ 27.3 (6) 
Verapamil 3.7  <LLOQ <LLOQ <LLOQ -d  - <LLOQ <LLOQ -d 
Warfarin -c  0.14 (0.01) - - -  0.054 (0.02) - - - 
a n = 6; b n = 3; > 10 ng disk-1: Concentration greater than the upper limit of the quantification range; <LLOQ: concentration was below the LLOQ of the method; D: detected, but 
was not quantifiable (R2<0.98); –: not detected; c: no Rs values; d: TWA water concentration could not be calculated due to missing passive sampler data 
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Cyromazine and disulfoton sulfone were not detectable in the recovery study of CECs from the 

HLB disk using MeOH (detailed in Section 3.4.2 of Chapter 3) and cyromazine exhibited a degree 

of sorption to the 3D-PSD housing (Figure A1.1). Despite this and the shorter deployment period, 

the miniaturised sorbent used in the 3D-PSD is functionally the same as a typical passive sampler 

device in the field where it accumulates compounds from the water column similar to the 

Chemcatchers® used in Chapter 2.  

The TWA water concentrations using the 3D-PSD data could only be calculated for 10 

compounds only present at site A for which there were both Rs values and quantifiable amounts 

of CEC in extracts (Table 5.4). While it is difficult to assess the accuracy of TWA water 

concentrations obtained from a passive sampler with infrequent grab sampling, it at least provides 

a general baseline from which comparisons can be made. That being said, the environmental 

concentrations observed in the water grab samples and those calculated from the 3D-PSD were 

similar, with eight compounds (bisoprolol, carbamazepine-10,11-epoxide, memantine, 

pirenzepine, salbutamol, sulfapyridine, temazepam, and trimethoprim) in agreement within             

23 ± 20 ng L-1. For the remaining two compounds (lidocaine and venlafaxine), higher TWA water 

concentrations were determined from the 3D-PSD data compared to the water spot samples 

(Table 5.4). Both compounds are widely prescribed in the UK and are poorly removed by activated 

sludge treatments (lidocaine: 14 – 35 % and venlafaxine: 37 – 56 %) [382,383]. There are a few 

possible explanations for the discrepancy between the two methods. Firstly, during the deployment 

period, the area received 10.8 mm of rain [384] but the water grab samples were only collected at 

deployment and retrieval during dry weather. This means that any sewer overflow events may have 

increased the loadings of lidocaine and venlafaxine in the river. In 2021, the Beddington treatment 

works discharged sewage into the River Wandle for a total of 101.5 h over 18 spill events [27]. 

Unfortunately, data on the exact timings of the spill events are not available to the public so no 
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conclusions between the overflow events and CEC loadings on the 3D-PSD can be drawn. On a 

uniform balance of odds, based on the reported data, there was a 1.2 % chance of a spill happening 

per week in 2021. The other explanation is that the conditions under which the Rs value was 

calculated in Section 4.4.1 of Chapter 4 were not representative of the environmental conditions 

in the River Wandle, which would have affected the uptake rate as Rs is known to be affected by 

water turbulence and temperature [192,318].  

Five compounds, bisoprolol, carbamazepine-10,11-epoxide, memantine, salbutamol, and 

trimethoprim were deemed to have insignificant RQs (< 0.1) for both grab sample collections and 

the 3D-PSD derived TWA water concentrations (Table 5.4). Two compounds, lidocaine and 

pirenzepine had insignificant RQs in the water samples but low risk on the TWA water 

concentration calculated from the 3D-PSD data. The higher RQs on the 3D-PSD is due to the 

higher TWA water concentrations used to calculate these values. For the remaining three 

compounds (sulfapyridine, temazepam, and venlafaxine), RQs between 0.1 and 1.0 (low to medium 

risk ) were observed in all water and 3D-PSD samples. Of the three, temazepam has the lowest 

PNEC value (71 ng L-1) and was also present in relatively low concentrations across all samples 

(less than 30 ng L-1, Table 5.4). In fish, temazepam has been shown to increase boldness and started 

migrating earlier, though exposure levels of both studies were at least double the concentrations 

determined here [385,386]. Both sulfapyridine and venlafaxine have higher PNEC values             

(460 ng L-1 and 880 ng L-1, respectively) but were also present in samples at higher concentrations, 

resulting in a low RQ outcome. 
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Table 5.4. Mean concentrations and risk quotients of contaminants detected at site A in extracts from the 3D-PSD and water samples collected at the deployment and 
retrieval of the samplers. Data are reported along with the standard deviation in parenthesis. PNEC values are accurate to the NORMAN network database as of the 3rd 
of January 2023 [360]. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 

Compound 
Rs  

(mL d-1) 
PNEC  
(ng L-1) 

 
[CEC] on 
3D-PSDa  
(ng disk-1) 

TWA [CEC] 
in river water 

(ng L-1) † 

 [CEC] in river water  
(ng L-1) 

 Risk quotients 

  04 Junb 11 Juna  3D-PSD TWA 04 Jun  11 Jun 

Bisoprolol 3.7 92000  1.4 (0.2) 54 (9)  31 (3) 35 (2)  0.001 (< 0.01) 0.001 (< 0.01) 0.001 (< 0.01) 
Carbamazepine-10,11-epoxide 4.2 2570  3.4 (0.3) 117 (9)  57 (5) 75 (6)  0.05 (< 0.01) 0.02 (< 0.01) 0.03 (< 0.01) 
Lidocaine 0.8 4670  2.7 (0.5) 510 (100)  93 (1) 107 (10)  0.1 (0.02) 0.02 (< 0.01) 0.02 (< 0.01) 
Memantine 6.0 1840  1.1 (0.2) 26 (5)  22 (1) 24 (3)  0.01 (< 0.01) 0.01 (< 0.01) 0.01 (< 0.01) 
Pirenzepine 1.0 170  0.31 (0.1) 45 (7)  12 (3) 12 (3)  0.3 (0.04) 0.07 (0.02) 0.07 (0.02) 
Salbutamol 4.8 17100  0.28 (0.1) 8 (1)  13 (1) 13 (1)  < 0.001 (< 0.01) 0.001 (< 0.01) < 0.001 (< 0.01) 
Sulfapyridine 6.0 460  8.9 (0.7) 210 (20)  122 (4) 193 (20)  0.5 (0.04) 0.3 (0.01) 0.4 (0.04) 
Temazepam 8.2 71  1.1 (0.1) 20 (2)  26 (3) 27 (4)  0.3 (0.03) 0.4 (0.04) 0.4 (0.05) 
Trimethoprim 6.3 120000  5.8 (1.0) 131 (20)  146 (10) 164 (20)  0.001 (< 0.01) 0.001 (< 0.01) 0.001 (< 0.01) 
Venlafaxine 1.6 880  8.1 (0.3) 725 (30)  348 (4) 221 (10)  0.8 (0.03) 0.4 (< 0.01) 0.3 (0.01) 
a n = 6; b n = 3; † TWA standard deviation was determined from n = 6 3D-PSD replicates using the mean Rs value. 
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Recently the verified PNEC values on the NORMAN network have been updated (late 2022), 

which has decreased the risk (i.e. larger PNEC values) for bisoprolol (32,100 ng L-1 to                    

92,000 ng L-1), trimethoprim (160 ng L-1 to 120,000 ng L-1), and venlafaxine (38 ng L-1 to                     

880 ng L-1) and increased the risk posed by sulfapyridine as the PNEC value decreased                

(1,830 ng L-1 to 460 ng L-1) since the original publication of this study in mid-2022. The changes 

have significantly affected the risk posed by venlafaxine, which originally posed a high risk using 

the data from the 3D-PSD (RQ = 19.1) and is now considered low risk (RQ < 1.0). This is unusual, 

given that venlafaxine has recently been added to the 3rd iteration of the European WFD ‘Watch 

List’. 

5.4.3. Six-month field study in the River Wandle  

Through the methods described in Section 5.3.6, the Gammarid invertebrate collected at the 

Ravensbury Park site was confidently identified as G. pulex using the morphological features 

following a taxonomic key and DNA phylogenetic analysis. Morphologically, the species was 

identified to the Gammaridae family because of the similar size of the two antennae, there were 

spines along the urosome, the telson was divided to its base and the endopod was more than          

40 % the length of the exopod (Figure 5.5 (a)). Further examination identified the species as either 

G. pulex or G. lacustris based on the lack of distinctive body marking, the oval-shaped eye and the 

distance from the eye to the back of the head was larger than the length of the eye. Through DNA 

analysis, the species was confirmed to be most similar to G. pulex (Figure 5.5 (b)). The phylogenetic 

tree indicates three main lineages from the root with the three sampled individuals                         

(AKR G1 – G3) sharing a recent common ancestor with the three published COI G. pulex 

sequences, indicating that the sampled individuals are closely related to G. pulex and are likely the 

same species. 
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Following on from the findings of the initial field deployment and confirmation that a Gammarid 

invertebrate species was present at the study site. A temporal field study where the deployment 

and retrieval of the 3D-PSD were co-aligned with invertebrate collections for six months was 

carried out. The goal of this work was to collate a dataset of CEC occurrence in the 3D-PSD and 

the Gammarid invertebrates which can be used for machine learning mapping/modelling, which 

will be explored in more in Chapter 6.  

 
Figure 5.5. (a) Morphological features that identified the invertebrate as either G. pulex or G. lacustris. (b) 
Maximum likelihood estimation phylogenetic tree generated from the DNA sequencing indicating that 

the sampled individuals share a common ancestor with G. pulex. Samples AKR G1-3 are individuals from 
the study site. Elements of the figure were created in BioRender.com. 
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5.4.3.1. Six months of CEC occurrence on the 3D-PSD 

For the LC-MS/MS analysis of these samples, an additional filtration step needed to be added to 

the 3D-PSD extraction procedure because particulates, potentially sorbent beads that came loose 

from the punched 9 mm disk, were blocking the injector port (i.d. 0.11 mm) of the LC-MS/MS 

system. For this reason, it was not possible to analyse the 3D-PSD extracts from the cation phase 

sampled in July. The addition of the PTFE filtration step did not significantly affect the recoveries 

of compounds from a spiked disk at a mid-range concentration (0.1 ng disk-1,                                      

mean = 112 ± 40 %, median = 102 %, Table A1.12) using a Student’s t-test comparing peak areas 

between filtered and unfiltered spiked disks (p > 0.05). Previous recovery assessments using these 

filters in river water noted that the recovery of macrolide antibiotics, including clarithromycin, 

josamycin, and roxithromycin was very low, between 0 % to 38 % [34]. Here, the recoveries did 

not appear to be affected by the filtration step, potentially due to the use of MeOH, which likely 

would have eluted the compounds as they absorb onto the PTFE membrane or housing. 

Unfortunately, the 2 mL syringes used for filtration appeared to leach the compound fenuron into 

both the MeOH extracts and ultrapure water, therefore fenuron was removed from all future 

analyses. 

Across the entire six-month study, 103 unique compounds were detected on the 3D-PSD across 

the three sorbent phases. Of these, 80 were quantifiable in at least one extract throughout the 

study, with 39 common to all sorbents. There were 5, 13, and 5 compounds that were unique to 

the HLB, anion, and cation phases, respectively. Thus, increasing the chemical space sampled by 

the 3D-PSD with the addition of the anion and cation phases by 22 compounds compared to just 

deploying the HLB phase alone. No significant contamination was noted on any of the field or 

extraction blanks across the entire study aside from a few instances where the contaminating 

compounds were removed from that month’s analysis. Concentrations ranged from                        
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0.004 ng disk-1 (mephedrone, HLB phase in December 2021, Figure 5.6 and Table A1.13) to             

6.7 ng disk-1 (imidacloprid, HLB phase in September 2021, Figure 5.6 and Table A1.13) across all 

sorbents. With the highest concentrations, on average across all compounds for the entire study, 

typically observed on the cation phase (mean = 0.82 ± 1.0 ng disk-1, median = 0.32 ng disk-1). 

Although, interestingly, the anion phase accumulated the most compounds across the whole study 

with a total of 63 compounds quantified on sampler (50 shared with either the HLB and cation 

phase and 13 compounds unique to the anion phase), despite that a majority of compounds would 

be ionised in the 1+ charge state at the pH of the River Wandle.  

A small difference (0.09 ± 0.08 ng disk-1) in the mass accumulated was observed between the 

sorbent disks multiplexed within the same housing and the devices that contained only one type 

of sorbent chemistry across the study for all sorbents. Indicating that multiplexing different 

sorbents within the same 3D-PSD does not significantly affect their response compared to devices 

containing the same sorbent. In comparison to the water values across the whole study, there were 

39 compounds in common between the different matrices and four (carbamazepine, diclofenac, 

mefenamic acid and salicylic acid) that were not quantifiable on any of the 3D-PSD phases. All 

these compounds were detected on at least one 3D-PSD sorbent phase but were unable to be 

quantified due to poor linearity of the calibration line (R2 < 0.98), possibly due to matrix effects as 

clear peaks are observed in corresponding unspiked samples. The highest average mass on 

samplers was noted in November, October, and November for the HLB, anion, and cation phases, 

respectively. 
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Figure 5.6. Mass of contaminant on disk on the HLB phase across the whole 6-month study, refer to Table A1.13 for individual measurements. Data for each 
month are indicated by the coloured dots. 
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On the HLB phase, three compounds (benzoylecgonine, tamsulosin, and timolol) were 

quantifiable in 3D-PSD extracts from every month over the range of 0.03 ng disk-1 (timolol, 

December 2021) to 0.74 ng disk-1 (benzoylecgonine, July 2021), Figure 5.6. Benzoylecgonine is 

present in all water samples taken during the deployment period, though concentrations often fall 

below the LLOQ (Table A1.14). Timolol was not detectable in any water samples, and tamsulosin 

was only detectable in the October samples. This further demonstrates the advantages of passive 

sampling, even on a miniaturised scale such as this, to preconcentrate compounds present at very 

low concentrations. The highest concentration for any single compound for all deployed sorbents 

within a single month was 6.7 ± 0.1 ng disk-1 (median = 6.7 ng disk-1) for imidacloprid in September 

on the HLB sorbent disks, Figure 5.6 and Table A1.13. Similar to benzoylecgonine, imidacloprid 

was quantifiable in all water samples taken during the deployment period for each month          

(mean = 66 ± 20 ng L-1, median = 64 ng L-1), with an increased concentration observed in 

September (89 ± 20 ng L-1) corresponding with the increased mass on the 3D-PSD compared to 

other months. Overall, there were 59 compounds quantifiable on the HLB phase with the highest 

cumulative CEC concentrations found in November (51 ng disk-1) for 46 compounds and August 

had the lowest sum CECs (4 ng disk-1) with only 14 compounds quantified on sampler. In reference 

to compounds on the EU watchlist and those identified as a moderate to high risk in Section 5.4.2, 

five compounds (atrazine, simazine, sulfamethoxazole, terbutryn, and trimethoprim) were present 

over a range of 3.5 ng disk-1 to 0.2 ng disk-1, Figure 5.6 and Table A1.13. 

Of the 64 compounds quantifiable in the anion phase across all months, 19 (amitriptyline, atrazine, 

bisoprolol, cocaine, diphenhydramine, fluoxetine, levamisole, MDMA, memantine, 

methamphetamine, metoprolol, nordiazepam, nortriptyline, oxazepam, tamsulosin, temazepam, 

terbutryn, timolol, and verapamil) were present in all 3D-PSDs deployed over the range of                     

0.04 ng disk-1 (tamsulosin, July 2021) to 2 ng disk-1 (temazepam, October 2021), Figure 5.7 and 
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Table A1.15. Except for nordiazepam, all the above compounds were detected at least once in the 

water data with amitriptyline, atrazine, bisoprolol, diphenhydramine, MDMA, memantine, 

methamphetamine, metoprolol, temazepam, and terbutryn detected in every water sample. Of 

these compounds, only bisoprolol, diphenhydramine, MDMA, memantine, and temazepam were 

quantifiable in all water samples over the range of 13 ng L-1 (bisoprolol, August 2021) to                    

61 ng L-1 (diphenhydramine, November 2021, Table A1.14). The most concentrated compound, 

across all months, was acetamiprid with an average concentration of 4.8 ± 0.8 ng disk-1               

(median = 4.6 ng disk-1) across the three replicate 9 mm sorbent disks in October 2021(Figure 5.7 

and Table A1.15). In the water phase, acetamiprid is quantifiable in all water samples taken during     

3D-PSD deployment with an overall average concentration of 86 ± 20 ng L-1                                 

(median = 82 ng L-1). Interestingly, the highest concentrations of acetamiprid did not occur during 

October (71 ± 10 ng L-1) but during August and September, Table A1.14. The month of October 

did have the highest rainfall (47 mm) during the deployment period, so the dilution factor would 

be higher resulting in a lower overall water concentration [384]. The highest summed CEC 

concentration on the anion sorbent was found in September for 43 compounds (35 ng disk-1) and 

the lowest in November for 37 compounds (15 ng disk-1). Six compounds (atrazine, simazine, 

sulfamethoxazole, terbutryn, trimethoprim, and venlafaxine) present in the sampler extracts are on 

the EU watchlist over the range of 0.19 ng disk-1 to 4.6 ng disk-1 (Figure 5.7 and Table A1.15). 

For the cation phase, 61 compounds were detected on the 9 mm sorbents across the study, with 

55 able to be quantified at least once. Eleven compounds (cocaine, lincomycin, metoprolol, 

nordiazepam, oxycodone, pirenzepine, salbutamol, timolol, valsartan, verapamil, and warfarin) 

were present in the extracts from both the multiplexed and 3D-PSD devices containing only the 

cation sorbent over the range of 0.02 ng disk-1 (thiacloprid, September 2021) to 6.3 ng disk-1 

(imidacloprid, November 2021), Figure 5.8 and Table A1.16. 
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Figure 5.7. Mass of contaminant on disk on the anion phase across the whole 6-month study, refer to Table A1.15 for individual measurements. Data for each 
month are indicated by the coloured dots. 
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Figure 5.8. Mass of contaminant on disk on the cation phase across the whole 6-month study, refer to Table A1.16 for individual measurements. Data for each 
month are indicated by the coloured dots. 
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Four of the compounds were not detected at all in the water phase (lincomycin, nordiazepam, 

oxycodone, and valsartan, Table A1.14) and only two compounds, metoprolol and salbutamol, 

were detected in every water sample for which there is corresponding cation data (August 2021 to 

December 2021). None of the compounds were quantifiable at every timepoint in the water phase, 

as concentrations were below LLOQ, Table A1.14. Similar to the HLB phase, imidacloprid was 

the most concentrated compound, on average, in the cation phase (5.6 ± 0.7 ng disk-1,                       

median = 5.6 ng disk-1, Figure 5.8 and Table A1.16). As noted above, the highest concentration 

of imidacloprid in the water phase was observed in September, while the concentration in 

November was 67 ± 5 ng L-1. In September, the amount of imidacloprid sequestered onto the 

cation phase was 2.9 ± 0.7 ng disk-1 (median = 2.8 ng disk-1). It is unclear why there is a discrepancy 

between the amounts sequestered on the HLB and cation disks when exposed to the same 

environmental concentrations. Particularly as 97 % of the imidacloprid molecules will have an 

overall charge of 1- at the pH of the River Wandle. November 2021 also had the highest total 

CEC concentrations, 59 ng disk-1 for 41 compounds and the lowest total compounds were 

determined for both September and August with 12 ng disk-1 for 22 and 25 compounds, 

respectively.  

Based on the odds of a spill event occurring per week in 2021 calculated in Section 5.4.2, there 

was a 7.0 % chance that a spill occurred during one of the study’s deployments. Further, the 

amount of rainfall that occurred during each month possibly increased the chance of a spill event 

[24]. A total of 315 mm of rain fell into the Wandle catchment area throughout the study, 101 mm 

of which fell during the deployment period of the 3D-PSD [384]. In this period, the highest rainfall 

was recorded for October (132 mm of rain over the month, 47 mm of which occurred during the 

3D-PSD deployment). From the water data collected during the deployment period of the            

3D-PSD, there appears to be an increase in September for compounds that are known to be 
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markers of a combined sewer overflow discharge event, Figure 5.9 [24]. However, when compared 

to the 3D-PSD data across the different sorbents there appears to be increased loadings in 

November for the HLB and cation phase and in October for the anion phase of these compounds 

(Figure 5.9). It is possible that a sewage discharge event occurred during November that was 

missed by the snapshot nature of grab sampling and was captured by the HLB and cation passive 

samplers. This increased loadings in November is not reflected in the anion phase, possibly due 

to the interference of abiotic conditions which can affect uptake onto a passive sampler [192,318]. 

There also does not appear to be a trend between the total amount of medication prescribed in 

the Beddington Water Treatment Works catchment area per month and the cumulative 

concentrations of compounds (for which there is prescription data) quantified across the three 

passive sampler phases and in the water data (R2  0.25 for all data). Though assigning trends using 

the NHS prescription data at this high temporal scale is problematic as this does not necessarily 

represent real-time consumption. Proxy water temperatures were obtained from the Putney 

monitoring station as water temperature data was not collected during the field study due to 

restricted equipment access. Water temperatures ranged from 23 ± 0.8 C (July) to 7 ± 0.6 C 

(November) during the study with an average temperature of 16 ± 6 C across all the deployment 

months. No trend was observed between the changes in water temperature and the total mass of 

compounds accumulated on the three phases during the study (R2  0.09). 
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Figure 5.9. Cumulative concentrations of the CSO markers identified by Munro et al. (2019) [24] for (a) HLB, (b) anion, (c), cation (no July data), and (d) water 
matrices per month across the study. 
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The TWA concentrations derived from the 3D-PSD data across the whole study, for compounds 

for which there were Rs values, are generally in good agreement (i.e. within the same order of 

magnitude) with the grab water samples across the different sorbents (MAE = 24 ± 40 ng L-1,       

53 ± 100 ng L-1, and 26 ± 30 ng L-1 for the HLB, anion, and cation phase, respectively (Table 5.5)). 

Though as said before, it is difficult to directly compare infrequent grab water samples to mass on 

the passive sampler device due to the time-integrative nature of compound accumulation onto the 

sorbent phase. For compounds where an Rs value could not be calculated in Chapter 4, the TWA 

water concentration was derived using the mean of all the Rs values calculated for that sorbent 

(4.7, 6.6, 20.2 mL day-1 for the HLB, anion and cation phase, respectively). TWA water 

concentrations that were derived in this way had an MAE of 36 ± 30 ng L-1 and 43 ± 80 ng L-1 for 

the HLB and anion phases. The cation phase had only one compound that utilised the mean 

calculated Rs value (atorvastatin) for which there was only one water comparative point in 

November, therefore a mean and standard deviation could not be calculated (Table 5.5). Generally, 

the error of the TWA calculated using the mean Rs values were within the same error range as 

values calculated for compounds with a known Rs value, and therefore are deemed acceptable in a 

semi-quantitative context (Table 5.5). Preliminary investigations into clustering compounds by 

other molecular features to predict a suitable Rs value show promise but so far have been 

unsuccessful using known sets of molecular descriptors [246,387], more work and additional 

feature selection is required.  
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Table 5.5. The mean concentration of contaminants detected across the 6-month study on the three    
3D-PSD phases represented as time-weighted average water concentration calculated using the indicated 
Rs value and in water samples. Data is reported ± standard deviation and all concentrations are in ng L-1 
and Rs is in mL day-1. 

Compound 
[CEC]  
water 

 HLB  Anion  Cation 

 Rs TWA [CEC]  Rs TWA [CEC]  Rs TWA [CEC] 

4-Methylethcathinone -  4.7* 2 ± 0.3  - -  47.9 0.4 ± 0.1 

Acetamiprid 86 ± 20  4.7* 35 ± 10  9.4 34 ± 30  10 48 ± 20 

Amitriptyline 32 ± 8  4.7* 56 ± 9  2.3 29 ± 10  22.6 7 ± 2 

Amlodipine -  - -  6.6* 5 ± 2  20.2* 7 ± 2 

Amphetamine -  1.6 54 ± 9  - -  - - 

Antipyrine -  4.7* 3 ± 3  4.8 2 ± 1  13.7 1 ± 0.3 

Atorvastatin 35 ± 20  4.7* 8 ± 1  - -  20.2* 21 ± 10 

Atrazine 12 ± 2  4.7* 26 ± 10  6.6* 12 ± 7  31.8 4 ± 1 

Azithromycin 160 ± 40  - -  6.6* 5 ± 1  - - 

Azoxystrobin -  10.2 1 ± 1  9.3 2 ± 2  9.5 2 ± 1 

Benzoylecgonine 20 ± 7  8.5 7 ± 3  1.9 6 ± 3  3.1 16 ± 7 

Bezafibrate -  4.7* 25 ± 6  13.8 7 ± 2  6.4 19 ± 9 

Bisoprolol 19 ± 5  3.7 39 ± 20  5.9 11 ± 6  27.4 6 ± 6 

Bupropion -  4.7* 1 ± 1  - -  - - 

Buspirone -  - -  10.1 1 ± 0.1  33.6 0.4 ± 0.1 

Carbamazepine-10,11-
epoxide 

47 ± 9  4.2 144 ± 60  6.6* 44 ± 10  23.3 26 ± 10 

Celecoxib -  - -  6.6* 1 ± 1  10.7 3 ± 1 

Citalopram 259 ± 60  - -  6.6* 59 ± 40  - - 

Clarithromycin 121 ± 50  - -  6.6* 21 ± 20  - - 

Clopidogrel 29 ± 7  4.7* 46 ± 10  7.3 26 ± 20  11.4 24 ± 20 

Clozapine 21 ± 5  - -  6.6* 26 ± 10  - - 

Cocaine 22 ± 20  4.7* 7 ± 2  12.7 5 ± 6  22 2 ± 1 

Cyromazine 30 ± 6  - -  - -  20.2* 11 ± 1 

Diazepam -  4.7* 3 ± 1  - -  12.8 1 ± 0.3 

Diphenhydramine 53 ± 10  4.7* 69 ± 20  0.9 107 ± 60  - - 

Fluoxetine 15 ± 2  4.7* 24 ± 8  6.6* 6 ± 2  - - 

Flurbiprofen -  4.7* 71 ± 10  - -  20.2* 17 ± 3 

Hydrochlorothiazide -  4.7* 48 ± 10  6.6* 18 ± 4  20.2* 15 ± 6 

Imidacloprid 66 ± 20  7.8 83 ± 30  14.3 47 ± 2  11.1 48 ± 20 

Isocarbamid -  - -  6.6* 4 ± 2  - - 

Ketamine 46 ± 10  - -  11 26 ± 20  - - 

Levamisole 53 ± 30  4.7* 45 ± 20  4.2 32 ± 20  21.6 22 ± 7 

Levocabastine -  - -  - -  15.1 1 ± 0.1 

Lidocaine 100 ± 30  - -  7.7 39 ± 10  - - 

Lincomycin -  4.7* 5 ± 1  6.6* 1 ± 0.1  4.1 3 ± 2 

Lorazepam -  - -  - -  20.2* 11 ± 3 
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Table 5.5. continued           

Compound 
[CEC]  
water 

 HLB  Anion  Cation 

 Rs TWA [CEC]  Rs TWA [CEC]  Rs TWA [CEC] 

MDMA 26 ± 20  3.3 44 ± 30  1 30 ± 10  - - 

Medroxyprogesterone -  4.7* 53 ± 30  6.6* 16 ± 6  20.2* 5 ± 1 

Memantine 19 ± 3  5.9 23 ± 8  6.6* 6 ± 3  67.4 5 ± 2 

Mephedrone -  4.7* 1 ± 1  - -  37.9 1 ± 1 

Methamphetamine 20 ± 6  1.4 77 ± 60  0.5 33 ± 10  - - 

Methylphenidate -  4.7* 3 ± 2  6.6* 1 ± 0.2  43.1 0.4 ± 0.1 

Metoprolol 12 ± 0.4  4.1 7 ± 2  4.2 3 ± 1  27.3 2 ± 1 

Nadolol -  - -  - -  18.5 0.3 ± 0.1 

Nicotine 240 ± 400  4.7* 84 ± 10  6.6* 41 ± 20  - - 

Nordiazepam -  4.7* 10 ± 4  6.6* 8 ± 5  6.7 9 ± 4 

Nortriptyline -  4.7* 13 ± 4  6.6* 3 ± 2  37.9 2 ± 1 

Orphenadrine -  4.7* 5 ± 1  1.4 5 ± 2  24.6 1 ± 0.3 

Oxazepam -  4.7* 25 ± 8  9.2 12 ± 6  3.6 178 ± 10 

Oxycodone -  2.8 15 ± 5  3.4 5 ± 2  16.3 3 ± 1 

Pirenzipine 14 ± 2  1 63 ± 20  1.2 11 ± 10  8.1 13 ± 6 

Prometryn -  4.7* 6 ± 4  - -  - - 

Propamocarb -  0.3 26 ± 1  - -  - - 

Propranolol 50 ± 9  4.7* 142 ± 20  4.2 78 ± 20  37.4 4 ± 2 

Propazine -  4.7* 6 ± 2  - -  26.7 1 ± 0.1 

Risperidone 21 ± 8  - -  - -  20.2* 1 ± 0.2 

Rizatriptan -  - -  - -  9.6 0.5 ± 0.1 

Roxithromycin -  4.7* 3 ± 2  6.6* 1 ± 1  20.2* 1 ± 0.3 

Salbutamol 12 ± 1  4.8 10 ± 3  0.3 30 ± 20  15.2 8 ± 5 

Sertraline -  4.7* 85 ± 10  6.6* 24 ± 10  - - 

Simazine -  4.7* 19 ± 1  6.6* 5 ± 3  26.7 2 ± 1 

Spiramycin -  - -  6.6* 5 ± 5  - - 

Sulfadimethoxine -  4.7* 1 ± 0.1  15.4 1 ± 0.4  - - 

Sulfamethazine -  - -  7 1 ± 0.3  1.6 5 ± 2 

Sulfamethoxazole 34 ± 20  4.7* 88 ± 20  10.1 21 ± 7  1.9 140 ± 30 

Sulfamonomethoxine -  4.7* 18 ± 4  6.6* 10 ± 3  2.5 21 ± 6 

Sulfapyridine 104 ± 50  - -  0.4 630 ± 400  - - 

Tamsulosin -  8.1 2 ± 2  6.6* 3 ± 2  20.4 1 ± 1 

Temazepam 22 ± 5  8.2 25 ± 10  8.6 20 ± 10  6.4 112 ± 10 

Terbutryn 14 ± 4  6.1 6 ± 1  10.4 7 ± 6  27.6 8 ± 4 

Terfenadine -  - -  6.6* 5 ± 1  - - 

Thiacloprid -  4.7* 1 ± 0.2  18.8 17 ± 20  17.6 0.2 ± 0.1 

Thiamethoxam -  4.7* 3 ± 0.2  - -  - - 

Timolol -  4.7* 4 ± 3  5.5 4 ± 6  21.5 1 ± 0.5 

Tramadol 246 ± 50  - -  5.2 13 ± 1  - - 
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Table 5.5. continued           

Compound 
[CEC] 
water 

 HLB  Anion  Cation 

 Rs TWA [CEC]  Rs TWA [CEC]  Rs TWA [CEC] 

Trimethoprim 95 ± 20  - -  3.9 122 ± 7  - - 

Valsartan -  4.7* 17 ± 3  6.8 22 ± 30  2.2 22 ± 7 

Venlafaxine 178 ± 30  - -  2.8 117 ± 80  - - 

Verapamil 16 ± 2  3.7 11 ± 10  9 4 ± 2  22.5 3 ± 2 

Warfarin -  4.7* 4 ± 2  7.9 3 ± 1  4.5 4 ± 2 

*Mean Rs value for the sorbent 

 

Overall, the largest TWA water concentrations across all months and compounds were determined 

on the anion phase (31 ± 96 ng L-1, n = 64 compounds) with the lowest on the cation phase           

(13 ± 27 ng L-1, n = 55 compounds). There were 38 compounds for which the TWA water 

concentration could be determined in all three phases across the whole study (Table 5.5). When 

comparing values across the sorbents, there were 10 compounds (antipyrine, azoxystrobin, 

lincomycin, methylphenidate, nordiazepam, roxithromycin, tamsulosin, terbutryn, timolol, and 

warfarin) that were in good agreement (standard deviation  2, Table 5.5). The TWA water 

concentration for seven of these was calculated using the average Rs value for at least one of the 

sorbents, further indicating that the mean Rs values are suitable to be used when experimentally 

determined Rs values are not available. The remaining 28 compounds did not have good agreement 

across the three sorbents, Table 5.5. It is unclear why the discrepancy exists across sorbents that 

were exposed to the same river conditions throughout the study. Mathematically, when there is 

roughly the same mass on disk it appears that those phases with a lower Rs value will result in a 

higher TWA value. Though, of course, the mass accumulated onto the disk also contributes to the 

calculated TWA water concentrations which in turn, can be affected by abiotic conditions in the 

river which might have affected the uptake onto each phase differently. Further investigation is 

needed to determine how abiotic conditions affect uptake onto the different phases. 
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There were five (carbamazepine 10,11-epoxide, imidacloprid, methamphetamine, propranolol, and 

sulfamethoxazole), five (citalopram, nicotine, sulfapyridine, tramadol, and venlafaxine), and three 

compounds (acetamiprid, sulfamethoxazole, and temazepam) with obvious outliers between the 

calculated TWA water concentration from mass on the 3D-PSDs and the water grab samples per 

HLB, anion, and cation sorbent for a given month. Outliers were identified as compounds for 

which the MAE of the compound was above the upper 75th percentile of the MAE error for each 

sorbent (64 ng L-1, 179 ng L-1, and 57 ng L-1 for HLB, anion, and cation phase, respectively). The 

TWA water concentration for the compounds identified above was determined using either the Rs 

value calculated in Section 4.4 of Chapter 4 or the mean Rs value noted above. It should be noted 

that only the MAE of the TWA water concentration values for sulfamethoxazole and temazepam 

in the cation phase were outside the 75th percentile of error at every measurement throughout the 

study (Table 5.5). It is interesting that compounds that had a high error on one phase, were 

accurate to the water value on another phase. For example, the TWA water concentration of 

temazepam on the cation phase in November is outside the error of the model                                  

(MAE = 89 ng L-1), while for the same month on the HLB and anion phase, the calculated TWA 

water concentration value only had an error of 6 ng L-1 and 4 ng L-1, respectively. Likely due to the 

total mass of compound accumulated on each sorbent that could have been influenced by abiotic 

conditions in the water column. 

Risk quotients were calculated for all water data per month using the same thresholds as described 

in Section 5.4.2 of this chapter. There was a slight discrepancy between the RQs calculated for the 

same compound across the different sorbent phases. Mathematically, this is due to the different 

TWA water concentration predicted with the different Rs values will result in a larger ratio between 

the MEC and the PNEC. The highest RQ was observed for imidacloprid for all sorbents           

(HLB: 16, September, anion: 3.6, September, and cation: 5.5, November), Figure 5.10. Across the 

whole study, the RQ for 54 % of compounds were calculated to have a low to high risk for at least 
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one month across all sorbents (Figure 5.10). Seven (amitriptyline, fluoxetine, imidacloprid, 

pirenzepine, propranolol, sulfamethoxazole, and temazepam), six (acetamiprid, amitriptyline, 

azithromycin, imidacloprid, propranolol, and sulfapyridine), and five (atorvastatin, imidacloprid, 

oxazepam, sulfamethoxazole, and temazepam) of these compounds had an RQ greater than 0.1 

for all months for which there was 3D-PSD data for HLB, anion, and cation sorbents, respectively 

(Figure 5.10). Of the PNEC values used in this study to calculate risk, 40 % were either 

experimentally determined or predicted in algae/plants and 22 % in fish (Table 5.1). Raising 

questions about the applicability of these RQs to invertebrates for the assessment of risk.  

Notably, imidacloprid presented a medium to high risk for every month for which there was data 

across all three sorbent phases (Figure 5.10). The PNEC designated to imidacloprid is among the 

lowest in this study (13 ng L-1, Table 5.1) and TWA water concentrations ranged from 35.6 ng L-1 

(cation, December) to 205 ng L-1 (HLB, September), resulting in relatively high RQs. Though it 

should be noted that the TWA water concentrations from the HLB sorbent were calculated using 

the mean Rs values as a specific value could not be experimentally determined in Chapter 4. 

Imidacloprid is a neonicotinoid insecticide that binds to the nicotinic acetylcholine receptor, thus 

increasing the flow of Na+ and K+ to and from the cell and also acts to block transmission between 

neurons, resulting in rapid decline and death [388]. It is selectively toxic towards invertebrates due 

to the presence of the nicotinic acetylcholine receptor in the central nervous system of 

invertebrates which is not present in vertebrates [389]. Imidacloprid and other neonicotinoids were 

extensively used for crop protection since the 1990s, but due to the harmful effects on non-target 

pest species, their use is now heavily regulated and application to agricultural land is now banned 

in the EU [100,390]. Several chemical properties increase its persistence in aquatic ecosystems, 

primarily a long half-life, high solubility and leaching potential. The PNEC for this compound was 

experimentally determined using invertebrates, therefore it is likely to cause an effect in the             

G. pulex populations present in the River Wandle. 
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Figure 5.10. Heatmap of risk quotients (RQs) calculated for the HLB, anion, cation sorbents and from 
water data. Cell annotations represent calculated value and unlabelled grey tiles indicate compounds for 

which there was no data. RQs were calculated from the PNEC values in Table 5.1. 
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5.4.3.2. CEC occurrence in the Gammarus pulex  

Method performance was assessed for selected criteria (LOD, LLOQ and linearity) using a pooled 

G. pulex sample collected from the River Cray to ensure the LC-MS/MS system performance was 

still acceptable. This method has previously been validated by Miller et al. (2019) for 107 

compounds for quantification purposes [100]. Here, the average LOD and LLOQ in the G. pulex 

matrix was 1.3 ng g-1 ± 0.1 ng g-1 (median = 1.3 ng g-1) and 3.9 ng g-1 ± 0.3 ng g-1 (median = 3.9 

ng g-1), respectively for compounds with an R2  0.98 (n = 77), Table 5.6 and Table A1.17. Ideally 

for this work, the homogenised G. pulex population sampled would have been split into three 

replicate aliquots to increase measurement assurance. In the first three months of the study,               

G. pulex samples were collected and sorted at site, which was very difficult to do and often resulted 

with insufficient material for triplicate measurement replicates. This prompted the change in 

collection methods described in Section 5.3.4 and accounts for the fewer measurement replicates 

in the early months of the study. 

 

Table 5.6. Selected performance characteristics for 132 CECs using LC-MS/MS analysis of   
G. pulex extracts. Refer to Table A1.17 for individual compound data and Miller et al. (2019) 
for additional method validation data [100]. 

 

Linearity (R2) 

(n  5) 

LOD 
(ng g-1) 

LLOQ 
(ng g-1) 

Maximum 0.997 11 32 

Minimum 0.340 0.06 0.18 

Median 0.967 1.4 4.2 

Mean ± standard deviation 0.912 ± 0.1 1.8 ± 1.0 5.4 ± 4.0 

 

A total of 65 compounds were detected in the G. pulex samples across the whole study, of which 

26 were able to be quantified. Concentrations ranged from 3.8 ng g-1 (lidocaine in November) to 

127.1 ng g-1 (citalopram in July), with an average concentration of 19.9 ± 24.0 ng g-1                     
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(median = 10.2 ng g-1) for all compounds Figure 5.11 and Table A1.18. In general, there was 

relatively good agreement between the internal concentrations measured for each G. pulex 

collection within the months, with an average standard deviation across all compounds and all 

months of 4 ± 0.6 units. Across all sampling months, 14 compounds (amlodipine, carbamazepine, 

clarithromycin, clopidogrel, clozapine, diphenhydramine, fluoxetine, imidacloprid, 

methamphetamine, propranolol, sulfamethoxazole, sulfapyridine, sulfathiazole, and venlafaxine) 

were always present in the G. pulex extracts at concentrations greater than LOD at every collection 

point. All these compounds, bar amlodipine, fluoxetine, and sulfathiazole were also present in all 

the corresponding water samples. Seven compounds (amlodipine, clarithromycin, 

diphenhydramine, fluoxetine, imidacloprid, propranolol, and sulfamethoxazole) could be 

quantified at every water collection timepoint with the highest concentrations determined for 

imidacloprid, 62.5 ± 12.0 ng g-1 (median = 59.4 ng g-1) and the lowest for propranolol,                          

8.3 ± 2.0 ng g-1 (median = 8.1 ng g-1) across all collections Table A1.18. 

Interrogation of the NHS prescription data revealed that there was no relationship between the 

amount of compound dispensed over the sampling period and the concentrations in the G. pulex. 

Expanding the time range of the NHS data to three years, the average lifespan of the G. pulex 

[391], there was also no trend between the amount dispensed and the average concentration in the 

G. pulex (R2 < 0.1). Further, there was no relationship between the log(BCF) values and the average 

internal concentration in the G. pulex over the whole study (R2 < 0.05). On average, the internal 

concentrations in the G. pulex do strongly correlate with the proxy water temperatures taken from 

the Thames Putney monitoring station during each month's deployment period (Pearsons 

correlation, r > 0.9, Figure 5.12). With both the average concentration per month and the 

cumulative sum of concentrations decreasing with the decreasing water temperatures (Figure 5.12). 
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Figure 5.11. Contaminant concentration in the G. pulex across the whole 6-month study, refer to Table A1.18 for individual measurements. Data for each month are 
indicated by the coloured dots. 
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This trend appears to be driven by citalopram, diphenhydramine, sulfapyridine, and warfarin 

(Figure 5.12). This aligns with the work of multiple studies that have reported temperature-related 

increases in bioaccumulation and toxicity for several freshwater and marine invertebrate species 

for both metals and organic compounds [392–400]. In G. pulex, Huang et al. (2023) determined 

that the uptake of imidacloprid increased with increasing temperatures (from 62 ng g-1 at 7 C to 

100 ng g-1 at 24 C) and the LC50 values decreased with increasing temperature [117]. Marques        

et al. (2010) theorised that in aquatic environments at higher temperatures, the amount of dissolved 

oxygen present is reduced, and the invertebrate’s metabolism increases. Therefore, to maintain 

normal body functions, the influx of water into the animal increases thus increasing the exposure 

of the animal to dissolved contaminants [398]. This is supported by the findings of Foucreau et al. 

(2014), where the ventilation rate of G. pulex increased with increasing temperatures as did oxygen 

consumption [122]. Compound uptake across the gill membrane is driven by logP, with high uptake 

efficiencies (> 60 %) noted for compounds with a logP between one and three [86]. Three of the 

four compounds (citalopram, diphenhydramine, and warfarin) have a logP around three (3.39, 3.71, 

and 3.10, respectively) which could mechanistically explain the trend observed in Figure 5.12. It is 

unclear why sulfapyridine follows a similar trend to the other compounds as it has a low logP value 

(0.47) and a low BCF value (13) [367]. Interrogating the RQs of compounds detected in the water 

samples, 14 compounds (amitriptyline, atorvastatin, azithromycin, carbamazepine, clarithromycin, 

clozapine, diclofenac, fluoxetine, imidacloprid, nicotine, propranolol, temazepam, trimethoprim, 

and venlafaxine), on average, posed a low to high risk across all collections within a single month, 

Figure 5.10.  
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Figure 5.12. Linear relationships between the water temperature and the concentration of citalopram (a), 
diphenhydramine (b), sulfapyridine (c), and warfarin (d). R2 values are indicated on the graphs. (e) 
Correlation between the mean concentration in G. pulex (left axis), cumulative concentration in the        

G. pulex (right axis) and proxy water temperatures. 
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Of these compounds, only nine (carbamazepine, clarithromycin, clozapine, diclofenac, fluoxetine, 

imidacloprid, propranolol, trimethoprim, and venlafaxine) were present in the G. pulex and were 

generally not among the most concentrated compounds on average quantified in the invertebrate 

(6.1 ± 2 ng g-1, trimethoprim to 33.7 ± 10.0 ng g-1, fluoxetine), aside from imidacloprid                   

(62.5 ± 12.0 ng g-1). The BCF values for these compounds ranged from 14 (diclofenac and 

trimethoprim) to 262 (fluoxetine). The compound with the highest average RQ in the water phase 

across the whole study that was also present in the G. pulex was diclofenac (5.3 ± 0.9). However, 

the average concentration in the animal over the whole study was 10.6 ± 4.0 ng g-1                        

(median = 10.1 ng g-1) and the BCF value was 14. Indicating that diclofenac may have been 

metabolised or bio-transformed. Suspect or non-target screening to detect and identify diclofenac 

metabolites in the G. pulex would be required to assess this hypothesis. 

The internal toxic and effect units were estimated for all compounds quantified in the G. pulex for 

pesticides and pharmaceuticals. All values used to determine the toxic and effect units are detailed 

in Table 5.2, the effect unit of sulfapyridine could not be calculated due to the lack of HTPC or 

PCcrit data in the literature. Where possible, EC50 values for G. pulex were used to calculate TUint 

values. Otherwise, D. magna values were used to align with previous work and                            

Ashauer et al. (2011) determined that LC50 values determined in the G. pulex correlated well with 

EC50 values determined in D. magna [121]. The logTUint values ranged from -3.3 ± 0.5 (clothianidin                       

(log geometric mean ± standard deviation of the logarithmic values)) to -0.6 ± 0.1 (imidacloprid), 

Figure 5.13. Consistent with the findings of Miller et al. (2019), oxamyl (-2.4 ± 0.3) was one of the 

compounds with a logTUint value greater than the logTUint threshold of -3 for all samples, above 

which pesticides can induce adverse effects [100,350,401]. Oxamyl is a nematicide commonly used 

on various crops in agricultural fields and greenhouses to control for nematodes inhabiting root 

nodes [402]. It has been investigated by the European Food Safety Authority (EFSA) and for non-

target aquatic taxa, the risk was determined to be small [403].  
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Figure 5.13. (a) The toxic pressure of pesticides quantified in G. pulex (logTUint), horizontal line indicates the -3 threshold of risk suggested in the literature. (b) 
Effect pressure of pharmaceuticals and personal care products quantified in G. pulex (logEUint). 
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In contrast to Miller et al.’s work, the logTUint value of imidacloprid in this work was greater than 

the -3 threshold, in line with the high ecological risk predicted using the RQs derived from the 

water and 3D-PSD data (Figure 5.13). Munz et al. (2018) similarly calculated logTUint in G. pulex for 

imidacloprid and found in their study that imidacloprid was above the chronic effect threshold 

[113]. The discrepancy between the studies is likely due to the different EC50 values used. Here 

the imidacloprid EC50 value used was that of a G. pulex (0.021 mg L-1 [115]) and Munz et al. applied 

the geometric mean across a range of species to account for variation in bioaccumulation across 

taxa (0.22 mg L-1 [113]). In Miller et al.’s work, they applied the lowest EC50 value for D. magana, 

which was approximately 10-fold larger than Munz et al.’s value, according to the author and likely 

~100-fold larger than the value used here [100]. As stated above, imidacloprid is a neonicotinoid 

insecticide that has been shown to adversely affect G. pulex by causing immobilisation and reducing 

feeding behaviour during 14-day constant exposures at 15 g L-1 [404]. 

For the pharmaceutical compounds, logEUint ranged from -10.2 ± 0.4 (sulfathiazole (log geometric 

mean ± standard deviation of the logarithmic values)) to -3.1 ± 0.1 (clopidogrel). Due to the lack 

of guidance surrounding effect pressure thresholds, it is difficult to interpret the risk these 

compounds present and should be the focus of further investigations. The largest effect pressure 

was calculated for clopidogrel (-3.1 ± 0.1) and citalopram (-3.3 ± 0.1) across the whole study. 

Clopidogrel inhibits platelet activation and aggregation by targeting the P2Y12 receptor to reduce 

cardiovascular risk [405]. Citalopram is a serotonin-uptake inhibitor used in the treatment of 

clinical depression [406]. Both these compounds have very low PCcrit values,                            

clopidogrel = 6.4x10-6 mg L-1 and citalopram = 1.4x10-4 mg L-1, Table 5.2 [373]. Interestingly, both 

clopidogrel and citalopram had a negligible to low RQ calculated from the water and 3D-PSD data 

(Figure 5.10) and was found in the G. pulex at 7 ± 2 ng g-1 and 101 ± 10 ng g-1, Figure 5.13. At the 

time of writing, there were no other studies reported the presence of clopidogrel in G. pulex. 
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Comparatively, diclofenac (which had an RQ of 5.3 ± 0.9 from the water data) had a mid-range 

logEUint value (-5.8 ± 0.2) among the compounds determined in the G. pulex (Figure 5.13). As 

noted by Miller et al. (2019), EC50 values for pharmaceutical compounds are severely lacking and 

thus necessitate the use of PCcrit when calculating effect pressure. Though there are limitations, 

mainly that PCcrit are determined from human therapeutic values, which may not induce an adverse 

response in other taxa as targeted processes are not necessarily conserved between species 

[368,407]. Furthermore, to calculate PCcrit, the HTPC value is corrected by the ratio of 

concentrations between the HTPC and the steady-state plasma concentration in fish which is 

assumed to be 1 (Eqn. 5.6), which is not necessarily representative of the steady-state plasma 

concentration in invertebrates. Additionally, the CR is assumed to be 1 for all compounds, which 

again may not be accurate as uptake likely varies between compounds [408]. Therefore, this model 

may be severely underestimating or overestimating the logEUint values in G. pulex, depending on 

the compound. Particularly as the global detection of pharmaceuticals is increasing, there is a need 

to accurately quantify risk to species. Therefore, there is a need for EC50 data for pharmaceuticals 

across a range of invertebrate taxa or if the PCcrit, value will continue to be used, further 

investigation into the read-across between the steady-state plasma concentration in fish and 

invertebrates is required.  

 

5.5. Conclusions 

The pollution impact site along the River Wandle (51.387923, - 0.165262) was identified using 

targeted analysis of water grab samples from the distinct increase in the total concentrations of all 

contaminants found and the presence of PPCPs and metabolites that are characteristic of WWTP 

discharge. An initial week-long deployment of HLB-orientated 3D-PSDs downstream of the 

impact site identified 80 compounds in the passive sampler extracts. Time-weighted average water 



CHAPTER 5 

 

210 

concentrations were able to be calculated for ten compounds from Rs values determined in     

Chapter 4, which were in relatively good agreement with water data. Environmental risk was 

assessed using the TWA water concentrations, with lidocaine, pirenzepine, sulfapyridine, 

temazepam, and venlafaxine exhibiting low to moderate risk.  

A six-month study was carried out at site A, with 3D-PSD deployments of three different phases 

(HLB, anion and cation) co-occurring with collections of G. pulex and water samples. A total of 

83 compounds were quantifiable across all three sorbents, with 40 compounds common to all 

sorbents. There were 5, 13, and 5 compounds that were unique to the HLB, anion, and cation 

phases, respectively. The sampled chemical space was increased by the addition of the anion and 

cation phases by 22 compounds compared to just deploying the HLB phase alone. The calculated 

TWA values from the 3D-PSD data were generally in good agreement with the water values across 

the Rs values used (MAE 29 ± 30 ng L-1 (HLB), 53 ± 100 ng L-1 (anion), and 25 ± 30 ng L-1 

(cation)). Risk quotients were calculated from the TWA water concentrations determined from the 

3D-PSD data. The highest RQ was observed for imidacloprid on all three phases, with a majority 

of compounds posing an insignificant risk. Notably, imidacloprid presented a risk for every month 

for which there was data across all three phases and the water data. 

A total of 65 compounds were detected in the G. pulex samples across the whole study, of which 

26 were able to be quantified and concentrations ranged from 3.8 ng g-1 to 127.1 ng g-1.  Seven 

compounds could be quantified at every timepoint with the highest concentrations determined for 

imidacloprid (962.5 ± 12.3 ng g-1). The internal average and summed CEC concentrations in the 

G. pulex strongly correlate with water temperature. Diclofenac had the highest RQ in the water 

phase but was present in the G. pulex in relatively low concentrations 10.6 ± 3.6 ng g-1. The internal 

toxic and effect units were estimated for all compounds quantified in the G. pulex for pesticides 

and pharmaceuticals. The logTUint values ranged from -3.3 to -0.6, with both oxamyl and 
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imidacloprid above the -3 threshold for toxicity for every sample. For the pharmaceutical 

compounds, logEUint ranged from -10.2 to -3.1 with the largest effect pressure calculated for 

clopidogrel and citalopram. This work has created a matched dataset that will be used to train and 

test models for the prediction of CEC accumulation in G. pulex from the 3D-PSD data, as will be 

explored in Chapter 6. 

 

5.6. Key take-home messages 

• The pollution impact point along the River Wandle was identified using grab-sampling and 

a preliminary 3D-PSD deployment downstream of the impact site identified 80 unique 

compounds. 

• A six-month study using the 3D-PSDs with three different sorbents (HLB, anion, and 

cation) identified 83 unique compounds. The use of the anion and cation phases increased 

the chemical space sampled by 22 compounds. 

• 26 compounds were quantifiable in the G. pulex samples, with imidacloprid exhibiting the 

highest concentrations. 

• Imidacloprid presented a medium to high risk for all 3D-PSD and water samples across 

the whole study and was above the threshold for toxicity in all G. pulex samples.
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6.1. Chapter overview 

This chapter describes modelling the internal concentrations of CECs in G. pulex from the            

3D-PSD and water data collected during the six-month study described in Chapter 5. The work 

presented here demonstrates that there is a relationship between the CEC mass accumulated on 

the 3D-PSD and the internal concentrations in the G. pulex which can be mathematically modelled. 

Therefore, the 3D-PSD has the potential to be used as a surrogate during pollution studies, thereby 

fulfilling the overall aim of this thesis to use passive samplers in conjunction with mathematical 

models to act as surrogates for invertebrates during in situ pollution studies.  

 

6.2. Introduction 

Contaminant uptake and accumulation in biota is dependent on the bioavailability of chemical 

contaminants via surface waters, sediments, and diet. Chemical exposure in each of these 

constituents can be measured to determine the CEC exposure an organism will experience 

throughout its life [153]. Determining the internal concentrations of contaminants in biota is not 

only important for understanding chemical risk and fate in ecosystems [100,153,409]. It provides 

a dose metric that can be used to clarify cause-effect relationships of contaminants, thereby 

refining current exposure toxicity thresholds [113,410]. However, the analysis of wild biota 

presents some practical difficulties including securing the correct target species at sampling 

locations and sample standardisation regarding size, maturity, and sex [181,411]. In addition, 

sample preparation and the clean-up of biological samples for analysis is labour intensive, usually 

kills the organism, and naturally occurring biological molecules, such as lipids and proteins, can 

cause matrix effects that interfere with the analysis of the target compounds [412]. Therefore, 

alternative methods of determining internal concentrations in biota that are cost-effective, can be 
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standardised across studies, have low matrix effects, and align with the 3Rs (Replacement, 

Reduction, and Refinement) of animal testing would be beneficial. 

Passive samplers have been suggested as proxies for biota due to their shared accumulative nature, 

with similar spatiotemporal trends noted in both passive samplers and biota [218,219,413]. A        

long-term study in the Netherlands revealed clear accumulation trends in the concentration of 

PAH and PCB contaminants in mussels and the TWA water concentration determined from 

silicon rubber passive samplers [218]. Two separate reviews by Huckins et al. (2006) and              

Booij et al. (2006) of studies comparing semipermeable membrane devices (SPMDs) and biota used 

for biomonitoring purposes determined that there are significant similarities between the two 

matrices [219,413]. Furthermore, passive samplers have negligible background contamination 

(which if present can be controlled for) and are not influenced by physiological processes [181]. 

Therefore, comparisons between study systems are possible when a standardised protocol is 

applied.  

Numerous studies have modelled biota contamination from passive sampler data, though these 

tend to be focused on equilibrium-based passive samplers such as SPMDs and low-density 

polyethylene (LDPE) [224,414–417]. A study by Blair Paulik et al. (2016) used the freely dissolved 

concentration of PAHs calculated from the LDPE passive sampler to predict the concentrations 

of polycyclic aromatic hydrocarbons in the viscera of signal crayfish (Pacifastacus leniusculus) within 

a factor of 2.4 ± 1.8 using a linear regression model [224]. Claessens et al. (2015), used an 

equilibrium model to predict from passive sampler to caridean shrimp (Crangon crangon) by first 

deriving the freely dissolved concentration in water from the mass accumulated on the sampler 

[417]. This model tended to overestimate the concentration in biota by a factor of 3.7 and 73 % 

of predictions were accurate to within five orders of magnitude. Okay et al. (2017), demonstrated 

a linear relationship between the concentration of PAHs and polychlorinated biphenyls (PCBs) in 
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SPMDs and Mediterranean mussels (Mytilus galloprovincialis), though they did not appear to apply 

the model for predictive purposes [414]. The average deployment time for these studies range 

from 17 to 60 days, which is unfeasible for rapid assessment of water quality and biota monitoring, 

particularly for short-lived species. Furthermore, equilibrium samplers such as the ones used above 

are typically best suited to sample compounds with a logP of 3 to 10, which are predominantly 

hydrophobic organic compounds in marine or estuarine environments [189]. While kinetic 

samplers (Chemcatcher®, POCIS, and o-DGT) are typically used for monitoring pharmaceutical 

and pesticide compounds in freshwater. At the time of writing (December 2022), only one study 

could be found using a kinetic passive sampler for the prediction of pharmaceutical contaminants 

in biota. Grabicová et al. (2022) compared the total concentrations of 67 pharmaceutical 

contaminants in POCIS passive samplers and zebra mussels (Dreissena polymorpha). While a 

statistically significant relationship was found between the two matrices and R2 = 0.854, there were 

very few data points at the upper end of the trendline (50 – 200 ng g-1 in the zebra mussels and 

3,000 – 7,000 ng sampler-1 on the POCIS) [418]. Therefore, more work is needed to determine if 

the prediction of pharmaceutical and pesticide contaminant levels in freshwater biota is possible 

using kinetic passive samplers.   

The aim of this final chapter was to develop and evaluate a preliminary model to predict the 

internal concentrations of CECs in G. pulex using data collected from the six-month in situ 

exposure described in Chapter 5. This was achieved through the following objectives:                            

(a) systematically explore the data to determine similarities and relationships between the G. pulex 

and the other matrices (water and 3D-PSD extracts from the HLB, anion, and cation sorbents); 

(b) generate and test various linear regression models for the prediction of concentration in                 

G. pulex; (c) validate the developed models using data mined from the literature, and (e) apply the 

model to the UK Environment Agency’s surface water dataset for hazard ranking of compounds. 

This work fulfils the overall aim of this thesis to model CEC concentrations in G. pulex from 
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passive sampler data, thereby demonstrating that the 3D-PSD has the potential to be used as a 

surrogate for biota during pollution studies.  

 

6.3. Experimental 

6.3.1. Generation of modelling dataset and molecular descriptors 

All data used in this chapter was collected during the six-month field study described in Sections 

5.3.4 and 5.4.3 of Chapter 5. During initial data exploration, concentration data from all matrices 

was used either as individual measurements or monthly averages per compound (see Table A1.20 

for data averaged by month). The results from Chapter 5 were reviewed for CECs that were 

common to at least one 3D-PSD sorbent and the G. pulex samples across all 6 months studied. As 

in Chapter 2, SMILES were mined from PubChem and used to generate 3,585 molecular 

descriptors using the Dragon, and Percepta PhysChem Profiler. Generated molecular descriptors 

encompassed topological, geometrical, constitutional and physicochemical properties.  

6.3.2. Calculation of toxic and effect pressures  

Toxic and effect pressures were calculated as described in Section 5.3.6 of Chapter 5 as per              

Eqn. 5.4 and Eqn. 5.5. Details of all values used to calculate the toxic and effect units in the            

3D-PSD extracts and G. pulex can be found in Table A1.19. 

6.3.3. Data analysis and visualisation  

All initial data analysis and curation was completed in Microsoft Excel (Microsoft Corporation, 

WA, USA, v. 16.70, [419]) and then imported into Python (Python Software Foundation, DE, 

USA, v. 3.7.13, [420]) and RStudio (Posit (PCB), MA, USA, build 576, [332]) for further analysis 

and data visualisation. The Python packages ‘pandas’ [428] and ‘NumPy’ [429] were used for data 
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handling and analysis, and ‘scikit-learn’ [273] was used for data pre-processing and scalar 

transformations. All data visualisation was completed using the ‘seaborn’ package [430]. Statistical 

analysis, including PCA visualisation, was performed in RStudio using the ‘stats’ [332] and 

‘ggbiplot’ [431] packages. 

 

6.4. Results & discussion 

6.4.1. Preliminary data exploration across all matrices  

In total, 89 unique compounds were quantified across all matrices from the 6-month field study, 

ranging from 0.004 ng disk-1 (mephedrone, HLB phase in December) to 1,415 ng L-1 (nicotine, 

water phase in October). Of these, 64 were PPCPs, 15 were pesticides, seven were controlled 

substances and three were drug metabolites. Across all compounds, four (clopidogrel, 

imidacloprid, propranolol, and sulfamethoxazole) were common to all five matrices (HLB, anion, 

cation, water, and G. pulex) and an additional ten compounds were common to the water, G. pulex, 

and at least one 3D-PSD sorbent (citalopram, clarithromycin, clozapine, diphenhydramine, 

fluoxetine, lidocaine, risperidone, sulfapyridine, trimethoprim, and venlafaxine). There were five, 

three, three, five, and two compounds that were unique to the HLB, anion, cation, G. pulex, and 

water matrices, respectively (Table A1.20).  

For the initial data exploration, the data per matrix was averaged by month and was then scaled 

using scikit-learn’s MaxMinScaler and ColumnTransformer functions to avoid bias and allow for 

comparison across data with different units [273]. Relationships between the matrices were 

investigated using pearson’s correlation (with a significance threshold set to > 0.8) and linear 

regression. None of the matrices were correlated with one another above the significance threshold 

(r < 0.8). 
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The HLB phase was correlated with water, anion and cation phases (r = 0.7), while the anion and 

cation phases had a weaker association with one another (r = 0.5). There was not a significant 

relationship between the anion-PSD extract and water data (p > 0.05, R2 = 0.119) likely due to the 

relatively high concentrations of citalopram (July, August, December), nicotine (September), 

tramadol (August), and venlafaxine (July, August, September) in the water compared to the anion-

PSD extract. There is a significant linear relationship between the HLB-PSD extract, cation-PSD 

extract and water data (p < 0.05) as to be expected as the concentration on sampler is a function 

of the concentration in water (refer to Eqn. 4.1 in Chapter 4 for details) and has been noted in 

other studies [432,433]. However, the predictive relationship between the two factors is not strong, 

R2 = 0.459 and 0.244, respectively (Figure 6.1) thus highlighting the importance of the Rs value 

when determining concentration in water from mass on the passive sampler.  

The matrix with the strongest correlation to the measured G. pulex CEC concentration was the 

cation 3D-PSD extract (r = 0.7). The statistical significance of each linear regression was calculated 

using the ‘stats’ package in RStudio [332]. There was a statistically significant relationship (p < 0.05, 

Figure 6.1) between the CEC concentration in G. pulex and the cation-PSD extract data. However, 

the linear regression between the two did not indicate a strong predictive relationship (R2 = 0.461). 

Similarly, a linear regression between the concentration in the G. pulex and other matricies did not 

indicate a strong relationship (R2 < 0.7), refer to Figure 6.1. 

Despite the significant relationship between the G. pulex concentrations and HLB-PSD extract, 

there was no a significant relationship between the G. pulex and the anion-PSD extract              

(Figure 6.1). These findings align with previous work by Grabicová et al. (2022) who determined 

that there was a significant relationship (p < 0.05) between the total pharmaceutical concentrations 

in benthic invertebrates and total uptake onto a POCIS device. However, the R2 of this model was 

low (R2 = 0.485) indicating that there was not a strong predictive relationship [418]. Other work 
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did not find a correlation between the mass on the passive sampler and concentration of pollutants 

in fish tissues [304]. 

 

 

Figure 6.1. Linear regressions between the different matrices with histograms of the data distribution 
along the diagonal. The red trendline represents the line of best fit with a 95 % confidence interval 

(shaded). All data was scaled between 1 and 0 for ease of comparison. 
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When comparing G. pulex to the water data, a binomial distribution was noted which primarily 

consisted of the citalopram and imidacloprid data points separating from the rest of the 

compounds. When these two compounds were plotted alone, the predictive strength of the model 

increased to R2 = 0.744 and the relationship was significant (p < 0.05, Figure 6.2 (a)) when 

compared to a model including all the data points (R2 = 0.028, p > 0.05, Figure 6.1). The accuracy 

of this linear regression model was tested using the unscaled data for citalopram and imidacloprid 

and was found to have a MAE of 70 ± 70 ng g-1 and tended to better predict imidacloprid than 

citalopram (citalopram = 138 ± 60 ng g-1 and imidacloprid = 13 ± 9 ng g-1, Figure 6.2). When 

using the same model to predict values for the other compounds common to water and G. pulex, 

the MAE was 93 ± 100 ng g-1 and the model tended to overpredict the concentration in the animal                        

(Figure 6.2 (b)). However, the applicability domain (AD) of the model is realistically limited to 

only citalopram and imidacloprid and therefore caution should be taken when applying the model 

to other compounds. Indicating that contaminant concentrations in water are not a good proxy 

for concentration in the G. pulex. 

 

 
Figure 6.2. (a) Linear regression between the concentration in water and G. pulex for imidacloprid and 

citalopram. (b) Residual error of concentration in G. pulex, imidacloprid and citalopram are indicated by 
the white and grey markers, respectively.
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Citalopram is a serotonin reuptake inhibitor used in the treatment of clinical depression [406]. 

Concentrations up to 90 ng g-1 have been reported in G. pulex, 21 ng g-1 in bivalves and close to 

6,500 ng g-1 in fly larvae [99,153,434]. Citalopram is predicted to have a BCF value of 139             

(EPI suite [366]) though literature sources note low accumulation factors (< 7 to 47 [100,435]). 

From the water and TWA water concentration determined from 3D-PSD data, citalopram was 

predicted to have a low to insignificant RQ (Figure 5.9). In the water phase, citalopram was 

quantified in every measurement replicate across the whole study with an average concentration 

of 259 ± 58 ng L-1 (n = 63, median = 252 ng L-1, Table A1.20). Citalopram is widely prescribed in 

the UK and has poor removal from wastewater treatment plants [24,366]. In toxicity studies, 

exposure concentrations as low as 405 pg L-1 caused significant foot detachment in freshwater 

snails (Leptoxis carinata) and the snails were not able to reattach to the substrate during exposure 

to citalopram [436]. The feeding rates of D. magna exposed to 0.34 mg L-1 of citalopram were 

significantly decreased and affected the organism's antioxidative stress system [406]. 

Imidacloprid has been discussed in Chapter 5 and has been noted to have medium to high RQs 

(Figure 5.10) and logTUint (Figure 5.13 (a)) across all matrices. Concentrations up to 10.6 ng g-1 have 

been reported in G. pulex and 3.3 ng g-1 in other Gammarid species and has also been detected in 

other invertebrate and vertebrate taxa [33,100,388,404]. Toxicity studies have determined that 

exposure concentrations of 65 g L-1 were lethal to aquatic oligochaete (Lumbriculus variegatus) and 

263 g L-1 are lethal to G. pulex during an acute 96-h study [437,438]. Non-lethal effects such as 

immobilisation and reduced feeding were observed at 18.3 g L-1 and 5.34 g L-1 during four-day 

studies [115,437]. Surprisingly, imidacloprid is predicted to have low BCF values in both fish and 

invertebrates when considering its toxicity [100,366]. In the water phase, imidacloprid was also 

quantified in every measurement replicate with an average concentration of 66 ± 20 ng L-1           
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(median = 62 ng L-1) and is quantified in every G. pulex replicate (64 ± 10 ng g-1,                              

median = 63 ng g-1, n = 50, Table A1.20).  

Following the initial data exploration, hierarchical clustering and principal component analysis 

(PCA) were used to explore interactions between the different matrices. For this work, the raw 

dataset of all measurement replicates was used and scaled between 1 and 0 using sklearn’s 

MaxMinScaler as above per replicate. Hierarchical clustering analysis was conducted using the 

‘seaborn’ package [430,439], which uses Euclidean distances and an average linkage to determine 

dendrogram clustering. Sixteen clusters were identified in the measurement replicates (y-axis, 

Figure 6.3) and eight were identified across the compounds (x-axis, Figure 6.3). A majority of the 

compounds were clustered in x-7 which consisted of compounds that were present in the             

3D-PSD phases and not the water or G. pulex data. Nicotine and salicylic acid were clustered 

together (x-8), venlafaxine and acetamiprid were also clustered together (x-3), and carbamazepine, 

diclofenac and tramadol made up the final cluster group (x-5). Four compounds (citalopram, 

imidacloprid, carbamazepine-10,11-epoxy, and sulfamethoxazole) were not clustered at this slicing 

level. Generally, samples from the same month within the different phases tended to cluster 

together, as expected, and the different phases were grouped separately from one another at this 

slicing level, with the exception of clusters y-6 and y-14. For y-6, clustering of the December HLB 

and cation samples was driven by the relatively similar concentrations in imidacloprid,                         

carbamazepine-10,11-epoxy, and sulfamethoxazole. While for y-14, all G. pulex samples were 

clustered with September HLB and cation samples. Within y-14, the HLB and cation samplers 

were closely related to the December G. pulex samples, which was driven by imidacloprid. 

Interestingly, while the majority of the G. pulex replicates were clustered by citalopram and 

imidacloprid, the water samples were not closely associated with them (y-9) despite the association 

indicated by the linear regression analysis for these two compounds (Figure 6.2). The clustering of 

a majority of the water replicates (y-9) was driven by medium to low relative concentrations of 
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imidacloprid and high relative concentrations of citalopram, carbamazepine, diclofenac and 

tramadol. Carbamazepine and diclofenac were present in the G. pulex samples at lower 

concentrations (12 ± 7 ng g-1 and 11 ± 5 ng g-1, respectively), while tramadol was below the LLOQ 

for all samples (Figure 5.10 and Table A1.5.8). All G. pulex replicates tended to be clustered closer 

to the HLB and cation 3D-PSD phase than the water samples, with the exception of the water 

samples collected in October outside the 3D-PSD deployment period. This indicated that the 3D-

PSD was more closely associated with the G. pulex data than the water data and arguably 

biomonitoring campaigns are needed to fully understand the impact of CEC pollution in aquatic 

systems rather than just surface water sampling. 

Principal component analysis (PCA) was conducted using RStuido’s ‘stats’ and ‘ggbiplot’ packages 

[332,431]. Similarly, with the above hierarchical clustering analysis, the results of the PCA indicated 

that the 3D-PSD phases were more similar to the G. pulex than the water with 33 % of the variance 

explained by the G. pulex and most of the 3D-PSD data in the first dimension (Figure 6.4). Only 

13 % of the variance was described in the second dimension where the water and G. pulex data 

were spatially distant from one another. Unsurprisingly, the 3D-PSD phases were clustered very 

close if not on top of each other, likely due to these phases sharing a base polymer. The HLB and 

cation phases were closer related spatially than the anion phase, mimicking the results of the 

hierarchical clustering analysis as a majority of compounds are cationic at the pH of the study 

system (refer to Table 4.3, Table 4.4, and Table 4.5 for charge state details). The top ten 

compounds, in decreasing order, that were driving the separation of the groups in both dimensions 

were carbamazepine > citalopram > diclofenac > tramadol > venlafaxine > imidacloprid > 

carbamazepine-10,11-epoxy > salicylic acid > hydrochlorothiazide, and > sulfapyridine            

(Figure 6.4). All these compounds, aside from carbamazepine-10,11-epoxy, hydrochlorothiazide, 

imidacloprid, and citalopram were driving the separation of the water data from the G. pulex and 

3D-PSD data. While citalopram and imidacloprid were pushing the separation of the G. pulex data 
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from the other matrices, with imidacloprid specifically focusing on a small cluster that overlap with 

the confidence ellipses of the HLB and cation extract data. From the results of the hierarchical 

clustering analysis, carbamazepine-10,11-epoxy tended to have higher relative concentrations in 

the 3D-PSD extracts compared to the water and G. pulex samples. Hydrochlorothiazide was 

exclusively quantified on all three of the 3D-PSD phases and was not detected in either the water 

or G. pulex samples (Table A1.20). Hydrochlorothiazide is a diuretic usually prescribed for 

hypertension that acts on the sodium-chloride transport channels in the kidneys [440]. It has been 

reported in the influent and effluent of wastewater treatment plants in London and Germany with 

low removal rates as well as in freshwater rivers in Europe [34,253]. The results of the PCA analysis 

indicated that the G. pulex data is more similar to the 3D-PSD data than the water data. Therefore, 

it may be possible to model the internal G. pulex CEC concentrations from the 3D-PSD data        

co-exposed in situ. 

 



CHAPTER 6 

 

225 

 
Figure 6.3. Hierarchical clustering analysis of all raw data normalised between 0 and 1, matrix indicated by 
left-hand side colour bar. Red: cation 3D-PSD, green: HLB 3D-PSD, orange: anion 3D-PSD, blue: H2O, 

brown: G. pulex. 
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Figure 6.4. Principal component analysis on all data collected during the 6-month study, loading vectors represents the top ten variables. All data was scaled 

between 1 and 0 by sample prior to analysis.
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6.4.2. Considering CECs common to the 3D-PSDs and the G. pulex for modelling 

When comparing the data from the 3D-PSDs to the G. pulex, there are 19 compounds in common 

across all sorbents and the animals, and 10, 18, and 10 that are unique to the G. pulex and the HLB, 

anion, and cation sorbents, respectively. Refer to Sections 5.4.3.1 and 5.4.3.2 of Chapter 5 for a 

detailed discussion of the compounds found in the 3D-PSD and G. pulex extracts throughout the 

study. Of the compounds common across all phases, 18 were PPCPs with only one pesticide 

(imidacloprid). Three of the compounds (sulfamethoxazole, trimethoprim, and venlafaxine) are 

listed on the European WFD/Priority Watch List [16,17]. Within this dataset, values ranged from 

5.5 ± 2.0 ng g-1 (sulfapyridine) to 100.2 ± 13.0 ng g-1 (citalopram), 0.1 ± 0.07 ng disk-1 (antipyrine) 

to 4.7 ± 0.7 ng disk-1 (propranolol), 0.04 ± 0.01 ng disk-1 (lincomycin) to 4.7 ± 0.2 ng disk-1 

(imidacloprid), and 0.08 ± 0.03 ng disk-1 (antipyrine) to 3.7 ± 2.0 ng disk-1 (imidacloprid) for the 

G. pulex, HLB, anion, and cation matrices, respectively .Table A1.20. A total of 52 compounds 

were detected in G. pulex extracts across the whole study that were also detected on at least one of 

the 3D-PSD sorbents. Of these, 26 compounds that were quantifiable in the 3D-PSD extracts 

were not quantifiable in the G. pulex, either due to poor linearity (R2 < 0.98) or concentrations 

were below LLOQ (Table A1.20, Table A1.9, Table A1.17).  

From the data exploration above (Section 6.4.1), the 3D-PSD data is more similar to the G. pulex 

than the water samples. However, the linear regression model using 3D-PSD phases and G. pulex 

concentrations did not indicate an adequate predictive relationship (R2 < 0.7, Figure 6.1). 

Therefore, other metrics of comparison were investigated. For this work, the data was not scaled 

as above, but the RQ and concentration values were log-transformed (base 10) for data visualisation 

purposes. Initially, the average concentration in the G. pulex was compared to RQs calculated using 

the TWA concentration in water derived from the 3D-PSD data (refer to Section 5.3.6 and 5.4.3.1 

for details). For this dataset, the anion-PSD data did not result in a strong model (R2 = 0.021,          
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p > 0.05) due to the high concentration of citalopram in the G. pulex with a low RQ value        

(Figure 6.5 (b)). Both the HLB and cation phases had statistically significant (p < 0.05) and stronger 

predictive relationships (R2 = 0.468 and R2 = 0.684, respectively, Figure 6.5 (a) & (c)). However, 

the trendline for both sorbents exhibited a very broad confidence interval and was anchored by 

the top right point (imidacloprid). When this point is removed from the dataset, the predictive 

power of the model markedly reduced (R2 = 0.152 and R2 = 0.304, respectively), indicating that 

this model was not robust. Other comparisons were made between the internal toxic and effect 

units (log(T(E)Uint)) calculated in the G. pulex (refer to Section 5.3.6 and 5.4.3.2 for details) and the 

concentration on the 3D-PSD phases per compound and the RQs. Neither pairing resulted in a 

good predictive model for any of the 3D-PSD sorbents (R2 < 0.38, Figure 6.5 (d) – (i)). 

Finally, the log(T(E)Uint) in the G. pulex (log(T(E)Uint)G. pulex) was compared to internal toxic and effect 

units calculated for the 3D-PSD (log(T(E)Uint)PS) by substituting the mass on sampler (in ng g-1, 

average weight of 9 mm sorbent disks = 0.115 g) for the internal G. pulex concentration (Cint) term 

in Eqns. 5.4 and 5.5 (Section 5.3.6 in Chapter 5). Across all sorbents, this comparison resulted in 

a statistically significant and very strong model (p < 0.05) in all cases with R2 values of 0.972, 0.948, 

and 0.980 for the HLB, anion, and cation phases, respectively (Figure 6.6).For these models, the 

points were well distributed along the trendline and the 95 % confidence interval was very narrow, 

indicating that the model is robust. For each sorbent, the MAE of the model for predicting the 

log(T(E)Uint)G. pulex from the equation of best fit was 0.4 ± 0.2, 0.5 ± 0.3, and 0.4 ± 0.2 for the HLB, 

anion and cation phases, respectively (Figure 6.6). As Cint is used to calculate the toxic and effect 

units as per Eqns. 5.4 and 5.5, it is possible to rearrange these equations to solve for the Cint term 

when the log(T(E)Uint value is known. The MAE of internal G. pulex concentrations calculated in 

this way was 23 ± 20, 22 ± 20, and 17 ± 20 ng g-1 for the HLB, anion, and cation phases, 

respectively compared to the measured value in the G. pulex (Figure 6.6).
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Figure 6.5. Linear regression models comparing 3D-PSD and G. pulex data using various metrics. All data is log-transformed for visualisation purposes. 
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Figure 6.6. (a) to (c) Linear regression models for each passive sampler. (d) to (f) Residual error of predicted toxic and effect units in G. pulex using the 
corresponding model. (g) to (i), Residual error of the predicted G. pulex concentration using the models per sorbent.
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High Cint predictive errors were observed for four compounds (citalopram, propranolol, 

sulfamethoxazole, and trimethoprim) in the different 3D-PSD sorbent data sets, where the MAE 

of the compound was greater than the upper error limit of the model, calculated as the 75th 

percentile of model error, i.e., MAE value plus one standard deviation (HLB = 46 ng g-1,               

anion = 42 ng g-1, and cation = 39 ng g-1). The predicted log(T(E)Uint)G. pulex values of three 

compounds (propranolol, sulfamethoxazole, and trimethoprim) were also above the upper error 

for that metric (HLB = 0.7, anion = 0.8, and cation = 0.6) while citalopram was below the error 

threshold. Conversely, fluoxetine’s predicted log(T(E)Uint)G. pulex error value was outside the upper 

error but the predicted concentration in the animal was below the error threshold for anion 

sorbent. In the instances of citalopram and fluoxetine, the change in error can be attributed to the 

anti-log data transformation of the predicted log(T(E)Uint)G. pulex value required to solve for Cint. The 

internal G. pulex concentrations for compounds that were quantifiable on the 3D-PSD phases were 

also calculated in this way and compared to the G. pulex LOD and LLOQ values for this method 

(Table 6.2). Across all three phases, 98 % (n = 116) of predicted G. pulex concentrations were less 

than the LOD and 100 % (n = 118) were less than the LLOQ of the method, aligning with the 

results of the G. pulex data. This indicated that the developed MeOH extraction method for the 

3D-PSD was fit for purpose. 
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Table 6.1. Predicted concentrations in G. pulex (ŷ[G. pulex]) using the developed 3D-PSD models (Figure 6.6) 
for compounds that were not detected in G. pulex with method LOD and LLOQ for comparison. 

Compound EC50int 
PCcrit 

(mg L-1) 

 ŷ[G. pulex] (ng g-1)  G. pulex 
(ng g-1)  

HLB Anion Cation 
 

  LOD LLOQ 

Acetamiprid 605,880 -  0.4 0.8 1.4  1.3 3.8 

Atorvastatin - 6.4e-09  0.03 - 0.3  1.9 5.6 

Atrazine 263,000 -  0.3 0.2 0.4  1.2 3.6 

Azithromycin - 1.3e-03  - 0.1 -  4.2 12.7 

Azoxystrobin 4,403 -  0.02 0.04 0.04  1.3 4.0 

Benzoylecgonine - 1.1e-06  0.1 0.0 0.1  1.2 3.5 

Bezafibrate - 8.9e-02  0.5 0.4 0.8  1.5 4.5 

Bisoprolol - 3.5e-03  0.3 0.2 0.4  1.3 3.8 

Bupropion - 1.2e-04  0.03 - -  1.3 4.0 

Buspirone - 1.6e-03  - 0.04 0.1  1.2 3.6 

Carbamazepine-10,11-epoxide - 9.5e-11  0.2 0.1 0.2  1.1 3.4 

Celecoxib - 2.6e-02  - 0.05 0.2  1.5 4.4 

Cocaine - 5.0e-08  0.03 0.1 0.1  1.4 4.1 

Diazepam - 1.6e-02  0.1 - 0.1  1.2 3.7 

Hydrochlorothiazide - 0.36  1.1 0.7 2.0  2.6 7.9 

Ketamine - 4.0e-02  - 1.1 -  1.2 3.6 

Levocabastine - 1.9e-04  - - 0.1  1.3 4.0 

Lorazepam - 2.7e-03  0.2 - 0.9  1.3 3.8 

MDMA - 2.8e-06  0.2 0.1 -  1.2 3.5 

Medroxyprogesterone - 2.1e-06  0.3 0.2 0.2  1.4 4.1 

Memantine - 2.2e-03  0.4 0.1 1.3  1.5 4.5 

Mephedrone - 7.1e-05  0.0 - 0.1  1.1 3.4 

Methamphetamine - 2.0e-06  0.1 0.03 -  1.3 3.9 

Methylphenidate - 6.9e-04  0.05 0.02 0.1  1.2 3.6 

Metoprolol - 1.5e-02  0.1 0.1 0.3  1.3 4.0 

Nadolol - 3.2e-07  - - 0.01  1.2 3.7 

Nordiazepam - 6.5e-09  0.03 0.05 0.1  1.3 3.9 

Orphenadrine - 1.6e-03  0.1 0.03 0.1  1.8 5.4 

Oxazepam - 3.1e-02  0.4 0.5 3.0*  1.3 3.8 

Oxycodone - 1.2e-02  0.2 0.1 0.2  1.7 5.1 

Pirenzipine - 3.6e-04  0.2 0.04 0.4  1.2 3.5 

Prometryn 465,600 -  0.1 - -  1.2 3.7 

Propamocarb 2,538,000 -  0.03 - -  1.9 5.6 

Propazine 132,000 -  0.1 - 0.1  1.2 3.6 

Rizatriptan - 6.7e-02  - - 0.04  1.3 3.9 
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Table 6.1. continued          

Compound EC50int 
PCcrit 

(mg L-1) 

 ŷ[G. pulex] (ng g-1)  G. pulex 
(ng g-1)  

HLB Anion Cation 
 

  LOD LLOQ 

Roxithromycin - 0.32  0.1 0.1 0.1  1.3 4.0 

Salbutamol - 2.8e-02  0.2 0.1 0.7  1.4 4.2 

Simazine 5,500 -  0.1 0.1 0.1  1.3 3.9 

Spiramycin - 1.4e-06  - 0.1 -  3.0 9.0 

Sulfadimethoxine - 8.8e-04  0.02 0.1 -  1.3 3.9 

Sulfamethazine - 2.6e-06  - 0.01 0.02  1.2 3.7 

Sulfamonomethoxine - 4.0e-03  0.3 0.3 0.3  1.2 3.6 

Tamsulosin - 6.2e-09  0.01 0.02 0.02  1.2 3.7 

Temazepam - 4.4e-09  0.1 0.1 0.5  1.2 3.7 

Terfenadine - 1.6e-10  - 0.02 -  1.6 4.8 

Thiacloprid 161,600 -  0.01 0.7 0.02  1.4 4.2 

Thiamethoxam 378,000 -  0.04 - -  1.6 4.8 

Timolol - 2.0e-03  0.1 0.1 0.1  1.2 3.6 

Tramadol - 4.8e-03  - 0.3 -  1.8 5.4 

Valsartan - 1.3e-02  0.3 0.6 0.3  1.2 3.7 

Verapamil - 2.4e-05  0.1 0.1 0.2  1.3 3.9 

* value above method LOD for analysing G. pulex samples 
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In light of this finding, the relationship between the log(T(E)Uint)G. pulex and the effect and toxic units 

derived from average measured water values (log(T(E)U)H2O) were investigated. For the water 

values, toxic and effect units were calculated as per Eqn 5.4 and Eqn 5.5, using unadjusted EC50 

values in alignment with the SPEARs index calculations [350,354]. The resulting model was 

statistically significant (p < 0.05) and had a lower R2 value than the 3D-PSD models (R2 = 0.570) 

due to an outlier (imidacloprid) and the MAE error of this model was 0.8 ± 1.0 log units and           

37 ± 40 ng g-1 for predicting the log(T(E)Uint)G. pulex values and Cint in the animal, respectively         

(Figure 6.7). When the imidacloprid outlier was removed, the predictive power of the model 

increased to R2 = 0.932 and the MAE was slightly decreased to 0.4 ± 0.3 log units and                          

19 ± 20 ng g-1 for the log(T(E)Uint)G. pulex values and Cint in the animal, respectively. However, 

removing imidacloprid from the training dataset biases the model against pesticides, therefore the 

original model was carried forward (Figure 6.7(a)). In comparison to the 3D-PSD models, the 

water model had a larger MAE when calculating the Cint in G. pulex. This model also has a smaller 

predictive range (-6.5 to 0.7 log units) compared to the 3D-PSD models (-9.3 to 0.3 log units,                

-9.8 to 0.3 log units, and -9.4 to 0.2 log units for the HLB, anion, and cation phases, respectively). 

The predicted log(T(E)Uint)G. pulex value for imidacloprid using this model was 5 log units less than the 

true G. pulex value (Figure 6.7 (c)), indicating that a model derived from measured water data was 

not suitable for predicting the toxic units of compounds in G. pulex. 
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Figure 6.7. Linear regression model based on measured water data including (a) and excluding (b) 
imidacloprid. (c) - (d) Residual error when predicting G. pulex toxic and effect units. (e) - (f) Residual error 

when predicting concentration in G. pulex from water data. 
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In comparison to the first water model discussed (Section 6.4.1, Figure 6.2), all the above models 

offer a significant improvement in the MAE of internal G. pulex predictions. Arguably, when 

considering the log(TUint)G. pulex values predicted by the models, the accuracy and absolute error of 

predictions is less important than if the model correctly classifies compounds as exceeding the -3 

threshold, above which pesticides can induce adverse effects [100,350,401]. In all 3D-PSD models, 

imidacloprid is predicted to be greater than this threshold, in line with the true value. While for 

the water model, imidacloprid is incorrectly predicted to be less than the -3 threshold. Though it 

should be noted that for all the above models, the applicability domain is skewed towards PPCPs 

as imidacloprid was the only insecticide present in the training sets. Therefore, more work is 

needed to collect G. pulex and 3D-PSD data for other pesticides to further build the training set 

of the model. It is unclear how toxic and effect units compare in terms of hazard assessment, 

particularly as effect units are representative of the hazard to fish when using the PCcrit values from 

Fick et al. [368] (see Section 5.4.3.2, for a detailed discussion) and are not necessarily representative 

of the steady-state of compounds in the haemolymph of invertebrates. While toxic units are more 

descriptive of aquatic, benthic invertebrates through the use of appropriate EC50 values. 

Therefore, future work should also focus on gathering EC50 data of pharmaceuticals in 

invertebrate taxa or develop a robust read across for PCcrit values.  

6.4.3. Interrogation of molecular descriptors for predictive mechanisms 

Molecular descriptors and other physicochemical properties were correlated (n = 3,585, pearson’s 

correlation) against the measured concentration in the G. pulex and the calculated log(T(E)Uint)G. pulex 

values to attempt to identify underlying mechanisms driving these outcomes. As in Section 6.4.1, 

all data was scaled using sklearn’s MaxMinScaler function to avoid bias. There were no significant 

(r < 0.8) correlations between the molecular descriptors and either target output. The top-20 

descriptors that were highly correlated to each of the targets are presented in Figure 6.8 and     
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Figure 6.9. As can be seen from Figure 6.8, many of the molecular descriptors that are highly 

correlated to concentration in G. pulex had a low variance in the dataset, which resulted in an 

“artificial” relationship that was anchored by a small number of outliers, and so was not a true or 

useable relationship. The exception to this was the descriptors Geary autocorrelation of lag 4 

weighted by ionisation potential (GATS4i) and the P_VSA-like on LogP, bin 6 (P_VSA_LogP_6) 

(Figure 6.8). GATS4i describes the spatial similarity of a molecule’s current ionisation potential 

and the ionisation potential over successive time intervals which has been corrected for 

correlations between adjacent observations [441]. P_VSA_LogP_6 explains the amount of Van 

der Waals forces at the surface of a molecule where the value of property P is at range 0 to 6 of 

atoms in a molecule, refer to Labute (2000) for more details [442]. There was a negative 

relationship between the concentration in G. pulex and GATS4i (r = -0.58) and a positive 

relationship to P_VSA_LogP_6 (r = 0.55). When considering descriptors correlated to the 

calculated log(T(E)Uint)G. pulex values, the majority of the top-20 descriptors had a low variance in the 

dataset which results in a higher r value (Figure 6.9). Seven descriptors (GATS8e, VE2sign_B(i), 

GATS8m, GATS2i, MATS2i, MATS8e, and VE1sign_B(i)) had a genuine relationship with the 

target (Figure 6.9). Similar to GATS4i, the Geary autocorrelation of lag 8 weighted by Sanderson 

electronegativity (GATS8e), Geary autocorrelation of lag 8 weighted by mass (GATS8m), and 

Geary autocorrelation of lag 2 weighted by ionisation potential (GATS2i), describe the spatial 

autocorrelation with a specific time lag for Sanderson electronegativity, compound mass and 

ionisation potential, respectively [441]. VE2sign_B(i) and VE1sign_B(i) represent the mean final 

eigenvector coefficient from the Burden matrix weighted by ionization potential and the sum of 

the final eigenvector coefficients from the same matrix. 
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Figure 6.8. Top 20 molecular descriptors correlated to concentration in G. pulex. 
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Figure 6.9. Top 20 molecular descriptors correlated to the log(T(E)Uint) in G. pulex.
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Across both targets, the descriptors highlighted tended to describe the ionisation potential and 

charge of the compound. One major pathway of CEC uptake in aquatic invertebrates is across the 

gills and studies have suggested that the charge of a compound affects the uptake across the 

membrane [443–445]. However, none of these descriptors had a particularly strong association 

with the target (r < 0.6, R2 < 0.41), so caution should be taken when interpreting the overall 

importance of the relationship between these descriptors and the target output, especially as more 

direct descriptors of ionisation, such as percentage of compound ionised at pH 7.4 and molecular 

weight, were not correlated with either target (r = 0.1 and 0.003, and r = -0.1 and 0.02,  

respectively). 

With no clear explanation of predictive mechanisms from the molecular descriptors, the original 

six-month data used to develop these models was examined. For the 3D-PSD models, the strong 

predictive relationship between the log(T(E)Uint)PS and log(T(E)Uint)G. pulex values is driven by the mass 

accumulated on sampler. Which, when adjusted from ng disk-1 to ng g-1 (detailed in Section 6.4.2), 

is roughly equivalent to the concentration in the G. pulex for most compounds (Table 6.2). 

Indicating that the uptake rate of compounds onto the 3D-PSD is similar to the uptake of 

compounds into G. pulex. Further work into the relationship between Rs and the uptake rate in     

G. pulex is needed to confirm this theory. Particularly as there is preliminary evidence of a 

correlation between Rs values for the anion and HLB sorbent data and concentration in the              

G. pulex and log(T(E)Uint)G. pulex, respectively with a low sample size (n < 10, Figure 6.10) and a similar 

relationship between uptake rates for SPMD devices and invertebrates has been noted before 

[446,447]. 
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Table 6.2. Comparison of concentrations (in ng g-1) and log(T(E)Uint) values across the 3D-PSD phases and the G. pulex. 

Compounds 
G. pulex HLB Anion Cation 

ng g-1 log(T(E)Uint) ng g-1* log(T(E)Uint) ng g-1* log(T(E)Uint) ng g-1* log(T(E)Uint) 

Amlodipine 14 ± 5.0 -5.7 - - 19 ± 8 -6 80 ± 24 -5 

Antipyrine 9 ± 5.0 -9.2 9 ± 8 -9 5 ± 2 -9 7 ± 3 -9 

Citalopram 100 ± 14 -3.1 - - 239 ± 100 -3 - - 

Clarithromycin 9 ± 3 -5.9 - - 83 ± 92 -5 - - 

Clopidogrel 7 ± 2 -3.0 131 ± 35 -2 114 ± 83 -2 165 ± 100 -2 

Clozapine 12 ± 6 -7.4 - - 106 ± 40 -6 - - 

Diphenhydramine 12 ± 3 -5.2 196 ± 53 -4 57 ± 31 -5 - - 

Fluoxetine 33 ± 14 -4.2 68 ± 22 -4 23 ± 10 -4 - - 

Imidacloprid 64 ± 13 -0.5 394 ± 157 0.3 410 ± 20 0.3 324 ± 100 0.2 

Lidocaine 21 ± 17 -7.3 - - 182 ± 67 -6 - - 

Lincomycin 7 ± 3 -9.5 13 ± 3 -9 4 ± 0.5 -10 8 ± 6 -9 

Nortriptyline 8 ± 3 -3.9 37 ± 10 -3 12 ± 9 -4 50 ± 22 -3 

Propranolol 8 ± 3 -5.4 404 ± 50 - 197 ± 37 - 85 ± 57 - 

Risperidone 7 ± 0.1 -4.3 - - - - 8 ± 2 -4 

Sulfamethoxazole 17 ± 14 -9.8 250 ± 66 -9 131 ± 46 -9 161 ± 33 -9 

Trimethoprim 6 ± 2 -8.7 - - 292 ± 17 -7 - - 

Venlafaxine 7 ± 2 -5.9 - - 201 ± 130 -4 - - 

Warfarin 12 ± 7 -7.2 12 ± 6 -7 15 ± 3 -7 10 ± 4 -7 
* values adjusted for the mass of 9 mm sorbent disk (0.0115 g) 
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Figure 6.10. Correlations between Rs values for each sorbent and concentration in G. pulex and log(T(E)Uint).
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6.4.4. Using the model for the prediction of water values from 3D-PSD data 

The relationship between the log(T(E)Uint)PS and log(T(E)U)Water was investigated as an alternative to 

using the Rs value to calculate the TWA water concentration from the mass on passive sampler. 

There was a statistically significant relationship between all the 3D-PSD sorbents and the water 

training data (p < 0.05) with an R2 > 0.5 across all models (Figure 6.11. (a) to (c)). As observed 

when modelling the log(T(E)Uint)G. pulex from the log(T(E)U)Water, the pesticide compounds, for which 

toxic units are calculated (acetamiprid, atrazine, cyromazine, imidacloprid, and terbutryn), were 

outliers that were well below the 95 % confidence interval of the model in all instances            

(Figure 6.11.). This would likely be corrected or minimised when using effect units calculated for 

the pesticide compounds. However, the lack of data on the human therapeutic plasma 

concentration (HTPC) available for these compounds, which is required to calculate PCcrit as per 

Eqn. 5.6 (Section 5.3.6, Chapter 5), makes it challenging. The MAE when solving for the 

concentration in water for all compounds is 0.1 ± 0.5, 0.2 ± 0.5, and 0.07 ± 0.1 mg L-1 for the 

HLB, anion, and cation models, respectively (Figure 6.11. (d) to (f)) due to the large overprediction 

of the pesticide values. When excluding the pesticides, the MAE of the concentration in water was 

35 ± 50, 61 ± 80 and 21 ± 10 ng L-1 for the HLB, anion, and cation phases, respectively for all 

pharmaceutical compounds.  

When the toxic units of the pesticide compounds were plotted alone within each sorbent, the 

linear relationship had an R2 of 0.886, 0.943, and 0.921, for the HLB, anion, and cation models, 

respectively. However, there are five or fewer data points per model and in all cases, the trendline 

was anchored by the top right point (imidacloprid) which is unfit for meaningful predictions due 

to the lack of data at the higher toxic units. Consistently, there appears to be at least one or more 

orders of magnitude between the toxic units calculated in the water phase using the un-adjusted 

EC50 values and for the other matrices. This is likely the result of the different scaling of the raw 
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EC50 values mined from the literature to convert the units from mg L-1 to ng L-1 and ng g-1 for the 

calculation of toxic units in the water and other matrices, respectively. Therefore, when using the 

water data values as the target or predictor variable, two different models may be required for 

predicting the toxic and effect units separately, though more pesticide data will be needed to 

confirm this theory. That being said, the MAE of models for the prediction of water 

concentrations constructed using only the pharmaceutical effect units is 57 ± 200, 79 ± 200, and 

55 ± 200 ng L-1 for the HLB, anion, and cation phases, respectively (Table 6.3), which is higher 

than the MAE determined using the first iteration of the model. 

Compared to MAE of the TWA water concentrations of compounds (inclusive of pesticides) 

calculated using Rs values determined in Chapter 4 from the six-month data                                         

(HLB: 35 ± 40 ng L-1, anion: 43 ± 60 ng L-1, cation: 24 ± 30 ng L-1, refer to Section 5.4.3.1 and 

Table 5.5 of Chapter 5 for details). The error of the initial model inclusive of the pesticide data is 

slightly higher than these values across all sorbents, as is the error when excluding the pesticides 

for the HLB and anion phases. Therefore, there is no meaningful advantage or disadvantage gained 

by using the toxic and effect unit models to determine water concentrations compared using 

experimentally calculated Rs values and this model can be used to predict the mass of compound 

on sampler. Though values obtained in this way would have to be caveated carefully and 

considered semi-quantitative at best. 
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Figure 6.11. Models between the log(T(E)Uint) in water and 3D-PSD sorbents to predict CEC concentration in water (a) to (c). Residual error of the predictive 
models for TWA CEC concentrations in water (d) to (f). Data points of pesticides are labelled for clarity. 
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Table 6.3. Comparison of the water TWA concentration values and error, in parenthesises, for each compound and sorbent calculated using the Rs values and the model described 
in Figure 6.11. 

Compounds 
H2O 

(ng L-1)a 

TWA from Rs (ng L-1)   TWA from the model including toxic units  
(ng L-1) 

 TWA from the model excluding toxic units 
(ng L-1) 

HLB Anion Cation  HLB Anion Cation  HLB Anion Cation 

Acetamiprid 86 35 (-51) 34 (-52) 48 (-38)  2.0e5 (2.0e5) 1.4e6 (1.4e6) 2.2e5 (2.2e5) - - - 

Amitriptyline 32 56 (24) 29 (-3) 7 (-25)  8 (-25) 6 (-26) 1 (-31)  45 (13) 29 (-3) 21 (-11) 

Atorvastatin 35 8 (-27) - 21 (-14)  1 (-34) - 2 (-33)  8 (-27) - 41 (6) 

Atrazine 12 26 (14) 12 (0) 4 (-8)  3.2e5 (3.2e5) 8.4e5 (8.4e5) 1.2e5 (1.2e5) - - - 

Azithromycin 160 - 5 (-155) -  - 4 (-155) -  - 14 (-146) - 

Benzoylecgonine 20 7 (-13) 6 (-14) 16 (-4)  2 (-18) 1 (-19) 0.4 (-19)  10 (-9) 5 (-15) 6 (-14) 

Bisoprolol 19 39 (20) 11 (-8) 6 (-13)  118 (99) 182 (163) 46 (27)  697 (678) 817 (799) 666 (647) 

Carbamazepine 333 - - -  - - -  - - - 

Carbamazepine-10,11-
epoxide 

47 144 (97) 44 (-3) 26 (-21)  27 (-20) 4 (-43) 2 (-45)  149 (102) 97 (50) 50 (3) 

Citalopram 259 - 59 (-200) -  - 31 (-228) -  - 167 (-92) - 

Clarithromycin 121 - 21 (-100) -  - 20 (-100) -  - 64 (-57) - 

Clopidogrel 29 46 (17) 26 (-3) 24 (-5)  7 (-22) 11 (-17) 2 (-27)  39 (10) 77 (48) 34 (5) 

Clozapine 21 - 26 (5) -  - 39 (18) -  - 86 (65) - 

Cocaine 22 7 (-15) 5 (-17) 2 (-20)  1 (-20) 2 (-19) 0.3 (-21)  6 (-15) 22 (1) 5 (-17) 

Cyromazine 30 - - 11 (-19)  - - 6.5e5 (6.5e5) - - - 

Diclofenac 266 - - -  - - -  - - - 

Diphenhydramine 53 69 (16) 107 (54) -  8 (-45) 12 (-41) -  50 (-3) 43 (-10) - 

Fluoxetine 15 24 (9) 6 (-9) -  3 (-12) 5 (-10) -  17 (3) 17 (3) - 

Imidacloprid 66 138 (72) 47 (-19) 48 (-18)  2.5e4 (2.5e4) 2.5e6 (2.5e6) 3.5e5 (3.5e5) - - - 

Ketamine 46 - 26 (-20) -  - 47 (0) -  - 134 (87) - 

Lidocaine 100 - 39 (-61) -  - 66 (-33) -  - 148 (49) - 

MDMA 26 44 (18) 30 (4) -  5 (-21) 2 (-24) -  26 (1) 12 (-13) - 
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Table 6.3. continued             

Compounds 
H2O 

(ng L-1)a 

TWA from Rs (ng L-1)   
TWA from the model including toxic units  

(ng L-1) 
 

TWA from the model excluding toxic units 
(ng L-1) 

HLB Anion Cation  HLB Anion Cation  HLB Anion Cation 

Memantine 19 23 (4) 6 (-13) 5 (-14)  3 (-15) 6 (-13) 4 (-15)  21 (2) 18 (-1) 54 (36) 

Methamphetamine 20 77 (57) 33 (13) -  3 (-17) 1 (-19) -  19 (0) 7 (-13) - 

Metoprolol 12 7 (-5) 3 (-9) 2 (-10)  1 (-11) 2 (-9) 1 (-11)  4 (-8) 6 (-6) 8 (-4) 

Nicotine 240 84 (-156) 41 (-199) -  14 (-226) 9 (-231) -  80 (-160) 103 (-138) - 

Pirenzipine 14 63 (49) 11 (-3) 13 (-1)  2 (-13) 2 (-13) 1 (-13)  10 (-5) 6 (-9) 16 (1) 

Propranolol 50 142 (92) 78 (28) 4 (-46)  18 (-32) 37 (-13) 2 (-48)  105 (55) 145 (95) 22 (-28) 

Risperidone 21 - - 1 (-20)  - - 0.2 (-21)  - - 2 (-19) 

Salbutamol 12 10 (-2) 30 (18) 8 (-4)  1 (-11) 2 (-10) 2 (-10)  7 (-5) 5 (-7) 20 (8) 

Sulfamethoxazole 34 88 (54) 21 (-13) 140 (106)  8 (-27) 96 (61) 6 (-28)  48 (14) 119 (84) 59 (24) 

Temazepam 22 25 (3) 20 (-2) 112 (90)  8 (-14) 4 (-18) 3 (-19)  45 (23) 60 (38) 68 (46) 

Terbutryn 14 6 (-8) 7 (-7) 8 (-6)  2.7e4 (2.7e4) 1.0e5 (1.0e5) 2.9e4 (2.9e4) - - - 

Tramadol 246 - 13 (-233) -  - 10 (-235) -  - 32 (-214) - 

Trimethoprim 95 - 122 (27) -  - 128 (33) -  - 245 (150) - 

Venlafaxine 178 - 117 (-61) -  - 43 (-136) -  - 151 (-27) - 

Verapamil 16 11 (-5) 4 (-12) 3 (-13)  1 (-15) 3 (-14) 1 (-16)  7 (-10) 14 (-2) 9 (-8) 

arefer to Table 5.5 for ± standard deviation values 
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6.4.5. External validation of models using literature data 

The HLB, anion, and cation models developed in Section 6.4.2 (Figure 6.6) were reproduced using 

data mined from three literature studies where water and Gammarid invertebrates were co-sampled 

[33,100,113,153]. Across the three studies, 34 unique CECs were quantified in Gammarid samples 

from a range of freshwater and estuarine water systems. Eight of these compounds were pesticides 

and the remaining 26 were PPCPs, with carbamazepine common to all three studies. Two of the 

studies were undertaken in England in the freshwater catchments of the Rivers Alde, Waveney, 

Stour, Gipping, and Deben (Miller et al. (2019) [100]) and the estuarine River Colne (Miller et al. 

(2021) [153]). The third study sampled upstream and downstream of nine WWTPs distributed 

throughout the Swiss Plateau and the Jura mountains, though for this work only the sites 

downstream of WWTPs were used to increase the number of compound test cases (Munz et al. 

(2017 & 2018) [33,113]). Water and Gammarid concentrations for each compound per site were 

averaged from the data presented in the main paper or electronic supplementary information for 

each study. Work mimicking the design of the 6-month study (Section 5.3.4 of Chapter 5) where 

Gammarid collections coincided with Chemcatcher®-style passive sampler deployments would have 

been preferable, but no such studies could be found at the time of writing (December 2022). 

Therefore, for the 3D-PSD models, the compound mass on the 9 mm disks for each sorbent was 

determined from the literature water data using the Rs values calculated in Chapter 4                 

(Sections 4.4.1, 4.4.2, and 4.4.3) and the mean Rs values per sorbent as in Chapter 5 (Section 5.4.3.1) 

as per Eqn. 4.3. For all models, the predicted internal G. pulex concentration was calculated using 

the linear equations determined for each model (Figure 6.12) and solving Eqns. 5.4 and 5.5 for 

Cint. 

Across the three studies, all models were statistically significant (p < 0.05) and had a good 

predictive relationship between the log(T(E)Uint)G. pulex and the log(T(E)Uint)PS/Water with R2 values 
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greater than 0.7 (Figure 6.12). Except for the water model trained using the Munz et al. (2017 & 

2018) dataset, as this model was not statistically significant and had a very poor predictive 

relationship, due to the pesticide outliers as discussed in Section 6.4.3 (Figure 6.12). The MAE for 

each model across the different studies is presented in Figure 6.13. For the HLB model, the MAE 

of concentration in the G. pulex for each study was 4 ± 8, 23 ± 50, and 7 ± 10 ng g-1 for                

Miller et al. (2019), Miller et al. (2021), and Munz et al. (2017 & 2018) studies, respectively. For the 

anion models, the error was 3 ± 8, 3 ± 4, and 6 ± 8 ng g-1 per study. The error of the cation models 

was 4 ± 5, 3 ± 6, and 5 ± 8 ng g-1 per study. The error for the water models were higher than the      

3D-PSDs across all studies, with MAE of 7 ± 10, 57 ± 100, and 80 ± 200 ng g-1 due to the lower 

R2 values of the water models resulting from the pesticide compounds. Thus, demonstrating the 

applicability of the model across various studies and environments. However, it should be noted 

that the input data for the 3D-PSD models underwent additional data transformation steps, where 

the reported CEC concentration in water (ng L-1) was converted to ng g-1 on the 3D-PSD sorbent 

disk using Rs values. Thus, adding more uncertainty to the measurements as it is assumed by      

Eqn. 4.3 that the aqueous CEC concentration is an average concentration over the passive sampler 

deployment period, which it is not in this case. 

In all studies, the water samples are grab samples (< 1 L) taken at the time of invertebrate sampling 

[33,100,113,153]. The second assumption is that the abiotic water conditions in the three studies 

are similar to the calibration studies where the Rs value was determined. Which is unlikely in at 

least one study, Miller et al. (2021), as samples were taken in an estuarine river which would have 

markedly different salinity and temperature than the AFW exposure system used in this thesis 

(Section 4.3.4 of Chapter 4). Which would have affected the rate of uptake onto the 3D-PSD 

sorbent as noted in other studies [192,318]. Despite this, the 3D-PSD models are more accurate 

than the water model and are beneficial due to the accumulative nature of a passive sampler device 

increases the sensitivity for compounds that would be below the LLOQ in grab water samples.  
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Figure 6.12. Predictive log(T(E)Uint) models were generated using data from the literature for the 3D-PSD 
sorbents and water data. The three studies are grouped by column and the different matrices are grouped 

by row. 
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Figure 6.13. The residual predictive (ŷ) error for each model represented in Figure 6.12. 
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To assess the read-across between the predictive models developed for different studies, the 

original 3D-PSD and water models developed in Section 6.4.2 (Figure 6.6) were applied to the data 

in each literature study to predict the concentration in G. pulex. In comparison to the above results, 

using a model to read-across studies tended to over-predict the concentrations in the G. pulex, 

sometimes over several orders of magnitude (Figure 6.14), indicating that while it is possible to 

apply models across studies caution should be taken as the predictive error is likely high. Studies 

have determined that contaminant accumulation in biota is influenced by abiotic factors such as 

temperature [117,122], salinity [394,397] and pH [93,448]. Therefore, G. pulex internal 

concentration predictions using models carried between study systems should be interpreted with 

caution as abiotic factors will vary between systems.  

 

Figure 6.14. Residual error when predicting Gammarid concentrations from the literature data when 
reading across from the models developed in Section 6.4.2 for the HLB (a), cation (b), anion (c), and 

water (d) models (Figure 6.6 and Figure 6.7). 
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6.4.6. Application of models to hazard rankings 

The models developed were used to perform risk assessment and hazard ranking for 30 

compounds identified by Spurgeon et al. (2022) as high risk in UK surface waters to G. pulex [72]. 

Spurgeon et al. used the highest measured concentration to determine the “worst-case” hazard 

rankings for each compound as it was difficult to calculate summary statistics from the raw data 

due to the high number of missing values, (refer to Spurgeon et al. (2022) and Lapworth et al. (2018) 

for details [72,449]). Although useful in a worst-case context, using the highest concentration for 

hazard ranking is prone to error if the value is an extreme outlier resulting from an analytical or 

transcription error [72]. To identify and account for these errors, Spurgeon et al. (2022) only 

considered compounds that were detected at least ten times across the whole dataset and accepted 

values where the fold-change between the highest and second highest value was less than ten [72].  

Spurgeon et al. (2022) then ranked the final subset of compounds in decreasing order according to 

the number of times the compound was detected across the whole EA dataset (detection frequency 

ranking) and this was used to weigh the final ranking of compounds towards those commonly 

detected in the environment. 

Mimicking the work of the study, the maximum detected concentration for each substance was 

used to calculate the log(T(E)Uint)PS units for model inputs to predict the log(T(E)Uint)G. pulex units to 

give a direct comparison. As in Section 6.4.5, the water concentration value was transformed to 

mass on the 9 mm disk for each sorbent using Rs values over a seven-day deployment. The 

predicted log(T(E)Uint)G. pulex values for each model were sorted in descending order to determine 

hazard rankings for comparison and an average ranking (average model HQ) was calculated from 

the rankings from each sorbent model as in Spurgeon et al. (2022) [72]. Compounds for which 

toxic and effect units were calculated were considered separately for discussion as it is unclear how 

they compare in terms of hazard assessment. The rankings of the log(T(E)Uint)G. pulex values are 
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presented in Table 6.4 with the original rankings as determined by Spurgeon et al. (2022). Generally, 

there was good agreement in rankings between the 3D-PSD and water models within each data 

sub-set.  

When considering the ranking of compounds for which TUs were calculated, four compounds 

(bentazone, diuron, fipronil, and triclosan) were common with Spurgeon et al.’s top-five ranked 

compounds for this subset. Triclosan was the highest-ranked compound of the average model HQ 

ranking in this data subset and was also first placed in the WFD EQS, NORMAN PNEC and the 

Chronic SSD HC50 HQ rankings (Table 6.4). Though was placed fourth in the original study, 

likely due to the lower detection frequency compared to other compounds. Fipronil and bentazone 

were placed fourth and fifth in the average model HQ ranking while they were first and second in 

Spurgeon et al.’s final rankings, due to the high detection frequency in the EA dataset (present in 

> 2,000 samples) and the relatively high ranking in the NORMAN PNEC and Chronic SSD HC50 

datasets. Diuron was placed second using the average model HQ rankings while it was fifth in the 

toxic unit subset and tenth overall in the original work. Diuron is a legacy compound so was 

frequently detected in the surface water samples (> 2,500) and was highly ranked in the WFD EQS 

and Chronic SSD HC50 HQ rankings. It should be noted that the average model HQ rankings are 

specific to G. pulex, which is unlikely to be the target organism when the WFD EQS rankings were 

determined. 

For the effect unit compounds, only telmisartan was common to the top-five compounds ranked 

from the model results and Spurgeon et al.’s work. This compound was second placed in the 

average model HQ ranks and is the highest-ranked value in the NORMAN PNEC HQ for this 

data subset (Table 6.4). Telmisartan was placed third in the effect unit model’s subset and was 

ranked fifth overall in the original work due to a lower detection frequency in the EA dataset          
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(< 850) despite having the highest average rank across the WFD EQS, NORMAN PNEC, and 

Chronic SSD HC50 datasets (Table 6.4).  

However, the average model HQs did not rank compounds such as boscalid, carbamazepine, 

cetirizine, diclofenac, and lamotrigine within the top-five for either toxic or effect unit sub-sets 

(Table 6.4). Based on the unadjusted HQ values from Spurgeon et al. (2022), boscalid would be 

outside the top five ranked compounds for the toxic units dataset, as were carbamazepine, 

diclofenac, and lamotrigine for the effect units dataset (Table 6.4). The higher rankings of these 

compounds in the original study was due to the correction of the HQ ranking by the frequency of 

detection, thereby increasing the rank of the compounds most frequently detected in the 

environment. When the average model HQ rankings were adjusted by the same metric, all four 

compounds lay within the top five ranked compounds for each dataset though not in the same 

order as the original dataset. Cetirizine remains outside the top-five compounds regardless of the 

scaling applied to the average model HQ rankings where it is ranked eighth overall. The top 

ranking in the effect unit data subset and overall third ranking is due to the very high NORMAN 

PNEC ranking and a high detection frequency (> 1,800). Overall, the models developed in     

Section 6.4.2 were able to rank compounds according to their hazardous potential for both toxic 

and effect units which were generally in agreement with published work based on water data, but 

this is case specific to G. pulex. Thus, showing the applicability of the models to biota hazard 

assessments as well as predicting internal G. pulex concentrations.  
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Table 6.4. Top five ranked compounds for toxic and effect units as per Spurgeon et al. (2022) and this work. Compound rankings for individual 
models are represented with toxic/effect units in parenthesis.  

DWCA Compounds 

This study  As per Spurgeon et al. (2022) [72]  

Average 
model HQ 

HLB Anion Cation H2O  
WFD 
EQS 

NORMAN 
PNEC 

Chronic 
SSD 

Average 
HQ 

Detection 
frequency 

Toxic units 
 

            

8 Triclosan 1 1 (-0.3) 1 (0.004) 1 (0.4) 1 (-3.4)  1 3 1 3 61 

10 Diuron 2 3 (-1.3) 3 (-1.1) 2 (-0.6) 3 (-5.6)  7 110 14 46 6 

1 Fipronil 4 5 (-1.6) 5 (-1.3) 4 (-0.9) 2 (-4.9)  - 12 2 6 2 

2 Bentazone 5 4 (-1.6) 4 (-1.3) 3 (-0.9) 5 (-6.1)  - 28 5 4 13 

7 Boscalid 12 13 (-3.8) 13 (-3.5) 13 (-3) 7 (-7.2)  - 20 60 31 5 

Effect units 
 

            

5 Telmisartan 2 2 (1.3) 2 (1.6) 2 (2) 2 (1.6)  - 4 - 1 67 

9 Diclofenac 6 6 (-4.2) 6 (-3.8) 8 (-4) 6 (-4.2)  - 35 28 14 14 

3 Cetirizine 8 8 (-4.3) 8 (-4.1) 7 (-3.6) 8 (-4.3)  - 5 - 2 31 

6 Carbamazepine 10 10 (-5.3) 10 (-5.2) 10 (-5.1) 10 (-5.7)  - 91 34 43 3 

4 Lamotrigine 11 11 (-6.2) 11 (-6) 11 (-5.5) 11 (-6.3)  - 11 116 65 1 
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6.5. Conclusions 

Data collected during the six-month field study (Chapter 5) was explored to determine 

relationships between the CEC accumulation in G. pulex and the other matrices. Despite the 

statistically significant linear relationships, R2 values did not indicate a strong predictive capability 

using CEC concentration data from the animal and 3D-PSD phases using a linear regression 

model. Hierarchical clustering and PCA analysis indicated that the G. pulex data were most similar 

to the 3D-PSDs compared to the water data.  

Various linear regression models were explored using other metrics of comparison between the 

3D-PSDs and G. pulex. There was a statistically significant and strong predictive relationship              

(p < 0.05, R2 > 0.9) between the log(T(E)Uint) values for the G. pulex and the log(T(E)Uint) values 

calculated using the compound mass on each of the 3D-PSD sorbents. The MAE for predicting 

the log(T(E)Uint)G. pulex values from the line of best-fit  was 0.4 ± 0.2, 0.5 ± 0.3, and 0.4 ± 0.2 for the 

HLB, anion and cation phase, respectively. When calculating the internal G. pulex concentrations 

from the predicted log(T(E)Uint)G. pulex values for each model, the MAE was 23 ± 23, 22 ± 20, and 

17 ± 22 ng g-1 for the HLB, anion, and cation phases, respectively. A similar linear regression 

model using the log(T(E)U) values derived from water data was developed with a MAE of                 

37 ± 41 ng g-1 when predicting the internal G. pulex concentrations. For all these models, the 

applicability domain was skewed towards PPCPs as imidacloprid was the only insecticide present 

in the training sets. Therefore, more work is needed to collect G. pulex and 3D-PSD data for other 

pesticides to further build the training set of the model.  

All models were recreated using data mined from three literature studies for performance 

assessment and validation purposes. Across the studies, the models were robust and displayed 

good accuracy when compared to the measured data. Thus, this demonstrates a potential 
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generalisable capability for the model to be applied across various studies and environments. 

However, caution should be taken when reading-across models developed in one system to 

another as abiotic factors that contribute to animal and passive sampler uptake will vary between 

systems. Lastly, the model was used to perform a risk assessment and hazard ranking of the 

compounds identified as high risk in UK surface waters and were in good agreement with work 

published showing the applicability of the models to biota hazard assessments as well as predicting 

internal G. pulex concentrations.  

The developed models are simple and easy to interpret when compared to more complex and non-

linear models such as machine learning algorithms such as neural networks. However, the model 

developed here is sensitive to outliers in the training dataset, is susceptible to overtraining, and the 

applicability of the model to other invertebrate taxa is unknown as contaminant uptake is species-

dependent [418]. Furthermore, the accuracy of the model decreases when other ECint and PCcrit 

values to those used to train the model are used for Cint prediction in the G. pulex. Therefore, 

further work is needed to validate the model for other taxa and define a robust set of ECint and 

PCcrit values for use. This work represents the first instance where a surrogate device has been used 

to predict in situ risk and the internal concentration of contaminants in G. pulex accounting for 

environmental conditions. As a preliminary investigation, involving the development and 

application of a novel, sensitive, cost-effective, and scalable passive sampler device and analytical 

method, this represents a major advancement in the use of surrogate devices for invertebrate 

toxicology and risk assessment for a large number of environmental contaminants. 
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6.6. Key take-home messages 

• Hierarchical clustering and PCA analysis indicated that the G. pulex data were most similar 

to the 3D-PSDs compared to the water data. 

• There is a strong predictive relationship between the toxic and effect units calculated in 

the G. pulex and those calculated using the mass on the 3D-PSD. The overall mean absolute 

error for the models across all sorbent phases is 0.4 ± 0.2 log units. 

• The first instance of using a surrogate device to predict in situ risk in G. pulex. 
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7.1. Conclusions 

The aim of this thesis was to use passive samplers in conjunction with modelling techniques to act 

as surrogates for invertebrates during in situ freshwater pollution studies. This was achieved 

through the following objectives: 

a) To develop an analytical workflow for passive sampler extracts to improve the 

understanding of CEC occurrence in the River Thames (UK) through the analysis of 

passive sampler extracts using both targeted LC-MS/MS and machine learning-assisted   

in-silico LC-HRMS suspect screening which to apply in later chapters to water and 

invertebrate extracts. 

b) To design, develop and characterise a miniature 3D-printed passive sampler device              

(3D-PSD) that can hold multiple sorbent disks in order to increase the accessibility and 

scalability of passive sampling for large monitoring programmes. 

c) To determine the sampling rates for at least 39 unique CECs on three different 9 mm 

sorbent phases (HLB, anion, and cation exchange) and if the miniaturised sorbent disks 

worked analogously to other PSDs and determine the impact of the smaller size on 

performance. 

d) To collate a matched dataset of compounds in both the G. pulex and 3D-PSD sorbents to 

assess temporal trends in an urban freshwater system and can be used for modelling 

purposes. 

e) To develop and test models to predict the internal concentrations of CECs in G. pulex 

from contaminant uptake onto the 3D-PSD. 

Overall, this work was successful and provided a novel contribution to the passive sampling field 

through the development of a new housing for miniaturised, multiplexed sorbents utilised in a    

six-month field study and preliminary modelling of relationships between a passive sampler and 
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invertebrate in order to prioritise risk assessments for emerging CECs for which current 

knowledge is limited. This work has generated new knowledge and data in the field of passive 

sampling in terms of the practicality and impacts of scaling down the active sampling area of a 

passive sampler device with the development of the 3D-PSD towards enabling large-scale 

monitoring programmes to be undertaken at a fraction of the cost and arguably with higher 

chemical spatial coverage. 

Chapter 1 addressed the aim of this thesis by identifying gaps in current knowledge, particularly 

concerning the limited reporting of CEC occurrence in biota, specifically freshwater invertebrate 

species likely due to the challenges associated with sample preparation for analytical analysis. 

Demonstrating the need for cost-effective alternatives, having a standardised protocol and 

incurring low matrix effects. Passive samplers have been suggested as proxies for biota during 

monitoring studies due to their low matrix effects, simple extraction procedure, low variation 

between replicates, and representativeness of the dissolved CEC concentrations biota are exposed 

to in situ. Equilibrium-based passive samplers have been assessed as surrogates for biota and while 

are representative of the lipid concentrations of CECs in an organism when at thermodynamic 

equilibrium, this is rarely the case due to biological processes. Therefore, kinetic samplers may 

better reflect uptake into the organism, though few studies have explored this. 

Chapter 2 addressed the aim of this thesis by demonstrating that a PSD is more sensitive to CECs 

than water grab samples in a tidal river with daily fluxes in abiotic conditions. The work in this 

chapter presented a preliminary investigation of the River Thames using the Chemcatcher® passive 

sampler deployed for at least 13 days in the winter and summer of 2018 and 2019, respectively. 

Emerging contaminants in water samples and the passive sampler extracts were initially identified 

using a rapid, LC-MS/MS method. Almost double the number of compounds identified in the 

water samples (n = 33) were detected in the passive sampler extracts(n = 65), demonstrating the 
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increased sensitivity of this technique compared to spot sampling due to the accumulative nature 

of PSDs. The suspect screening workflow, assisted by a retention time prediction model, identified 

a further 59 compounds from a curated list of 237 suspect identifications from library searching 

alone. However, the Chemcatcher® extraction procedure uses large volumes of solvent (40 mL of 

MeOH per disk) and a lengthy evaporation step (> 2 h using the Genevac centrifugal rotary 

evaporator). This does not align with the goals of green chemistry, particularly when concerning 

replicate PSDs, is not particularly fit for rapid analysis and is not readily scalable.  

Chapter 3 addressed the aim of this thesis through the design and development of a readily scalable 

miniaturised 3D printed passive sampler device. The device was prototyped to overcome the 

shortcomings of other commercially available PSDs (e.g., Chemcatcher® and POCIS) and align 

more with the sustainability goals of green chemistry. The device was manufactured from a 

commercial methacrylate-based polymer resin and the final design consisted of a two-part 

assembly held together using a friction interference fit and housed five separate 9 mm sorbent 

disks. This allowed for samplers multiplexed with different sorbent chemistries, thus expanding 

the sampled chemical space, and increasing the number of replicates without the need for 

cumbersome deployments. The 3D-PSD housing was assessed for sorption of CECs of interest 

over eight days and the elution of compounds from the 3D-PSD housing was briefly explored. 

Recoveries from the 9 mm sorbent disks for HLB, anion and cation phases were investigated using 

solvent volumes scaled down from the commercially available Chemcatcher® extraction method 

by disk weight and manufacture recommended extraction solvents. While recoveries could be 

improved using other solvents, those achieved were suitable for this development work.  

Chapter 4 addressed the aim of this thesis by determining the uptake rates for a variety of CECs 

on three different sorbents for use in the 3D-PSD housing. The uptake rates for 93 unique 

compounds were determined on the 9 mm HLB, anion, and cation sorbent phases. The optimal 
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deployment period for the 3D-PSD was determined to be seven days in order to capture the kinetic 

uptake region of all sorbents when calculating the TWA concentration of CECs in water. The 

sorption behaviour of the 9 mm sorbents over longer timeframes was not investigated due to 

COVID-19 restrictions in 2020 and should be explored in future work. The sorbent chemistry of 

the compounds did not appear to affect the selectivity for the different sorbents, likely due to 

interactions with the base polymer. However, the charge state did influence the uptake rates of the 

compounds onto the sorbents, depending on its chemistry. For example, 99 % of venlafaxine 

molecules in solution have a charge state of +1 at the experimental pH and the Rs value on the 

cation, anion and HLB phases were 23.5, 2.8 and 1.6 mL day-1, respectively. Due to the smaller 

surface area, a loss of sensitivity was also observed when compared to Rs values calculated for the 

Chemcatcher® mined from the literature, resulting in lower Rs values by 23-fold on average. This 

was a significant shortcoming of the 3D-PSD, which then required higher instrumental method 

sensitivity. Fortunately, in this case, the direct injection LC-MS/MS method used was highly 

sensitive so could partially compensate for this loss. 

Chapter 5 addressed the aim of this thesis by demonstrating the applicability of the 3D-PSD to   

in situ field studies in a London freshwater river and concurrently collected G. pulex samples for 

future predictive modelling purposes. A transect study of the river was carried out to determine 

the pollution impact point along the river, which was identified near Beddington Corner close to 

the outfall of a WWTP. HLB-loaded 3D-PSDs were then deployed both upstream and 

downstream of the pollution point to compare the performance of the 3D-PSD in an impacted 

and “clean” environment. The TWA water concentrations calculated from the 3D-PSD extracts 

using the Rs values determined in Chapter 4 were in relatively good agreement with the grab 

samples collected during deployment and retrieval of the passive samplers. A majority of 

compounds were in agreement of 23 ± 17 ng L-1 with the average water values. Following this, a 

six-month field study was undertaken at the downstream site where the multiplexed 3D-PSDs 
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(loaded with HLB, anion, and cation phases) and 3D-PSDs containing only one sorbent type were 

deployed for seven days per month with co-occurring collections of G. pulex samples in order to 

create a matched dataset to be used for modelling purposes. The addition of the anion and cation 

sorbent phases increased the chemical space by 23 compounds and the TWA water concentrations 

calculated across all sorbent phases were again in good agreement with the water data collected 

during the deployment period (24 ± 36 ng L-1, 53 ± 127 ng L-1, and 26 ± 32 ng L-1 for the HLB, 

anion, and cation phase, respectively). Risk quotients were assessed using PNEC values and 

medium to high RQs were calculated for imidacloprid across all sorbent phases for which there 

was data. Imidacloprid was also quantified at every collection timepoint in the G. pulex samples 

and exhibited the highest internal toxic unit value. All pesticides quantified in G. pulex were above 

the threshold for adverse effects, the highest-ranked pharmaceuticals by effect units were 

clopidogrel and citalopram, which were calculated to have low RQs from the water and 3D-PSDs 

data. 

Finally, Chapter 6 addressed the aim of this thesis by developing and testing predictive models of 

the internal G. pulex concentration from 3D-PSD data. Here, the data collected in Chapter 5 was 

investigated to ascertain if there was any relationship between CEC accumulation in the 3D-PSD 

extracts and in the G. pulex. Hierarchical clustering and PCA analysis revealed that the G. pulex 

data was most similar to the 3D-PSD data in comparison to the water data. Due to the small 

dataset, complex machine-learning models were not explored due to the high risk of overtraining. 

There was a statistically significant and strong predictive relationship between the internal toxic 

and effect units calculated for the G. pulex and those from the mass accumulated on the 3D-PSD 

using linear regression. From the line of best fit, it was possible to estimate the average 

concentration of CEC in the G. pulex from the mass accumulated on the sampler. However, the 

applicability domain of the models is skewed towards PPCPs as imidacloprid was the only pesticide 

present in the training set and no drug metabolites were present. The size of this data set was also 
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limited, and more data is needed to increase the robustness of model predictions. The developed 

model was validated using literature data and showed a good predictive relationship when using 

other data. Thus, this demonstrated a potential generalisable capability for the model to be applied 

to various studies and environments.  

 

7.2. Recommendations for future work & challenges 

There are two main areas which can be the focus of future work based on the results of this PhD 

thesis: (a) improving the robustness of the predictive model and (b) the further application of the 

3D-PSD to other matrices and contaminant groups. Despite the promising results demonstrated 

in Chapter 6, linear models are sensitive to outliers and are prone to overtraining. Unfortunately, 

it was not feasible to use more complex models, such as machine learning, in this instance due to 

the limited dataset, but would likely be an interesting and useful objective to build and be applied 

ideally in parallel with linear models for added confidence. Therefore, it would be recommended 

that more work focus on building the training set of log(T(E)U) values for both the 3D-PSD and 

G. pulex as developed here, particularly for pesticides and other PPCPs not captured in this original 

dataset. Ideally, this data would be collected in situ to ensure environmentally relevant chemical 

and abiotic conditions and so application in other sites with different pollution signatures is 

recommended. However, this may not be possible and the use of mesocosms may be necessary to 

better mimic environmental conditions than a laboratory-based system, while still accruing data 

for a larger set of chemical substances. The relationship between log(T(E)U) values for the             

3D-PSD and other invertebrate taxa should also be investigated, as well as the relationship between 

the internal toxic and effect units between trophic levels to determine if mapping across taxa is 

possible.  
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Regarding the 3D-PSD, there are many avenues for future work many of which are already being 

taken forward within the research group. Sorption of CECs to the 3D-PSD housing is a challenge 

for the use of the 3D-PSD for monitoring, this can be overcome by using other materials to 

manufacture the housing from, such as polytetrafluoroethylene to match commercially available 

formats like the Chemcatcher®. However, this raises questions of what effect (if any) this will have 

on compound Rs and accumulation onto the passive sampler device. Therefore, more work is 

required to determine if there is a difference in the mass accumulated on sampler when using 

different housing materials. Conversely, the absorption of compounds onto the 3D-PSD housing 

opens the opportunity to 3D-print passive sampler sorbent disks for use in monitoring campaigns, 

particularly if the polymer itself can be functionalised with various chemical groups to target 

chemical moieties. 

When using the 3D-PSD in future monitoring campaigns, the anion and HLB phase either 

multiplexed within one device or separately would capture a majority of the contaminants of 

interest in freshwater studies. Due to the design of the 3D-PSD, containing five 9 mm sorbent 

disks, it would be feasible to deploy only one device per location of interest and still achieve good 

replication. However, if a matrix matched calibration line is required for quantification, then up to 

three devices with the same phase should be deployed in the sampling location. If using the            

3D-PSD to determine the TWA contaminant concentration in water, then conducting an in situ 

calibration study would be advisable due to the influence of abiotic conditions on uptake. If not 

possible, then the laboratory calibrations for the corresponding phase presented here would 

suffice. When using the 3D-PSD to model the toxic and effect risk in the G. pulex, the anion or 

cation phase would be advisable due to the lower MAE of these models compared to the one 

developed for the HLB phase. However, the HLB phase is very popular in passive sampling and 

other environmental applications so it use should be considered for comparative reasons. 
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The inexpensive and small design of the 3D-PSD allows it to be applied at scale to other 

environmental compartments too, such as (personalised) air-quality monitor or in soil chemical 

transport monitoring. In addition, there is the possibility to extend its functionality beyond 

chemicals to understand microbiomes, such as using cotton substrates for colonisation in various 

environments. Its simple deployment also means that it is likely to be very suited to ‘citizen 

science’-type monitoring programs and this has already been pursued in further work that I have 

received funding for.  

The impact of this work can be realised in many different ways. In terms of regulation and policy, 

the workflows presented in this thesis allow for the rapid analysis and prioritisation of CECs for 

environmental and biota risk assessment without the need to capture and analyse wild invertebrates 

from the environment. Thus, this aligns with the ‘Replace’ tenant of the 3Rs in animal 

experimentation. In addition, the miniaturised design of the 3D-PSD can be applied to other 

substances of concern that are monitored for in water systems by using appropriate sorbents for 

the target analytes such as PFAS and metals. Further, the device can be applied to other matrices 

such as monitoring air quality for volatile organic compounds or for CECs in soil. Economically, 

compared to commercially available PSDs the 3D-PSD housing is significantly cheaper as it can 

be manufactured in-house on-demand, and the total volume of solvents used during set-up and 

extraction is reduced, making passive sampling far more accessible for widespread chemical 

monitoring campaigns and for research groups. As a community-engagement tool, the 3D-PSD is 

an excellent way to engage with citizen scientists and there are already projects underway using the 

design in water and air quality monitoring (e.g., the Imperial Monitoring using Passive samplers to 

Assess Rivers and Tributaries (IMPART) and the WellHome studies at Imperial College London). 

Looking further ahead, there is potential for the 3D-PSD to be used as a surrogate for human 

exposure during epidemiological studies. 
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Overall, this work has furthered the knowledge and capability of passive sampling and provided a 

novel contribution through the development of a new, miniaturised, 3D-printed passive sampler 

housing capable of multiplexing sorbents. This work has also provided new proof-of-concept 

evidence for a predictable relationship between a passive sampler and invertebrates that can be 

used to prioritise the risk of existing and novel chemical pollutants. 
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Table A1.1.Summary of pharmaceutical occurrence in surface waters mined from the PHARMS-UBA 
database [70]. Entries from peer-reviewed sources were used, mean measurement values and at least 
three measurements per compound group were included. The number of unique compounds as well as 
the total cases per group are indicated. 

Country Group 
Unique 

compounds 
Total 

entries 
Mean ± stdev  

(ng L-1) 

Algeria Analgesics - Parent 3 3 264 ± 200 

Australia Analgesics - Parent 1 8 9,281.2 ± 9,000 

Sympathomimetic drugs – Parent 4 31 5,413.5 ± 6,000 

Belgium Androgens - Parent 1 5 3.8 ± 2 

Estrogen - Parent 4 12 4.8 ± 3 

Glucocorticoids - Metabolite 1 4 9 ± 4 

Glucocorticoids - Parent 3 17 8.6 ± 10 

Progestogen - Parent 6 14 1.4 ± 1 

Steroids - Metabolite 1 6 1,264.2 ± 2,000 

Steroids - Parent 2 9 1.3 ± 1 

Brazil Analgesics - Parent 5 42 195.1 ± 500 

Antiepileptic drugs - Parent 1 12 147.6 ± 300 

Antifungal medication - Parent 2 7 111.3 ± 70 

Antihypertensives - Parent 3 17 167.6 ± 200 

Antimicrobials - Parent 1 3 59 ± 10 

Beta-blockers - Parent 2 24 75 ± 100 

Disinfectants - Parent 1 14 69.6 ± 100 

Estrogen - Parent 4 36 592.9 ± 1,000 

Lipid-lowering drugs - Parent 1 3 337.7 ± 100 

Preservative - Parent 1 4 68 ± 40 

Progestogen - Parent 2 4 13.5 ± 2 

Statins - Parent 1 3 17.3 ± 20 

Cambodia Estrogen - Parent 3 3 13.3 ± 8 

Canada Analgesics - Parent 2 7 450.7 ± 500 

Antidepressant - Metabolite 5 29 200.5 ± 400 

Antidepressant - Parent 6 33 151.6 ± 300 

Antiepileptic drugs - Parent 1 4 45 ± 70 

Disinfectants - Parent 1 5 201.4 ± 400 

Estrogen - Parent 4 8 4.4 ± 5 

China Anaesthetics - Metabolite 1 16 3.1 ± 2 

Anaesthetics - Parent 1 25 5.8 ± 7 

Analgesics - Parent 7 49 19.1 ± 20 

Anti-protozoa agent - Parent 2 10 12.8 ± 10 

Antibiotics - Metabolite 10 23 60.1 ± 80 

Antibiotics - Parent 78 1295 129.8 ± 500 

Antidepressant - Metabolite 2 4 35.8 ± 30 

Antidepressant - Parent 4 10 12.4 ± 10 

Antiepileptic drugs - Parent 2 23 8.9 ± 20 

Antifungal medication - Parent 6 199 24.1 ± 90 
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Table A1.1. continued.   

Country Group 
Unique 

compounds 
Total 

entries 
Mean ± stdev  

(ng L-1) 

China Antimicrobials - Parent 1 35 1.6 ± 1 

Anxiolytics - Parent 3 4 4 ± 2 

Beta-blockers - Metabolite 2 4 267.8 ± 300 

Beta-blockers - Parent 3 13 63.1 ± 100 

Disinfectants - Parent 2 127 12.9 ± 30 

Estrogen - Parent 8 138 11.1 ± 20 

Glucocorticoids - Parent 13 16 3.3 ± 3 

Lipid-lowering drugs - Parent 2 5 28.2 ± 20 

Morphine derivates - Parent 1 12 1.6 ± 1 

Natural product - Parent 1 6 42.8 ± 20 

Preservative - Parent 1 46 3.5 ± 2 

Psychiatric medication - Parent 1 6 7.5 ± 10 

Sympathomimetic drugs - Parent 2 32 10.1 ± 20 

Colombia Analgesics - Parent 1 10 12.5 ± 3 

Antifungal medication - Parent 2 11 38.6 ± 30 

Croatia Antibiotics - Parent 2 5 454 ± 600 

Czech Republic Analgesics - Parent 5 707 137.3 ± 200 

Estrogen - Parent 1 5 1.4 ± 1 

Natural product - Parent 1 17 77.8 ± 40 

Denmark Analgesics - Parent 4 16 34.8 ± 20 

Antiepileptic drugs - Parent 1 5 28.6 ± 10 

Disinfectants - Parent 1 5 16 ± 10 

Diuretics - Parent 1 4 29 ± 10 

Estrogen - Parent 3 3 3.3 ± 2 

Finland Antihistamine - Parent 3 6 6.8 ± 3 

France Analgesics - Parent 7 33 58.1 ± 80 

Antibiotics - Parent 12 47 63.1 ± 200 

Anticonvulsants - Parent 1 4 150.2 ± 50 

Antidepressant - Metabolite 2 6 16 ± 20 

Antidepressant - Parent 2 6 9.8 ± 7 

Antiepileptic drugs - Metabolite 1 3 30.7 ± 1 

Antiepileptic drugs - Parent 1 10 31.3 ± 40 

Anxiolytics - Parent 4 13 15.7 ± 20 

Beta-blockers - Parent 3 9 19 ± 40 

Estrogen - Parent 3 8 6.1 ± 9 

Lipid-lowering drugs - Parent 2 3 5.3 ± 5 

Morphine derivates - Parent 2 6 4.8 ± 4 

Progestogen - Parent 2 3 5.7 ± 5 

Germany Anaesthetics - Parent 1 12 34.4 ± 30 

 Analgesics - Metabolite 3 36 3,91.1 ± 600 

 Analgesics - Parent 8 171 1,31.9 ± 200 

 Anti-diabetic medications - Metabolite 1 15 1,872 ± 1,000 
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Table A1.1. continued.   

Country Group 
Unique 

compounds 
Total 

entries 
Mean ± stdev  

(ng L-1) 

Germany Anti-diabetic medications - Parent 1 16 780 ± 500 

Antibiotics - Parent 15 101 60.3 ± 80 

Antibiotics - Metabolite 1 15 46.7 ± 30 

Anticonvulsants - Metabolite 1 15 340 ± 300 

Anticonvulsants - Parent 4 54 437.5 ± 600 

Antidepressant - Metabolite 1 11 129.2 ± 100 

Antidepressant - Parent 1 10 57.2 ± 100 

Antiepileptic drugs - Parent 1 72 391.4 ± 400 

Antiepileptic drugs - Metabolite 1 11 77.3 ± 90 

Antivirals - Metabolite 1 6 56.7 ± 40 

Antivirotics - Parent 2 7 18.6 ± 20 

Beta-blockers - Metabolite 1 6 150 ± 200 

Beta-blockers - Parent 6 111 79.6 ± 90 

Disinfectants - Parent 1 4 11 ± 8 

Diuretics - Parent 1 6 687.5 ± 600 

Estrogen - Parent 7 37 33 ± 40 

Lipid-lowering drugs - Metabolite 2 38 11.8 ± 10 

Lipid-lowering drugs - Parent 1 26 41 ± 30 

Psychiatric medication - Parent 6 6 17.2 ± 30 

Pyrazole - Metabolite 1 12 2,353.3 ± 2,000 

Radiocontrast agents - Metabolite 7 28 191.9 ± 500 

Radiocontrast agents - Parent 7 101 318.6 ± 400 

Greece Analgesics - Parent 4 9 112.8 ± 100 

Disinfectants - Parent 1 4 26.8 ± 4 

India Analgesics - Parent 3 3 4,943.3 ± 6,000 

Antibiotics - Parent 3 11 6,652.7 ± 12,000 

Disinfectants - Parent 1 16 6,738.1 ± 4,000 

Indonesia Estrogen - Parent 3 3 18.7 ± 20 

Ireland Analgesics - Parent 1 3 44.3 ± 30 

Antiarrhythmic agents - Parent 1 3 14.3 ± 8 

Antibiotics - Parent 4 12 11.4 ± 7 

Antiepileptic drugs - Parent 1 3 5.7 ± 3 

Antihistamine - Parent 1 3 21.7 ± 10 

Israel Analgesics - Parent 5 9 93.6 ± 90 

Antibiotics - Parent 2 4 46.8 ± 50 

Antiepileptic drugs - Parent 1 4 1,528 ± 1,000 

Estrogen - Parent 3 15 14.6 ± 40 

Lipid-lowering drugs - Parent 2 4 134 ± 100 

Steroids - Parent 1 6 2.5 ± 1 

Italy Analgesics - Parent 3 9 96.7 ± 100 

 Antibiotics - Parent 3 6 21.5 ± 20 

 Antiepileptic drugs - Metabolite 1 3 131.3 ± 50 
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Table A1.1. continued.   

Country Group 
Unique 

compounds 
Total 

entries 
Mean ± stdev  

(ng L-1) 

Italy Antiepileptic drugs - Parent 1 7 58.7 ± 70 

Lipid-lowering drugs - Parent 3 9 25.7 ± 30 

Japan Antibiotics - Parent 5 5 18 ± 30 

Kenya Antibiotics - Parent 15 83 2,168.5 ± 8,000 

Antivirotics - Parent 3 3 5,990.3 ± 1,000 

Laos Estrogen - Parent 3 3 10.7 ± 9 

Lebanon Analgesics - Parent 3 11 120.4 ± 200 

Beta-blockers - Parent 1 3 7.7 ± 4 

Disinfectants - Parent 1 4 7 ± 1 

Lipid-lowering drugs - Parent 1 7 17.3 ± 10 

Radiocontrast agents - Parent 2 7 17.4 ± 10 

Luxembourg Analgesics - Metabolite 1 4 19 ± 6 

Analgesics - Parent 2 8 55.8 ± 40 

Antibiotics - Parent 6 18 11.6 ± 10 

Estrogen - Parent 2 5 2.2 ± 2 

Malaysia Estrogen - Parent 3 3 4.7 ± 2 

Mexico Analgesics - Parent 5 30 782.4 ± 1,000 

Antibiotics - Parent 2 8 192 ± 200 

Antiepileptic drugs - Parent 1 4 56.2 ± 30 

Beta-blockers - Parent 1 4 15 ± 9 

Disinfectants - Parent 1 5 30.2 ± 1 

Lipid-lowering drugs - Parent 2 8 481.9 ± 600 

Natural product - Parent 1 4 178.5 ± 60 

Netherlands Analgesics - Metabolite 4 7 30.9 ± 20 

Analgesics - Parent 4 6 24 ± 20 

Antibiotics - Parent 6 8 15.2 ± 10 

Beta-blockers - Parent 5 10 19.3 ± 20 

Radiocontrast agents - Parent 9 11 138.5 ± 100 

Nigeria Analgesics - Parent 2 3 11.7 ± 20 

Antibiotics - Parent 7 11 8.7 ± 10 

Disinfectants - Parent 2 10 82.4 ± 70 

Pakistan Analgesics - Parent 2 3 1,279 ± 2,000 

Palestinian  Estrogen - Parent 2 4 105.5 ± 100 

Poland Analgesics - Parent 4 41 4,163 ± 16,000 

Portugal Analgesics - Metabolite 2 7 73.4 ± 90 

Analgesics - Parent 6 27 54.5 ± 70 

Antidepressant - Parent 2 4 4 ± 3 

Antiepileptic drugs - Parent 1 4 27.8 ± 8 

Natural product - Parent 1 8 106.9 ± 30 

Republic of Korea Analgesics - Parent 5 18 62.1 ± 70 

 Antibiotics - Parent 23 45 161.9 ± 400 

 Antiepileptic drugs - Parent 2 6 59.8 ± 80 
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Table A1.1. continued.   

Country Group 
Unique 

compounds 
Total 

entries 
Mean ± stdev  

(ng L-1) 

Republic of Korea Beta-blockers - Parent 2 3 3 ± 2 

Estrogen - Parent 3 49 11.2 ± 10 

Singapore Analgesics - Parent 3 18 26.3 ± 10 

Antibiotics - Parent 2 8 17.2 ± 9 

Antiepileptic drugs - Parent 2 5 2.4 ± 3 

Estrogen - Parent 1 8 12 ± 5 

South Africa Analgesics - Parent 6 119 24,124.7 ± 46,000 

Antibiotics - Parent 7 60 47,063.2 ± 78,000 

Antiepileptic drugs - Parent 1 14 1,200.9 ± 1,000 

Antiparasitics - Parent 1 6 4,573.3 ± 2,000 

Antivirotics - Parent 2 17 16,711.2 ± 12,000 

Disinfectants - Parent 1 6 512.5 ± 200 

Estrogen - Parent 2 15 5,631.6 ± 12,000 

Lipid-lowering drugs - Parent 6 6 2,073.3 ± 2,000 

Morphine derivates - Metabolite 1 4 245.5 ± 100 

Psychiatric medication - Parent 1 14 1,588.8 ± 3,000 

Sympathomimetic drugs - Parent 2 6 273.8 ± 50 

Spain Analgesics - Parent 8 95 188.5 ± 400 

Antacids - Parent 2 3 29 ± 30 

Antibiotics - Metabolite 6 7 9.4 ± 5 

Antibiotics - Parent 56 199 55.9 ± 200 

Antidepressant - Parent 3 9 91.1 ± 200 

Antiepileptic drugs - Metabolite 2 4 4.5 ± 4 

Antiepileptic drugs - Parent 1 18 149.5 ± 300 

Antihistamine - Parent 3 12 34.8 ± 40 

Antihypertensives - Parent 4 8 138.2 ± 200 

Anxiolytics - Parent 1 6 20 ± 14 

Beta blockers - Parent 7 43 157.1 ± 500 

Disinfectants - Parent 1 7 33.9 ± 40 

Diuretics - Parent 2 10 71.8 ± 80 

Insecticides - Parent 1 4 36.8 ± 40 

Lipid-lowering drugs - Metabolite 1 10 258.1 ± 700 

Lipid-lowering drugs - Parent 5 32 187.9 ± 400 

Morphine derivates - Parent 1 3 64.7 ± 40 

Natural product - Parent 1 12 283 ± 200 

Nonsteroidal anti-inflammatory drugs - Parent 2 7 7.9 ± 7 

Psychiatric medication - Parent 1 4 3.5 ± 2 

Selective estrogen receptor modulators - Parent 1 3 17.7 ± 6 

Sri Lanka Analgesics - Parent 4 4 6 ± 4 

Antibiotics - Parent 8 8 9.2 ± 20 

Sweden Analgesics - Parent 5 12 97.7 ± 200 

 Antibiotics - Parent 9 9 12.4 ± 10 
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Table A1.1. continued.   

Country Group 
Unique 

compounds 
Total 

entries 
Mean ± stdev  

(ng L-1) 

Sweden Antiepileptic drugs - Parent 1 5 46.2 ± 50 

Anxiolytics - Parent 1 3 6 ± 6 

Beta-blockers - Parent 4 10 67.4 ± 200 

Sympathomimetic drugs - Parent 3 3 1.7 ± 1 

Switzerland Analgesics - Parent 2 4 113 ± 200 

Morphine derivates - Parent 2 3 2.7 ± 1 

Thailand Analgesics - Parent 5 50 370.9 ± 1,000 

Antibiotics - Parent 6 60 29.5 ± 30 

Beta-blockers - Parent 1 10 48.7 ± 30 

Estrogen - Parent 3 3 10.3 ± 4 

Nonsteroidal anti-inflammatory drugs - Parent 1 10 291.1 ± 80 

Turkey Anaesthetics - Parent 1 4 4.2 ± 2 

Anticonvulsants - Parent 1 4 27 ± 30 

Antiepileptic drugs - Parent 1 4 3.2 ± 2 

Antifungal medication - Parent 1 3 2.3 ± 1 

Psychiatric medication - Parent 2 5 18.8 ± 40 

Sympathomimetic drugs - Parent 2 7 3.3 ± 4 

United Kingdom Anaesthetics - Parent 1 3 60.3 ± 80 

Analgesics - Metabolite 3 4 141 ± 100 

Analgesics - Parent 10 71 120.1 ± 200 

Anti-diabetic medications - Parent 3 4 1,528.8 ± 2,000 

Anti-inflammatory drugs - Parent 1 6 22.8 ± 20 

Antibiotics - Parent 11 25 185.6 ± 400 

Antidepressant - Metabolite 3 4 145.8 ± 200 

Antidepressant - Parent 9 15 117.5 ± 200 

Antiepileptic drugs - Parent 1 3 182.7 ± 100 

Antifungal medication - Parent 3 15 46.7 ± 100 

Antihistamine - Parent 3 5 171.2 ± 70 

Antihypertensives - Parent 2 7 30.3 ± 40 

Beta-blockers - Parent 3 10 637.2 ± 2,000 

Chemotherapeutic agents - Parent 2 3 93.3 ± 80 

Diuretics - Parent 1 3 34.7 ± 20 

Lipid-lowering drugs - Parent 2 4 49.2 ± 40 

Morphine derivates - Parent 6 15 181.6 ± 300 

Natural product - Parent 1 5 20 ± 8 

Nonsteroidal anti-inflammatory drugs - Parent 1 9 12.1 ± 7 

Psychiatric medication - Parent 2 3 118 ± 200 

Sympathomimetic drugs - Parent 3 3 52.3 ± 80 

USA Analgesics - Parent 4 47 7,275.3 ± 36,00 

 Anti-diabetic medications - Parent 1 4 720 ± 800 

 Antiarrhythmic agents - Parent 1 8 7.8 ± 9 

 Antibiotics - Parent 24 118 909.6 ± 3,000 
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Table A1.1. continued.   

Country Group 
Unique 

compounds 
Total 

entries 
Mean ± stdev  

(ng L-1) 

USA Antidepressant - Metabolite 3 5 78.2 ± 100 

Antidepressant - Parent 4 9 277.9 ± 300  
Antiepileptic drugs - Parent 1 29 41.7 ± 90 

Anthelminthics - Parent 1 3 17.3 ± 10 

Antihistamine - Parent 2 15 279.2 ± 400 

Antihypertensives - Parent 1 3 39.7 ± 50 

Beta-blockers - Parent 2 5 24 ± 30 

Disinfectants - Parent 2 10 19.8 ± 20 

Lipid-lowering drugs - Parent 1 7 34.3 ± 40 

Vietnam Estrogen - Parent 3 3 23.7 ± 10 
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Table A1.2. Occurrence data CECs determined in wild-caught freshwater invertebrate species across six taxa groups. Concentrations are either in dry or wet 
weight as indicated. a wet weight (ww); b dry weight (dw); MDL - Method detection limit; MQL - Method quantification limit 

Compound class Compound Taxa Concentration (ng g-1) References 

Illicit drugs Amphetamine Bivalvia 1.7 - 4a, 2.9 - 8.3a [99] 

Cocaine Bivalvia 0.16 - 0.21a, 0.45 - 0.56a, MDL - 14.6a [99] 

 Insecta 6.1 - 11.8b, 2.7 - 4.2b [100] 

 Malacostraca 2.2 - 5b, 1.8 - 30.8b [100] 

Ketamine Insecta 1.6b, 1.1 - 1.6b [100] 

 Malacostraca 1 - 22.5b, 1.7 - 2.8b [100] 

MDMA Malacostraca MQL - 3.2b [100] 

Methamphetamine Malacostraca 3.2b [100] 

Drug metabolites 10-HO-amitriptyline Bivalvia 0.57 - 1.4a, 1.0 - 1.5a [99] 

Benzoylecgonine Gastropoda 0.9b [102] 

 Insecta 0.9 - 1.2b, MQL - 0.9b [100] 

 Malacostraca MQL - 2.6b [100] 

Carbamazepine-epoxy Malacostraca MQL - 2.9b, MQL - 0.8b, 1.23a [100][104] 

Cotinine Malacostraca MQL - 2.8b, MQL – 5b [100] 

Desmethyl diltiazem Bivalvia 0.22 - 0.26a [99] 

Pesticides Acetamiprid Insecta MQL - 0.3b, 0.6 - 0.7a [100,113] 

  Malacostraca MQL - 0.7b [100] 

 Ametryn Insecta 1.3b [100] 

  Malacostraca MQL - 1.9b, 1.3b [100] 

 DEET Bivalvia 0.37 - 0.68a, 0.37 - 0.91a [99] 

  Malacostraca LOD - 1.55a [108] 

 Diazinon Malacostraca 0.53a [108] 
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Table A1.2. continued. 

Compound class Compound Taxa Concentration (ng g-1) References 

Pesticides Difenoconazole Malacostraca 0.19a [108] 
 

Dimethoate Malacostraca MQL - 0.2b [100] 

Fenuron Insecta 3.9b, 1 - 4.5b [100] 

 Malacostraca 
5.8 - 8.9b, MDL - 6.52a, MQL - 16.1b, 0.23 - 
1.11a 

[100][108][104] 

Flusilazole Malacostraca MDL - 0.63a [108] 

Imidacloprid Malacostraca 1.13 - 3.22a, 1.5-3.3a [104][113] 

Metolachlor Malacostraca MDL - 0.29a [108] 

Oxamyl Insecta 4.4b [100] 

 Malacostraca MQL - 11.4b, 2b [100] 

Pendimethalin Malacostraca 0.92 - 2.10a [104] 

Propamocarb Malacostraca MQL - 0.9b [100] 

Propazine Malacostraca MQL - 3.7b [100] 

Propiconazole Malacostraca 1.05 - 4.17a, 1.74 - 3.85a [108][104] 

Prosulfocarb Malacostraca 2.80 - 13.08a [104] 

Spiroxamine Malacostraca 0.12 - 0.19a [104] 

Terbuthylazine Malacostraca 1.45a [104] 

Thiacloprid Malacostraca 
MQL - 7.3a, 0.47 - 2.42b, MDL - 0.39a, 4.9 – 
21a 

[100][104][108][113] 

Pharmaceuticals Acetaminophen Gastropoda 0.7b [102] 

  Malacostraca 0.5b [102] 

 Alprazolam Insecta 1.2 - 1.8b, 4 - 5.3b, 450b [100][106] 

  Malacostraca MQL - 2.3b, MQL - 6.5b [100] 

 Amitriptyline Bivalvia 7.0 - 11a, 26.5 - 33.6a [99] 

  Insecta < 100b [106] 
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Table A1.2. continued. 

Compound class Compound Taxa Concentration (ng g-1) References 

Pharmaceuticals Anhydrotetracycline Bivalvia MDL - 27.3a, MDL - 30.5a [99] 

 Atorvastatin Insecta < 100b [106] 

 Azelastine Insecta 700b [106] 

 Azithromycin Bivalvia 1.5 - 2.3a, 8.7 - 11a [99] 

  Insecta MQL – 90b [109] 

 Benztropine Insecta 1 - 2.6b [100] 

  Malacostraca MQL – 5b [100] 

 Betaxolol Insecta 0.5b, MQL - 5.2b [100] 

  Malacostraca MQL - 5.5b [100] 

 Biperiden Insecta < 100b [106] 

 Bisoprolol Insecta 200b [106] 

 Buspirone Malacostraca MQL - 4.1b [100] 

 Caffeine Gastropoda 7.6 ± 2.0b [98] 

 Carbamazepine Bivalvia MDL - 5.7a, 0.92 - 2.7b, 1.4a, 1.1a [105][103] 

  Gastropoda MDL - 10.6b, 1.2 ± 0.1a, 1.4 ± 0.59a [112][103][98] 

  Insecta 18.6 - 23.7b, 8.0 - 9.0b, < 50b [100][106] 

 
 Malacostraca 

1.1 - 15.8b, MDL - 6b, 1.54 - 2.83b, MDL - 
0.41b, 17.8 - 34.3a, 1.6 ± 0.1a, 0.3 - 1.0a 

[100][107][104][112][103][113] 

 Celecoxib Bivalvia 14.1 – 40a [103] 

  Gastropoda 14 ± 3.3a, 21 ± 10a [98][103] 

  Malacostraca 25 ± 19a [103] 

 Chlorpromazine Malacostraca MQL - 8.7b [100] 

 Chlorprothixene Insecta < 100b [106] 

 Cilazapril Insecta < 100b [106] 
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Table A1.2. continued. 

Compound class Compound Taxa Concentration (ng g-1) References 

Pharmaceuticals Ciprofloxacin Bivalvia 11.0 - 64b, 12.0 - 18b [105] 

 Ciprofloxacin Gastropoda 33b [105] 

  Malacostraca 0.9b, 1.28b, 2.8 - 54b, 3.2 - 72b [101][105] 
 

Citalopram Bivalvia 6.9 - 15.3a, 36.9 - 36.9a [99] 

 Insecta MQL - 5.3b, MQL - 42.4a [109][100] 

 Malacostraca MQL - 42.4b, 2.2 – 7.3 a [100][113] 

Clarithromycin Bivalvia MDL - 1.8a, 7.1 - 9.0a [99] 

 Insecta MQL – 3a [109] 

Clindamycin Insecta 250b [106] 

Clomipramine Insecta < 100b [106] 

Clotrimazole Bivalvia MDL - 1.2a [99] 

 Clitellata 1.1 - 2.8a [109] 

 Insecta 1.2 - 3.9b, 6900a [109][106] 

Codeine Bivalvia MDL - 14.6a [99] 

 Insecta 200b [106] 

Desloratadine Insecta < 100b [106] 

Desmethylsertraline Bivalvia 48 – 134a, 78a, 88a [103]  
 Gastropoda 42 ± 7.8a, 71 ± 16a [98][103]  

Diazepam Insecta 1.6 - 1.8b [100] 

 Malacostraca 0.5 - 8.8b, MDL - 9b, 0.5 - 1.1b [100][107] 

Diclofenac Bivalvia 
MDL - 4.12b, MDL - 19b, 8.7 - 39.7a, 1.4 - 5.4b, 
1.2 - 31b, 15a, 11a 

[112][105][103]  

 Clitellata 8.0 – 46a [109] 

 Gastropoda 0.45 - 11.7b, 13 ± 5.6b [112][103]  
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Table A1.2. continued. 

Compound class Compound Taxa Concentration (ng g-1) References 

Pharmaceuticals Diclofenac Insecta 12.4b, 10b, 12.4b, 4.6b 
[110][111] 

 

  Malacostraca 
MDL - 23.7b, MDL - 27b, 1.7 - 22b, 20 ± 4.9a, 
0.7b, 1.1 – 5.4a 

[112][105][103][102][113] 

 Diltiazem Bivalvia 0.26 - 0.6a, 1.1 - 3.2a, 0.27a 
[99] [103] 

 

  Gastropoda 0.37 ± 0.07a [103] 
 

 Insecta 400b [106] 

 Malacostraca 0.21 ± 0.11a [103]  

Diphenhydramine Bivalvia 1.2 - 3.9a, 8.9 - 12.1a, 37.5 - 78.7a, 4.4a, 1.2a [99][103]  
 Gastropoda 1.0 ± 0.13a, 2.3 ± 0.68a [98][103]  
 Insecta 700b [106] 

 Malacostraca 5.2 ± 0.96a, 8.3 - 17.7b, 1.9 – 9.0a [103][100][113] 

Diphenhydramine Malacostraca 8.3 - 17.7b [100] 

Donepezil Insecta 700b [106] 

Duloxetine Insecta 700 b [106]  

Enrofloxacin Bivalvia MDL - 2.0b [99] 

 Malacostraca 0.15b [101] 

Erythromycin Bivalvia 
MDL - 11b, MDL - 5.2b, 0.34 - 1.59b, MDL - 
1.0a, MDL - 1.6a 

[112][105][99] 

 Gastropoda MDL - 0.34b [112] 

Fenofibric acid Insecta 1750b [106] 

Fexofenadine Insecta 600b [106] 

Flecainide Insecta 100b [106] 

Fluconazole Insecta 1800b [106] 

Fluoxetine Bivalvia 0.69 - 2.4a, 5.8 - 9.0a, 5.6 - 14.4a, 15a, 22a [99][103]  
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Table A1.2. continued. 

Compound class Compound Taxa Concentration (ng g-1) References 

Pharmaceuticals Fluoxetine Gastropoda 13 ± 4.8a, 6.9 ± 2.4a [98][103] 

  Insecta 1900b [106] 

 Flupentixol Insecta 100b [106] 

 Fluphenazine Insecta 100b [106] 

 Gemfibrozil Phagocata 43.9b [111] 

 Haloperidol Insecta 800b [106] 
 

 Malacostraca 5.3b [100] 

Hydrochlorothiazide Malacostraca MQL - 3.3b [100] 

Ibuprofen Bivalvia MDL - 93.7b, 5.0 - 44b, MDL - 82b [112][105] 

 Gastropoda 2.84 - 129b [112]  
 Insecta 183b, 182.7b [110][111] 

 Malacostraca MDL - 73.8b, MDL - 22b, 4.0 - 26b [112][105] 

 Phagocata 30.9b [111] 

Iopamidol Bivalvia 57.6 - 87.1a, 72.6 – 132a [99] 

Irbesartan Insecta 100b [106] 

Ketoconazole Insecta 250b [106] 

Ketoprofen Malacostraca MQL - 29.8b [100] 

Levocabastine Insecta 0.6b, 1.8b [100] 

 Malacostraca MQL - 12.8b, 0.4 - 3.1b [100] 

Lidocaine Insecta MQL - 5.2b, MQL - 1.6b [100] 

 Malacostraca MQL - 8.8b, 2.8 - 8.4b, 0.6 - 4.0a [100][113] 

Lincomycin Malacostraca 0.33b, 0.33b [101] 

Lorazepam Malacostraca 2.2b [100] 

Memantine Insecta 300b [106] 
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Table A1.2. continued. 

Compound class Compound Taxa Concentration (ng g-1) References 

Pharmaceuticals Metoprolol Insecta 2600b [106] 

 Mianserin Insecta 500b [106] 

 Miconazole Bivalvia MDL - 0.9a, MDL - 1.2 a, MDL - 32.3 a [99] 

 Minocycline Bivalvia MDL - 32.3a [99] 

 Mirtazapine Insecta 1500b [106] 

 Nicotine Insecta MQL - 8.4b, 3.2 - 4.4b [100] 
 

 Malacostraca MQL - 16.5b [100] 

Nimesulide Malacostraca MDL - 36b [107] 

Nordiazepam Malacostraca MQL - 5.6b, MQL - 4.5b [100] 

Norfloxacin Bivalvia 9.0 - 28b, 4.5 - 73b [105] 

 Gastropoda 8.7 - 134b [105] 

 Malacostraca MDL - 105b, 5.2 - 85b [105] 

Norfluoxetine Bivalvia MDL - 0.69a, 1.2 - 2.0a [99] 

Norverapamil Bivalvia MDL - 0.16a [99] 

Ofloxacin Bivalvia 13 – 29b, 1.0 - 34b [105] 

 Gastropoda 7.5 - 44b [105] 

 Malacostraca MDL - 18b, MDL - 28b [105] 

Oxazepam Insecta 100b [106] 

Oxycodone Bivalvia MDL - 0.87a, 4.4 - 8.0a [99] 

 Insecta 850b [106] 

Paroxetine Bivalvia MDL - 2.7a, MDL - 3.5a [99] 

 Insecta < 100b [106] 

Pefloxacin Malacostraca 1b [101] 

Perphenazine Insecta 200b [106] 
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Table A1.2. continued. 

Compound class Compound Taxa Concentration (ng g-1) References 

Pharmaceuticals Pirenzepine Insecta 0.8 b [100] 

  Malacostraca 0.8 - 1.4 b [100] 

 Propranolol Bivalvia 2.5 - 16.2b, MDL - 2.8b, 2.4 - 4.9a, 7.2 - 9.3a [112][99] 

 Propranolol Gastropoda MDL - 45.1b, 1.0 ± 0.28a [112][98] 

  Malacostraca MQL - 45.5b, MDL - 1.35b, 1.4a [100][112][113] 

 Risperidone Insecta MQL - 10.8b, < 100b [100][106] 
 

 Malacostraca 3.4 - 4.6b, MQL - 25.5b [100] 

Rizatriptan Malacostraca 3.4 - 4.6b [100] 

Roxithromycin Bivalvia 2.5 - 16.2b, 39 - 27b, 1.16 - 43.0b, 5.1-35b [112][105]  
 Gastropoda 1.84 - 132b [112]  
 Malacostraca 1.4 - 50.6b, MDL - 19b, 3.8 - 21b [112][105]  

Salbutamol Malacostraca MQL - 1.6b, MQL - 7.1b [100] 

Sarafloxacin Malacostraca 0.65b [101] 

Sertraline Bivalvia 
MDL – 13a, 29 - 38.7b, 48.4 - 76.9a, 37 – 161a, 
130a, 370a 

[105][99][103]  

 Clitellata 1.6 - 6.4a [109] 

 Gastropoda 37 ± 11a [103]  
 Insecta 500b, MQL - 7.1a [106][109] 

Sulfadiazine Bivalvia MDL - 26b, MDL - 13b [105]  

Sulfadimethoxine Malacostraca 1.7b [100] 

Sulfamerazine Malacostraca MDL - 1.5b [105] 

Sulfamethoxazole Bivalvia MDL - 10b, MDL - 5.9b [105] 

 Gastropoda MDL - 9.2b [105] 

 Insecta 200b [106] 
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Table A1.2. continued. 

Compound class Compound Taxa Concentration (ng g-1) References 

Pharmaceuticals Sulfamethoxazole Malacostraca 0.22b [101] 

 Sulfapyridine Insecta 3.5b [100] 

  Malacostraca 3.2 - 5.3b, 3.25b, 3.1b [100][101] 

 Sulfathiazole Malacostraca 3.25b [101] 

 Tamsulosin Insecta 2.8b [100] 

  Malacostraca 2.8b [100] 

 Temazepam Insecta 1b, 1.2 - 1.7b [100] 

 

 

 

 Malacostraca 0.7 - 12.3b, 1.2 - 2.5b [100] 

Tetracycline Bivalvia 17 - 87b, 1.2 - 153b [105] 

 Gastropoda 8.4 - 220b [105] 

 Malacostraca 3.7b, MDL - 30b [101][105] 

Tramadol Malacostraca MQL - 7.5b [100] 

Triclocarban Bivalvia 3.8 - 6.9a, 3.3 - 5.4a [99] 

Triclosan Bivalvia 34.7 - 163a, MDL - 62.5a [99] 

Trimethoprim Insecta 1.5 - 3.7b, 1.5b [100] 

 Malacostraca 1.5 - 4.6b, MDL – 5b, 1.7 – 3b [100][107] 

Valsartan Clitellata MQL - 3.3a [109]  

Venlafaxine Bivalvia 4.6 - 5.7a, 14.3 - 24.9a [99] 

 Insecta 5950b [106] 

Verapamil Bivalvia 0.26 - 0.37a [99] 

 Insecta MQL - 4.4a [109] 

 Malacostraca MQL - 4.1b [100] 

Warfarin Bivalvia MDL - 1.2a [99] 

 Malacostraca 2.1b, MDL – 7b [100][107] 
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A1.1 – Reference standards for 1,1-Dimethyl-3-phenylurea, 2-

(thiocyanomethylthio)benzothiazole, 2,4,6-tris(dimethylamino)-1,3,5-triazine,  3,4-methylenedioxy

methamphetamine (MDMA), 4-fluoromethcathinone, 4-methylethcathinone, 6a-

methylprednisolone, acetamiprid, aclonifen, alprazolam, ametryn, amiodarone, amitriptyline, 

amlodipine, amphetamine, antipyrine, aramite, atorvastatin, atrazine, azelnidipinem, azithromycin, 

azoxystrobin, beclomethasone dipropionate, benoxacor, bensulide, Benzatropine, 

benzoylecgonine (BZE), betaxolol, bezafibrate, bisoprolol, bupropion, buspirone, 

butocarboximsulfoxide, carazolol, carbamazepine, carbamazepine epoxide (CBZ epoxide), 

carboxine, carfentrazone-ethyl, celecoxib, chloramphenicol, chlorbufam, chlorotetracycline, 

chlorpromazine, cilazapril, citalopram, clarithromycin, clodinafop-propargyl, clofibric acid, 

clopidogrel, clothianidin, clotrimazole, clozapine, cocaine, cotinine, cyclouron, cycloxydim, 

cymoxanil, cyphenothrin, diazepam, diclofenac, diflubenzuron, dimethametryn, dimethomorph, 

dimetridazole, dioxacarb, diphenhydramine, disulfoton sulfone, diuron, enalapril, ethirimol, 

ethofumesate, famoxadone, fenofibrate, fenoxaprop-ethyl, flufenoxuron, fluocinonide, fluoxetine, 

flurbiprofen, flurochloridone, flutamide, flutolanil, fuberidazole, gemfibrozil, haloperidol, 

hydrochlorothiazide, ibuprofen, imidacloprid, indomethacin, isocarbamide, isradipine, josamycin, 

ketamine, ketoconazole, ketoprofen, ketotifen, levamisole, levocabastine, levonorgestrel, lidocaine, 

lincomycin, lorazepam, meclizine, meclofenamic acid, medroxyprogesterone, mefenamic acid, 

memantine, mephedrone, mephosfolan, metformin, methamphetamine, methcathinone, 

methedrone, methylphenidate, metoprolol, miconazole, morphine, N-cyclopropyl-1,3,5-triazin-

2,4,6-triamine, nadolol, naproxen, nicotine, nifedipine, nitenpyram, nordiazepam, norethisterone, 

norfluoxetine, nortryptyline, octachlorodibenzodioxin, orphenadrine, oxamyl, oxazepam, 

oxycarboxin, oxycodone, oxytetracycline, paroxetine, picoxystrobin, piperophos, pirenzepine, 

pretilachlor, prodiamine, prometon, prometryn, propamocarb, propranolol, propazine, 

pymetrozine, pyracarbolid, pyraclostrobin, pyraflufen-ethyl, pyridaben, pyriproxyfen, risperidone, 
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rizatriptan, ronidazole, roxithromycin, salbutamol, salicylic acid, sertraline, simazine, spinosyn A, 

spinosyn D, spiramycin, sulfadimethoxine, sulfamerazine, sulfamethazine, sulfamethoxazole, 

sulfamonomethoxine, sulfapyridine, sulfathiazolev, sulfisoxazole, tacrine, tamsulosin, temazepam, 

terbutryn, terfenadine, thiacloprid, thiamethoxam, thiazopyr, timolol, tramadol, trimethoprim, 

valsartan, venlafaxine, verapamil, warfarin and ziprasidone were sourced from QMX (Essex, UK).  

Stable isotope labelled internal standards (SIL-IS) for amitriptyline-d3-HCl, amphetamine-d6, 

benzoylecgonine-d3, betaxolol-d7-HCl, celecoxib-d7, cetirizine-d4, clarithromycin-d3, 

clothianidin-d3, cocaine-d3, cotinine-d3, diazepam-d6, fluoxetine-d6, haloperidol-d4, ketamine-

d4-HCl, lidocaine-d10-HCl, lorazepam-d4, MDMA-d5, methylone-d3, methylphenidate-d9, 

metoprolol-d7-HCl, morphine-d3, nicotine-d4, nifedipine-d4, nortriptyline-d3-HCl, oxazepam-

d5, risperidone-d4, sertraline-d3, sulfamethazine-d4, temazepam-d5, thiamethoxam-d3, tramadol-

13C1-d3, trimethoprim-d3, venlafaxine-d6-HCl and verapamil-d3-HCl were purchased from 

Sigma Aldrich and QMX (Essex, UK).



APPENDIX 1 

 

324 
 

Table A1.3. Method performance data for 141 compounds in surface water matrix from the River Thames using direct injection LC-MS/MS. LLOQs are 
compared with other direct injection methods from the literature. Adapted from Richardson et al. (2021) with permission from Elsevier [251].  

Compound Classa 
Range 
(ng L-1)  

Linearity 

(R2, n  5)  

LOD 
(ng L-1)  

LLOQ 
(ng L-1)  

Other DI 
methods 
LLOQ 
(ng L-1)  

Peak area 
imprecision 

(%RSD, n = 6)b 

Matrix effects 
(%, n = 6)b 

250 
ng L-1 

2500 
ng L-1 

250 
ng L-1 

2500 
ng L-1 

2-(Thiocyanomethylthio)benzothiazole Pe 25 - 2000 0.979 5 14 - - - - - 

4-Fluoromethacationone CD 10 - 2000 0.992 4 13 - 5 4 -1 -11 

4-Methylethcathinone CD 10 - 2000 0.973 4 12 - 3 3 -1 -6 

Acetamiprid Pe 10 - 2000 0.998 4 11 - 1 3 9 11 

Alprazolam PPCP 25 - 2000 0.951 3 10 0.3c 11 6 -4 5 

Ametryn Pe 10 - 2000 0.997 4 11 - 3 3 1 3 

Amitriptyline PPCP 10 - 2000 0.991 4 11 - 21 6 107 56 

Amlodipine PPCP 25 - 2000 0.950 4 12 - 27 8 515 227 

Amphetamine CD 25 - 1500 0.994 4 12 6c, 500e - - - - 

Antipyrine PPCP 10 - 2000 0.981 4 11 - 4 6 32 28 

Atorvastatin PPCP 75 - 1500 0.965 4 13 1c 5 6 32 28 

Atrazine Pe 10 - 2000 0.997 4 11 - 3 2 2 0 

Azithromycin PPCP 10 - 2000 0.867 6 19 - - - - - 

Azoxystrobin Pe 10 - 2000 0.997 4 11 - 4 4 2 4 

Benoxacor Pe 100 - 2000 0.877 4 12 - - - - - 

Bensulide Pe 50 - 2000 0.987 3 8 - 36 6 -15 -8 

Benzatropine PPCP 10 - 2000 0.998 4 11 - 21 6 146 98 

Benzoylecgonine Me 10 - 1500 0.998 4 12 0.1c, 3e 3 4 14 21 

Betaxolol PPCP 10 - 2000 0.998 4 11 - 7 5 12 5 

Bezafibrate PPCP 10 - 2000 0.973 4 12 1c, 5d 9 3 0 1 

Bisoprolol PPCP 10 - 2000 0.997 4 12 - 5 3 5 6 
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Table A1.3. continued           

Compound Classa 
Range 
(ng L-1) 

Linearity 

(R2, n  5) 

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Other DI 
methods 
LLOQ 
(ng L-1) 

Peak area 
imprecision 

(%RSD, n = 6)b 

Matrix effects 
(%, n = 6)b 

250 
ng L-1 

2500 
ng L-1 

250 
ng L-1 

2500 
ng L-1 

Bupropion PPCP 10 - 2000 0.996 4 11 - 4 3 -5 -5 

Buspirone PPCP 10 - 2000 0.998 4 12 - 9 7 -20 -16 

Carazolol PPCP 10 -2000 0.997 4 11 - 4 5 7 4 

Carbamazepine PPCP 10 - 1500 0.960 4 13 0.2c, 1d 5 3 1 3 

Carbamazepine epoxide Me 10 - 2000 0.971 4 12 - 1 4 5 6 

Carboxine PPCP 10 - 2000 0.997 3 10 - 1 4 -1 2 

Carfentrazone-ethyl Pe 250 - 2000 0.977 2 7 - - - - - 

Celecoxib PPCP 50 - 1500 0.969 4 11 - 12 4 -8 1 

Cilazapril PPCP 10 - 2000 0.988 3 9 - 4 3 3 2 

Citalopram PPCP 10 - 2000 0.987 5 14 10d 6 4 47 21 

Clarithromycin PPCP 10 - 2000 0.994 4 12 3c, 5d - - - - 

Clodinafop-propargyl Pe 100 - 2000 0.977 3 9 - - - - - 

Clofibric acid PPCP 250 - 2000 0.984 4 11 - 19 4 8 5 

Clopidogrel PPCP 10 - 2000 0.998 4 11 1d 3 5 -1 2 

Clothianidin Pe 10 - 2000 0.866 7 20 - 88 4 72 6 

Clozapine PPCP 10 - 2000 0.998 4 11 - - - - - 

Cocaine CD 10 - 2000 0.997 4 11 1c, 1e 3 4 -19 -22 

Cyclouron Pe 10 - 2000 0.985 4 12 - 6 4 4 4 

Cycloxyidim Pe 75 - 1500 0.998 2 7 - 6 2 21 13 

Cymoxanil Pe 250 - 2000 0.977 2 7 - - - - - 

Diazepam PPCP 10 - 2000 0.813 8 23 - 9 5 -4 4 

Diclofenac PPCP 10 - 2000 0.987 4 12 2d, 7c 2 2 0 1 
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Table A1.3. continued           

Compound Classa 
Range 
(ng L-1) 

Linearity 

(R2, n  5) 

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Other DI 
methods 
LLOQ 
(ng L-1) 

Peak area 
imprecision 

(%RSD, n = 6)b 

Matrix effects 
(%, n = 6)b 

250 
ng L-1 

2500 
ng L-1 

250 
ng L-1 

2500 
ng L-1 

Diflubenzuron Pe 50 - 2000 0.933 3 9 - 7 5 -10 3 

Dimethametryn Pe 10 - 2000 0.990 4 12 - 5 3 2 2 

Dimethomorph Pe 10 - 1500 0.985 4 12 - - - - - 

Diphenhydramine PPCP 10 - 2000 0.998 4 11 - 3 3 27 13 

Enalapril PPCP 100 - 2000 0.970 5 15 1c, 10d - - - - 

Famoxadone Pe 10 - 2000 0.997 3 10 - 3 4 0 5 

Fenuron Pe 10 - 2000 0.987 4 12 - 4 1 -11 -1 

Fluocinonide PPCP 10 - 2000 0.897 7 20 - 43 6 9 -1 

Fluoxetine PPCP 10 - 1500 0.995 4 11 - 24 10 288 126 

Flurbiprofen PPCP 250 - 2000 0.960 3 8 - - - - - 

Flurochloridone Pe 75 - 2000 0.877 5 14 - - - - - 

Flutamide PPCP 10 - 2000 0.976 5 14 - 3 4 0 5 

Flutolanil Pe 10 - 2000 0.997 3 10 - 5 4 5 2 

Fuberidazole Pe 10 - 500 0.997 4 12 - - - - - 

Haloperidol PPCP 10 - 2000 0.965 5 15 - 9 4 19 12 

Hydrochlorothiazide PPCP 250 - 2000 0.973 3 9 - 30 6 -11 -16 

Imidacloprid Pe 10 - 1500 0.927 8 24 15d 4 5 16 10 

Indomethacin PPCP 250 - 2000 0.868 5 15 - - - - - 

Isocarbamid Pe 10 - 1000 0.997 3 10 - 7 4 0 3 

Josamycin PPCP 10 - 2000 0.913 6 19 - - - - - 

Ketamine CD 10 - 2000 0.995 4 11 15e 2 5 37 5 

Ketoconazole PPCP 10 - 2000 0.921 4 13 - - - - - 
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Table A1.3. continued           

Compound Classa 
Range 
(ng L-1) 

Linearity 

(R2, n  5) 

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Other DI 
methods 
LLOQ 
(ng L-1) 

Peak area 
imprecision 

(%RSD, n = 6)b 

Matrix effects 
(%, n = 6)b 

250 
ng L-1 

2500 
ng L-1 

250 
ng L-1 

2500 
ng L-1 

Ketotifen PPCP 10 - 1500 0.997 4 11 - 3 5 55 29 

Levamisole Pe 10 - 2000 0.982 4 12 0.2c - - - - 

Levocabastine PPCP 10 - 2000 0.981 5 16 - 6 3 -4 1 

Lidocaine PPCP 10 - 2000 0.999 4 11 2d 4 3 1 -1 

Lincomycin PPCP 10 - 1500 0.996 4 12 0.1c 2 3 -5 -1 

Lorazepam PPCP 250 - 2000 0.953 3 8 3c - - - - 

MDMA CD 10 - 1500 0.996 4 12 1c, 600e 4 3 5 4 

Meclizine PPCP 10 - 2000 0.999 3 10 - - - - - 

Medroxyprogesterone PPCP 25 - 2000 0.897 4 13 - 10 8 -10 -3 

Mefenamic acid PPCP 10 - 2000 0.954 5 16 - 9 4 21 7 

Memantine PPCP 10 - 2000 0.992 4 13 - 3 4 10 7 

Mephedrone CD 10 - 2000 0.998 4 11 - 3 3 -2 -5 

Mephosfolan Pe 10 - 1500 0.992 4 11 - 4 3 0 5 

Metformin PPCP 10 - 2000 0.842 12 36 - - - - - 

Methamphetamine CD 10 - 2000 0.994 4 13 650e 2 3 2 9 

Methcathinone CD 10 - 1500 0.970 7 20 - 2 4 -10 -16 

Methedrone CD 10 - 2000 0.993 4 12 - 5 2 -3 2 

Methylphenidate PPCP 10 - 2000 0.999 4 11 - 3 4 -28 -29 

Metoprolol PPCP 10 - 2000 0.996 4 11 5d 8 4 11 2 

Morphine PPCP 25 - 2000 0.967 4 12 7e 13 3 -3 -16 

Nadolol PPCP 10 - 2000 0.991 4 12 - 4 3 1 -1 

Nicotine PPCP 10 - 2000 0.987 5 14 - - - - - 
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Table A1.3. continued           

Compound Classa 
Range 
(ng L-1) 

Linearity 

(R2, n  5) 

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Other DI 
methods 
LLOQ 
(ng L-1) 

Peak area 
imprecision 

(%RSD, n = 6)b 

Matrix effects 
(%, n = 6)b 

250 
ng L-1 

2500 
ng L-1 

250 
ng L-1 

2500 
ng L-1 

Nitenpyram Pe 10 - 1000 0.987 4 11 - 3 4 2 2 

Nordiazepam PPCP 10 - 2000 0.975 4 11 - - - - - 

Norethisterone PPCP 250 - 2000 0.978 3 9 - - - - - 

Nortriptyline PPCP 10 - 1500 0.998 3 10 - 19 2 95 57 

Orphenadrine PPCP 10 - 2000 0.998 4 11 - 7 6 49 24 

Oxamyl Pe 10 - 1500 0.996 3 10 - 11 5 -18 -14 

Oxazepam PPCP 10 - 2000 0.902 7 22 10d 10 4 4 1 

Oxycarboxin Pe 10 - 500 0.989 4 12 - 6 3 -5 -5 

Oxycodone PPCP 10 - 1500 0.997 4 11 - 2 3 -3 -2 

Picoxystrobin Pe 10 - 2000 0.981 4 12 - 8 4 2 -2 

Piperophos Pe 10 - 2000 0.963 3 10 - 6 6 -2 4 

Pirenzipine PPCP 10 - 2000 0.990 4 12 - 6 3 0 6 

Pretilachlor Pe 75 - 2000 0.993 3 10 - 7 2 -2 0 

Prometon Pe 10 - 2000 0.993 4 12 - 6 4 4 4 

Prometryn Pe 10 - 1500 0.991 4 11 - 4 4 3 2 

Propamocarb Pe 10 - 2000 0.995 4 11 - 6 3 5 11 

Propazine Pe 10 - 2000 0.997 4 11 - 4 4 0 2 

Propranolol PPCPs 10 - 2000 0.992 4 12 - 4 3 6 1 

Pymetrozine Pe 10 - 2000 0.983 4 12 - 4 1 -28 -19 

Pyracarbolid Pe 10 - 2000 0.992 3 9 - 3 3 0 1 

Pyraclostrobin Pe 10 - 2000 0.966 5 15 - 10 7 -3 5 

Pyraflufen-ethyl Pe 10 - 2000 0.949 4 13 - - - - - 
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Table A1.3. continued           

Compound Classa 
Range 
(ng L-1) 

Linearity 

(R2, n  5) 

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Other DI 
methods 
LLOQ 
(ng L-1) 

Peak area 
imprecision 

(%RSD, n = 6)b 

Matrix effects 
(%, n = 6)b 

250 
ng L-1 

2500 
ng L-1 

250 
ng L-1 

2500 
ng L-1 

Risperidone PPCP 10 - 2000 0.999 4 11 - - - - - 

Rizatriptan PPCP 10 - 1500 0.934 4 11 - - - - - 

Ronidazole PPCP 10 - 2000 0.994 4 11 - - - - - 

Roxithromycin PPCP 10 - 2000 0.964 4 12 6c - - - - 

Salbutamol PPCP 10 - 2000 0.997 4 12 - 3 4 6 12 

Salicylic acid Me 100 - 1500 0.995 3 10 38c - - - - 

Simazine Pe 10 - 1500 0.996 4 11 - 4 3 -4 -2 

Spiramycin PPCP 100 - 2000 0.988 4 12 - - - - - 

Sulfadimethoxine PPCP 10 - 2000 0.996 4 11 - 3 4 19 12 

Sulfamerazine PPCP 10 - 1500 0.911 8 23 - - - - - 

Sulfamethazine PPCP 10 - 1500 0.996 4 11 - 4 3 18 19 

Sulfamethoxazole PPCP 10 - 2000 0.991 4 13 1c, 15d 7 5 21 10 

Sulfamonomethoxine PPCP 10 - 2000 0.998 4 11 - 10 5 21 18 

Sulfapyridine PPCP 10 - 2000 0.991 4 13 - 4 3 15 21 

Sulfathiazole PPCP 10 - 2000 0.995 4 11 - 2 2 6 16 

Sulfisoxazole PPCP 10 - 1500 0.992 4 12 - 6 4 10 7 

Tacrine PPCP 10 - 2000 0.998 4 11 - 4 4 8 5 

Tamsulosin PPCP 10 - 1500 0.997 4 13 - 3 4 10 9 

Temazepam PPCP 10 - 2000 0.985 3 10 - 3 5 1 4 

Terbutryn Pe 10 - 2000 0.996 4 11 1d 2 5 4 0 

Terfenadine PPCP 10 - 2000 0.997 4 11 - - - - - 

Thiacloprid Pe 10 - 2000 0.994 4 12 - 7 4 7 6 
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Table A1.3. continued           

Compound Classa 
Range 
(ng L-1) 

Linearity 

(R2, n  5) 

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Other DI 
methods 
LLOQ 
(ng L-1) 

Peak area 
imprecision 

(%RSD, n = 6)b 

Matrix effects 
(%, n = 6)b 

250 
ng L-1 

2500 
ng L-1 

250 
ng L-1 

2500 
ng L-1 

Thiamethoxam Pe 25 - 1000 0.947 4 11 - 6 5 0 1 

Thiazopyr Pe 10 - 2000 0.996 3 10 - - - - - 

Timolol PPCP 10 - 2000 0.998 4 12 - 2 5 1 4 

Tramadol PPCP 10 - 2000 0.990 4 11 15d 3 3 3 3 

Trimethoprim PPCP 10 - 1500 0.998 4 11 2c, 10d 2 3 12 14 

Valsartan PPCP 10 - 2000 0.935 5 14 4c, 5d 14 4 10 7 

Venlafaxine PPCP 10 - 2000 0.997 4 11 0.2c, 2d 5 8 1 3 

Verapamil PPCP 10 - 2000 0.997 4 11 - - - - - 

Warfarin PPCP 10 - 2000 0.993 4 12 - 4 3 -8 1 

Ziprasidone PPCP 10 - 1500 0.994 4 11 - 34 19 -53 -57 

a PPCP: Pharmaceutical & personal care product; Pe: Pesticide; Me: Drug metabolite; CD: Controlled drug; b Peak area imprecision and matrix effects were 
determined by Egli et al. (2021) [34]; c LLOQ in surface waters, Boix et al. (2015) [256]; dLLOQ in surface waters, Hermes et al. (2018) [257]; eLLOQ in surface 
waters, Martínez Bueno et al. (2011) [258] 
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Table A1.4. Compounds identified using the in silico suspect screening workflow in the winter and summer passive sampler extracts. Including the detection rate in 
Chemcatcher® replicates, measured and predicted retention time, retention time error and the identification level according to the Schymanski framework (without 
the retention time prediction). Reproduced from Richardson et al. (2021) with permission from Elsevier [251]. 

Analyte CAS number 

Measured 
m/z 

(ppm) + 
isotope 
match 

Qualifier 
fragment(s) 

Winter  Summer 

Standard 
tR error 
(min) 

Current Schymanski 
framework level  

(now all raised to 2(a) 
with tR prediction or 
higher with reference 

standard 
confirmation) 

Detection 
rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

 Detection 
rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

17α-Estradiol 57-91-0 
273.1862 
(-4.99)a 

- 1/4 9.68 0.65  1/3 9.68 0.65 - 4f 

2,4-
Dichlorophenoxyacetic 
acid (2,4-D) 

94-75-7 
219.9652 
(1.31)b 

- 4/4 7.33 -0.73  - - - - 4f 

2,4-Dinitro-o-kresol 
(DNOC) 

534-52-1 
198.0235 
(-1.17)b 

180.0177 1/4 7.00 -0.65  - - - - 3h 

3-Hydroxylidocaine 34604-55-2 
251.1762 
(-3.27)a 

86.0964 - - -  2/3 5.16 0.31 - 2(a)g 

4-Hydroxyphenyl-
pyruvic acid 

156-39-8 
179.0349 
(0.43)b 

- 2/4 4.92 -0.41  3/3 4.55 -0.78 - 4f 

5-Methylbenzotriazole 49636-02-4 
132.0568 
(-0.42)b 

103.0427, 
104.0506, 
102.0349, 

- - -  2/3 5.83 0.42 - 2(a)g 

8-Hydroxy-efavirenz 205754-32-1 
330.0159 
(-2.77)b 

257.9963, 
246.0139, 
286.0252, 
250.0485 

4/4 8.69 -0.56  2/3 8.69 -0.56 - 2(a)g 

9-Octadecenamide 301-02-0 
282.2790 

(0.47)a 

247.242, 
97.1012, 
83.0855, 
135.1168, 
265.2526 

- - -  2/3 11.34 0.76 - 2(a)g 

Amisulpride 71675-85-9 
370.1796 
(-2.68)a 

242.0482, 
112.1121 

- - -  3/3 4.25 -0.28 - 2(a)g 
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Table A1.4. continued             

Analyte CAS number 

Measured 
m/z 

(ppm) + 
isotope 
match 

Qualifier 
fragment(s) 

Winter  Summer 

Standard 
tR error 
(min) 

Current Schymanski 
framework level  

(now all raised to 2(a) 
with tR prediction or 
higher with reference 

standard 
confirmation) 

Detection 
rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

 
Detection 

rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

Aniline 62-53-3 

138.0561 
(-0.59)c, 
92.0504 
(2.03)b 

77.0386 4/4 4.02 0.15  - - - - 3h 

Atenolol 29122-68-7 
267.1708 
(-1.89)a 

190.0863, 
225.1234, 
145.0648, 
208.0968, 
178.0863 

1/4 3.25 -0.08  - - - - 2(a)g 

Benhepazone 363-13-3 
237.1022 

(0.34)a 
- 3/4 7.24 -0.08  3/3 7.23 -0.09 - 4f 

Benzhydryl cyanide 86-29-3 
194.0972 
(-3.89)a 

- - - -  2/3 7.23 -0.46 - 4f 

Bicalutamide 90357-06-5 
429.0539 
(-0.42)b 

255.0375, 
185.0328, 
184.0375, 
173.0067 

1/4 7.81 -0.28  - - - - 2(a)g 

Bis(2-ethylhexyl) 
phthalate (DEHP) 

117-81-7 

413.2666 
(-0.83)d, 
391.2850 
(-1.72)a 

149.0233, 
167.0339, 
71.0855 

3/4 11.11 0.30  - - - - 2(a)g 

Butyl 4-hydroxybenzoate 94-26-8 

193.0870 
(-1.34)b, 
239.0926 
(-0.27)c 

- - - -  2/3 7.97 -0.50 - 4f 
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Table A1.4. continued             

Analyte CAS number 

Measured 
m/z 

(ppm) + 
isotope 
match 

Qualifier 
fragment(s) 

Winter  Summer 

Standard 
tR error 
(min) 

Current Schymanski 
framework level  

(now all raised to 2(a) 
with tR prediction or 
higher with reference 

standard 
confirmation) 

Detection 
rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

 
Detection 

rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

Butylacetanilide 91-49-6 

192.1382 
(0.39)a, 

214.1209 
(-3.25)d 

- 4/4 7.67 0.40  - - - - 4f 

Celiprolol 56980-93-9 
380.2554 
(-2.62)a 

324.1918, 
306.1812 

- - -  2/3 5.77 -0.26 - 2(a)g 

Clarithromycin-N-oxide 118074-07-0 
764.4796 
(-0.72)a 

606.3848 3/4 8.34 0.56  1/3 7.15 -0.63 - 3h 

Clobazam 22316-47-8 
301.0750 
(-3.98)a 

- 1/4 7.89 -0.51  1/3 7.88 -0.51 - 4f 

Crotamiton 483-63-6 
204.1392 
(-4.24)a 

136.1121, 
134.0600, 
69.0335 

1/4 8.19 0.75  1/3 8.19 0.74 - 2(a)g 

Dibutylamine 111-92-2 
130.1593 
(-2.22)a 

- 1/4 4.06 -0.24  2/3 4.04 -0.26 - 4f 

Dicamba 1918-00-9 
218.9632 
(-4.75)b 

174.9723 4/4 7.33 -0.51  - - - - 3h 

Dinoseb 88-85-7 
240.0708 
(-1.96)b 

- 2/4 9.19 0.40  - - - - 4f 

Disopyramide 671-20-0 
340.2383 
(-0.90)a 

239.1179 - - -  1/3 5.30 -0.28 - 3h 

Dilaurylthio-
dipropionate (DLTDP) 

123-28-4 

532.4387 
(1.24)e, 

515.4123 
(1.18)a, 

537.3938 
(1.79)d 

143.0161, 
329.2145, 
115.0212, 
161.0267, 
89.0056 

- - -  3/3 11.28 -0.12 - 2(a)g 
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Table A1.4. continued             

Analyte CAS number 

Measured 
m/z 

(ppm) + 
isotope 
match 

Qualifier 
fragment(s) 

Winter  Summer 

Standard 
tR error 
(min) 

Current Schymanski 
framework level  

(now all raised to 2(a) 
with tR prediction or 
higher with reference 

standard 
confirmation) 

Detection 
rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

 
Detection 

rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

Dilaurylthio-
dipropionate (DLTDP) 

123-28-4 

532.4387 
(1.24)e, 

515.4123 
(1.18)a, 

537.3938 
(1.79)d 

143.0161, 
329.2145, 
115.0212, 
161.0267, 
89.0056 

- - -  3/3 11.28 -0.12 - 2(a)g 

Dorzolamide 120279-96-1 
325.0358 
(-3.90)a 

198.9875 1/4 2.53 0.48  - - - - 2(a)g 

Erythromycin 114-07-8 
734.4701 
(-2.26)a 

576.3742 1/4 8.68 0.02  1/3 8.69 0.02 - 3h 

Flecainide 54143-55-4 
415.1458 
(-1.68)a 

398.1185, 
301.0294, 
98.0964 

3/4 6.56 -0.59  1/3 6.57 -0.59 - 2(a)g 

Furegrelate 85666-24-6 
271.1080 
(-1.00)e 

210.0913 - - -  1/3 6.03 -0.75 - 3h 

Glutaral 111-30-8 

99.0451 
(0.10)b, 

145.0508 
(-1.42)c 

55.0542 1/4 3.05 -0.35  - - - - 3h 

GVL (γ-Valerolactone) 108-29-2 

99.0451 
(0.10)b, 

145.0508 
(-1.42)c 

- 1/4 3.05 -0.17  - - - - 4f 

Hexachlorophene 70-30-4 
402.8442 
(-3.89)b 

366.8659, 
194.9177 

- - -  1/3 10.27 0.17 - 3h 

Hymecromone 90-33-5 
178.0588 
(-4.58)a 

103.0542 1/4 7.78 0.60  - - - - 3h 
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Table A1.4. continued             

Analyte CAS number 

Measured 
m/z 

(ppm) + 
isotope 
match 

Qualifier 
fragment(s) 

Winter  Summer 

Standard 
tR error 
(min) 

Current Schymanski 
framework level  

(now all raised to 2(a) 
with tR prediction or 
higher with reference 

standard 
confirmation) 

Detection 
rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

 
Detection 

rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

Irbesartan 138402-11-6 
429.2399 
(-0.45)a 

207.0917, 
195.1492, 
386.2213 

2/4 8.26 -0.14  - - - - 2(a)g 

Irganox 1076 2082-79-3 

548.5039 
(-0.38)e, 
553.4590 
(0.14)d, 

531.4797 
(-4.81)a 

419.3520, 
475.4146, 
149.0597, 
167.0703, 
107.0491, 

4/4 12.11 0.83  1/3 12.13 0.85 - 2(a)g 

MCPA methylester 2436-73-9 
213.0323 
(0.58)b 

- 1/4 8.23 0.25  1/3 8.23 0.26 - 4f 

Methylthiouracil 56-04-2 
143.0275 
(-1.03)a 

84.0444 1/4 3.33 -0.39  - - - - 2(a)g 

Nicotinyl alcohol 100-55-0 
110.0604 
(-3.27)a 

92.0495 1/4 1.30 -0.17  - - - - 3h 

O-Desmethylvenlafaxine 93413-62-8 

264.1964 
(-2.16)a, 
281.2214 
(3.52)e 

58.0651 4/4 5.21 -0.73  3/3 5.03 -0.92 - 2(a)g 

Octacaine 13912-77-1 
235.1804 

(0.52)a 
- 1/4 4.60 0.07  1/3 4.58 0.05 - 4f 

Oxprenolol 6452-71-7 
266.1756 
(-1.83)a 

248.1645 1/4 4.74 -0.86  - - - - 2(a)g 

Phenopyrazone 3426-01-5 
253.0972 
(-0.28)a 

180.0800, 
236.0706, 
208.0757 

1/4 6.03 -0.12  2/3 6.30 0.15 - 2(a)g 
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Table A1.4. continued             

Analyte CAS number 

Measured 
m/z 

(ppm) + 
isotope 
match 

Qualifier 
fragment(s) 

Winter  Summer 

Standard 
tR error 
(min) 

Current Schymanski 
framework level  

(now all raised to 2(a) 
with tR prediction or 
higher with reference 

standard 
confirmation) 

Detection 
rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

 
Detection 

rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

Phenytoin 57-41-0 
253.0972 
(-0.28)a 

182.0964 1/4 6.03 -0.86  2/3 6.30 -0.59 0.06 1i 

Pholcodine 509-67-1 
399.2281 
(-0.62)a 

381.2173 1/4 1.46 -0.16  - - - - 3h 

Practolol 6673-35-4 
267.1708 
(-1.89)a 

190.0863, 
225.1234, 
178.0863 

1/4 3.25 -0.28  - - - - 2(a)g 

Proguanil 500-92-5 

254.1169 
(-0.75)a, 
271.1428 
(1.57)e 

170.0480, 
153.0214, 
102.1026, 
128.0262 

- - -  1/3 6.72 0.03 - 2(a)g 

Quatacaine 17692-45-4 
235.1804 

(0.52)a 
- 1/4 4.60 -0.63  1/3 4.58 -0.65 - 4f 

Saccharin 81-07-2 
181.9919 
(-0.79)b 

105.9604 2/4 2.87 0.44  - - - - 3h 

Sotalol 3930-20-9 
273.1272 
(-1.51)a 

213.0692, 
255.1162, 
133.0760, 
176.1308, 
134.0839 

1/4 2.93 0.29  1/3 2.91 0.28 - 2(a)g 

Sulpiride 15676-16-1 
342.1488 
(-1.65)a 

112.1121, 
214.0162 

2/4 3.11 -0.26  3/3 3.09 -0.27 - 2(a)g 

Tapentadol 175591-23-8 
222.1896 
(-4.90)a 

107.0491 3/4 5.42 -0.29  3/3 5.41 -0.29 - 3h 

Tributylphosphate (TBP) 126-73-8 
268.1766 
(-4.55)a 

98.9842, 
80.9736 

2/4 9.54 -0.03  - - - - 2(a)g 



APPENDIX 1 

 

337 
 

Table A1.4. continued             

Analyte CAS number 

Measured 
m/z 

(ppm) + 
isotope 
match 

Qualifier 
fragment(s) 

Winter  Summer 

Standard 
tR error 
(min) 

Current Schymanski 
framework level  

(now all raised to 2(a) 
with tR prediction or 
higher with reference 

standard 
confirmation) 

Detection 
rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

 
Detection 

rate 

Mean 
measured 

tR in 
sample 
(min) 

Predicted tR 
error (min) 

Tri-(2-
chloroisopropyl)phospha
te (TCPP) 

13674-84-5 
327.0085 
(-1.35)a 

98.9842, 
174.9921, 
80.9738 

4/4 8.35 -0.33  3/3 8.35 -0.34 - 2(a)g 

Thymotic acid 548-51-6 
193.0872 
(-0.74)b 

- - - -  1/3 7.97 -0.28 - 4f 

Tolytriazole 29878-31-7 
132.0568 
(-0.42)b 

103.0427, 
104.0506, 
102.0349 

- - -  2/3 5.83 0.42 - 2(a)g 

Topiramate 97240-79-4 
357.1326 
(0.44)e 

184.0968, 
127.0390, 
264.0536 

- - -  2/3 6.22 -0.57 - 2(a)g 

Trimetazidine 13171-25-0 
267.1708 
(-1.89)a 

- 1/4 3.25 0.85  - - - - 4f 

Tutocaine 891-33-8 

251.1757 
(-1.32)a, 
273.1560 
(4.96)d 

- - - -  2/3 5.16 -0.02 - 4f 

a [M + H]+ adduct, b [M - H]- adduct, c [M + HCOO]- adduct, d [M + Na]+ adduct, e [M + NH4]+ adduct, f ‘Unequivocal molecular formula’ based on precursor ion & isotope 
pattern, g ‘Probable structure’ based on precursor ion & unique product ion(s), h ‘Tentative candidates’ based on precursor ion & product ions, i ‘Confirmed structure’ based 
on matching tR (within 0.2 min) & precursor ion & at least one product ion. 
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Figure A1.1. Sorption to 3D-PSD housing for each individual compound expressed as percentage (%) 

recovery ratio (refer to Section 3.3.5 for calculations) for all 136 compounds ± standard deviation at each 
measurement time point. Reproduced from Richardson et al. (2022) with permission from Elsevier [305]. 
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Table A1.5. Method performance data for all compounds in AFW matrix analysed using direct 
injection. 

Compound 
Range 
tested  

(ng L-1) 

Linearity 

(R2) (n   5)  

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

2-(Thiocyanomethylthio)benzothiazole* 75 - 1000 0.954 4 13 

4-Fluoromethacationone 25 - 1000 0.992 4 12 

4-Methylethcathinone 25 - 1000 0.994 4 13 

Acetamiprid 50 - 1000 0.992 4 11 

Alprazolam* 50 - 1000 0.961 5 16 

Ametryn 10 - 1000 0.997 4 11 

Amitriptyline 10 - 1000 0.986 5 15 

Amlodipine 25 - 1000 0.990 4 12 

Amphetamine 10 - 1000 0.988 5 15 

Antipyrine* 25 - 1000 0.958 6 18 

Atorvastatin 25 - 1000 0.998 3 10 

Atrazine 10 - 1000 0.995 4 12 

Azithromycin* 100 - 1000 0.921 6 17 

Azoxystrobin 10 - 1000 0.986 4 13 

Bensulide* 50 - 1000 0.909 8 25 

Benzatropine 10 - 1000 0.997 4 11 

Benzoylecgonine 10 - 1000 0.996 4 13 

Betaxolol 50 - 1000 0.999 4 11 

Bezafibrate 25 - 1000 0.993 4 12 

Bisoprolol 10 - 1000 0.992 4 12 

Bupropion 10 - 1000 0.994 3 10 

Buspirone 10 - 1000 0.992 4 12 

Carazolol 25 - 1000 0.999 3 10 

Carbamazepine 25 - 1000 0.997 4 11 

Carbamazepine-10,11-epoxide 25 - 1000 0.981 4 13 

Carboxine 25 - 1000 0.985 4 12 

Carfentrazone-ethyl* 50 - 1000 0.878 9 26 

Celecoxib* 10 - 1000 0.959 5 15 

Cilazapril 25 - 1000 0.971 3 10 

Citalopram 10 - 1000 0.981 5 14 

Clarithromycin* 25 - 1000 0.973 5 14 

Clopidogrel 10 - 1000 0.999 4 11 

Clothianidin 25 - 1000 0.982 4 13 

Clozapine 10 - 1000 0.996 4 11 

Cocaine 10 - 1000 0.998 4 12 

Cyclouron* 50 - 1000 0.963 5 14 

Cycloxyidim* 75 - 1000 0.952 4 13 

Cyromazine* 75 - 25 0.440 0 0 

Diazepam* 10 - 1000 0.943 8 25 

Diclofenac 25 - 1000 0.929 9 28 
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Table A1.5. continued     

Compound 
Range 
tested  

(ng L-1) 

Linearity 

(R2) (n   5)  

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Diflubenzuron* 50 - 1000 0.982 4 12 

Dimethametryn 75 - 1000 0.778 12 35 

Diphenhydramine 10 - 1000 0.989 4 12 

Famoxadone 10 - 1000 0.997 4 11 

Fenoxaprop-ethyl* 500 - 75 0.357 0 0 

Fluoxetine 250 - 10 0.713 0 0 

Flurochloridone* 10 - 1000 0.994 4 11 

Flutamide* 10 - 1000 0.971 4 13 

Flutolanil 10 - 1000 0.967 4 11 

Fuberidazole 25 - 1000 0.996 4 11 

Imidacloprid* 75 - 1000 0.954 5 16 

Isocarbamid 25 - 1000 0.968 4 13 

Josamycin* 10 - 1000 0.987 4 12 

Ketamine 10 - 1000 0.986 4 12 

Ketotifen 25 - 1000 0.793 13 40 

Levocabastine 500 - 25 0.562 0 0 

Lidocaine 50 - 1000 0.964 5 16 

Lincomycin 10 - 1000 0.988 4 12 

MDMA 250 - 1000 0.628 8 25 

Meclizine* 10 - 1000 0.997 4 12 

Medroxyprogesterone* 10 - 1000 0.994 4 11 

Memantine 25 - 1000 0.988 6 17 

Mephedrone 10 - 1000 0.996 4 11 

Mephosfolan 25 - 1000 0.998 4 11 

Metformin 10 - 1000 0.989 4 13 

Methamphetamine 25 - 500 0.914 6 17 

Methcathinone* 10 - 1000 0.950 7 22 

Methedrone 25 - 1000 0.992 4 12 

Methylphenidate 10 - 1000 0.993 4 11 

Metoprolol 25 - 1000 0.989 4 11 

Morphine 10 - 1000 0.992 4 12 

Nadolol* 25 - 1000 0.981 4 12 

Nicotine* 10 - 1000 0.965 7 20 

Nitenpyram 25 - 1000 0.997 4 12 

Nordiazepam* 10 - 1000 0.995 4 11 

Nortriptyline 25 - 1000 0.989 4 12 

Orphenadrine 100 - 1000 0.988 4 11 

Oxamyl* 10 - 1000 0.975 5 14 

Oxazepam* 10 - 1000 0.969 6 17 

Oxycarboxin 50 - 1000 0.993 4 11 

Oxycodone 50 - 1000 0.976 5 16 
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Table A1.5. continued     

Compound 
Range 
tested  

(ng L-1) 

Linearity 

(R2) (n   5)  

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Picoxystrobin* 10 - 1000 0.988 4 13 

Piperophos 10 - 1000 0.998 4 11 

Pirenzipine 25 - 1000 0.956 5 15 

Pretilachlor* 10 - 1000 0.906 6 18 

Prometon 25 - 1000 0.991 4 11 

Prometryn 25 - 1000 0.995 4 11 

Propamocarb 25 - 1000 0.953 5 15 

Propanolol 10 - 1000 0.984 4 12 

Propazine 25 - 1000 0.988 4 11 

Pymetrozine 10 - 1000 0.978 4 13 

Pyracarbolid 25 - 1000 0.994 4 11 

Pyraclostrobin 10 - 1000 0.996 4 11 

Pyraflufen-ethyl* 10 - 1000 0.996 4 12 

Pyridaben* 25 - 1000 0.999 3 10 

Risperidone 10 - 1000 0.991 4 12 

Rizatriptan 25 - 1000 0.996 4 11 

Ronidazole 10 - 1000 0.987 4 13 

Roxithromycin* 75 - 1000 0.983 4 11 

Salbutamol 50 - 1000 0.908 7 20 

Salicylic acid* 50 - 500 0.479 44 131 

Sertraline* 10 - 1000 0.999 4 11 

Simazine* 50 - 1000 0.981 3 8 

Spinosyn A* 25 - 1000 0.989 4 11 

Sulfadimethoxine 50 - 1000 0.979 4 13 

Sulfamethazine 10 - 1000 0.997 4 11 

Sulfamethoxazole* 50 - 1000 0.956 5 16 

Sulfamonomethoxine* 75 - 500 0.454 20 61 

Sulfapyridine 25 - 1000 0.979 4 13 

Sulfathiazole* 75 - 1000 0.851 5 14 

Sulfisoxazole 25 - 1000 0.993 4 12 

Tacrine 10 - 1000 0.994 4 11 

Tamsulosin 50 - 1000 0.976 5 14 

Temazepam 10 - 1000 0.968 6 17 

Terbutryn 25 - 1000 0.993 4 11 

Terfenadine* 25 - 1000 0.979 5 14 

Thiacloprid 75 - 1000 0.986 4 13 

Thiamethoxam 10 - 1000 0.993 4 12 

Thiazopyr 10 - 1000 0.997 4 12 

Timolol 25 - 1000 0.994 4 11 

Tramadol 10 - 1000 0.996 4 11 

Trimethoprim 10 - 500 0.764 10 29 
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Table A1.5. continued     

Compound 
Range 
tested  

(ng L-1) 

Linearity 

(R2) (n   5)  

LOD 
(ng L-1) 

LLOQ 
(ng L-1) 

Valsartan 25 - 1000 0.986 4 13 

Venlafaxine 25 - 1000 0.982 3 10 

Verapamil 50 - 1000 0.983 4 11 

Warfarin 10 - 1000 0.998 4 11 

Ziprasidone 10 - 1000 0.998 4 12 

2-(Thiocyanomethylthio)benzothiazole* 25 - 1000 0.997 4 12 

4-Fluoromethacationone 50 - 1000 0.996 3 10 

4-Methylethcathinone 25 - 1000 0.994 4 11 

Acetamiprid 10 - 1000 0.995 4 13 

Alprazolam* 50 - 1000 0.996 4 11 

Ametryn 25 - 1000 0.986 4 11 

* LOD and LLOQs should be considered semi-quantitative due to poor linearity performance                  

(R2  0.98). Refer to Ng and Rapp-Wright et al. and Egli et al. for additional method validation data 
[34,253] 
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Table A1.6. Comparison of the mean (standard deviation, n = 6) percentage recovery of each compound using the SPE (M1) and the vial (M2) based extraction 
methods. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 

Compound M1  M2  Compound M1  M2  Compound M1  M2  

2-(Thiocyanomethylthio)benzothiazole 3 (1) 7 (8) Carboxine 17 (5) 4 (2) Hydrochlorothiazide 76 (17) 53 (13) 

4-Fluoromethacationone 12 (10) 13 (6) CBZ epoxide 77 (6) 100 (9) Imidacloprid 48 (23) 66 (34) 

4-Methylethcathinone 40 (15) 45 (11) Celecoxib 63 (14) 81 (102) Indomethacin 54 (13) 79 (29) 

Acetamiprid 81 (8) 99 (9) Chloramphenicol 91 (15) 140 (25) Isradipine 90 (35) 110 (118) 

Aclonifen 74 (24) 89 (30) Cilazapril 79 (4) 102 (51) Josamycin 71 (8) 84 (72) 

Alprazolam 50 (18) 114 (53) Citalopram 55 (13) 49 (22) Ketamine 85 (15) 63 (27) 

Ametryn 73 (5) 71 (22) Clarithromycin 48 (15) 51 (27) Ketotifen 27 (9) 21 (9) 

Amiodarone 9 (5) 50 (48) Clofibric acid 78 (11) 87 (44) Levocabastine 90 (29) 130 (120) 

Amitriptyline 13 (3) 20 (12) Clopidogrel 47 (5) 83 (42) Lidocaine 79 (40) 54 (21) 

Amlodipine 21 (9) 20 (20) Clozapine 13 (7) 21 (9) Lincomycin 39 (3) 40 (9) 

Antipyrine 82 (9) 91 (19) Cocaine 48 (5) 70 (15) MDMA 49 (19) 29 (5) 

Atorvastatin 57 (7) 76 (73) Cyclouron 92 (8) 84 (30) Meclizine 5 (3) 43 (48) 

Atrazine 86 (11) 82 (28) Diazepam 46 (16) 73 (43) Medroxyprogesterone 83 (17) 90 (66) 

Azelnidipine 4 (3) 51 (63) Diflubenzuron 52 (23) 187 (237) Mefenamic acid 59 (11) 109 (90) 

Azithromycin 54 (19) 30 (18) Dimethametryn 60 (6) 84 (39) Memantine 63 (15) 45 (10) 

Azoxystrobin 69 (5) 92 (73) Diphenhydramine 32 (9) 17 (7) Mephedrone 23 (13) 22 (5) 

Bensulide 74 (33) 74 (62) Enalapril 86 (34) 115 (24) Mephosfolan 89 (8) 99 (13) 

Benzatropine 22 (5) 32 (28) Famoxadone 33 (8) 29 (15) Metformin 37 (8) 20 (4) 

Benzoylecgonine 76 (4) 88 (10) Fenoxaprop-ethyl 16 (6) 43 (44) Methamphetamine 41 (14) 22 (8) 

Betaxolol 51 (11) 51 (15) Fenuron 81 (4) 82 (26) Methcathinone 13 (8) 13 (3) 

Bezafibrate 88 (5) 107 (87) Flufenoxuron 36 (7) 88 (70) Methedrone 44 (18) 24 (6) 

Bisoprolol 52 (8) 64 (9) Fluocinonide 83 (17) 70 (17) Methylphenidate 53 (13) 45 (16) 

Bupropion 46 (16) 41 (10) Fluoxetine 11 (4) 11 (8) Metoprolol 68 (10) 62 (12) 

Buspirone 23 (5) 39 (4) Flutamide 88 (5) 97 (77) Nadolol 91 (16) 103 (20) 

Carazolol 56 (11) 52 (33) Flutolanil 93 (10) 103 (97) Nicotine 17 (5) 7 (3) 
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Table A1.6. continued         

Compound M1  M2  Compound M1  M2  Compound M1  M2  

Carbamazepine 118 (42) 98 (34) Fuberidazole 69 (5) 87 (5) Nifedipine 58 (29) 104 (46) 

Nitenpyram 61 (5) 78 (5) Propazine 86 (6) 84 (41) Sulfapyridine 59 (13) 73 (16) 

Nordiazepam 80 (13) 83 (35) Pymetrozine 45 (8) 58 (15) Sulfathiazole 62 (9) 62 (17) 

Norethisterone 97 (6) 96 (6) Pyracarbolid 85 (10) 78 (24) Sulfisoxazole 83 (12) 65 (13) 

Nortriptyline 11 (4) 11 (5) Pyraflufen-ethyl 10 (6) 27 (14) Tacrine 71 (4) 73 (10) 

Orphenadrine 33 (7) 26 (17) Pyridaben 33 (11) 82 (61) Tamsulosin 60 (18) 63 (31) 

Oxazepam 80 (8) 89 (19) Risperidone 20 (10) 23 (10) Temazepam 82 (6) 107 (48) 

Oxycodone 47 (10) 39 (9) Rizatriptan 43 (20) 37 (8) Terbutryn 65 (11) 84 (37) 

Picoxystrobin 55 (11) 73 (70) Ronidazole 70 (6) 66 (10) Terfenadine 33 (12) 61 (69) 

Piperophos 52 (10) 61 (49) Roxithromycin 48 (15) 60 (49) Thiacloprid 70 (7) 92 (13) 

Pirenzipine 51 (9) 58 (5) Salbutamol 43 (14) 26 (5) Thiamethoxam 65 (21) 64 (14) 

Pretilachlor 62 (7) 61 (56) Sertraline 18 (7) 44 (38) Thiazopyr 75 (9) 90 (89) 

Prodiamine 38 (12) 76 (65) Simazine 91 (17) 65 (34) Timolol 66 (9) 70 (5) 

Prometon 79 (4) 86 (27) Spiramycin 64 (18) 73 (51) Tramadol 62 (9) 78 (58) 

Prometryn 75 (5) 88 (35) Sulfadimethoxine 64 (6) 82 (26) Trimethoprim 74 (11) 74 (11) 

Propamocarb 44 (23) 29 (11) Sulfamethazine 77 (14) 86 (11) Venlafaxine 44 (5) 57 (18) 

Propranolol 54 (12) 47 (27) Sulfamonomethoxine 65 (17) 44 (13) Verapamil 41 (10) 48 (36) 

      Warfarin 104 (43) 165 (159) 
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Table A1.7. Comparison of the mean (standard deviation, n = 9) percentage recovery of each compound directly spiked onto the anion sorbent disk. 

Compound 
Mean 

(std dev) 
Compound 

Mean 
(std dev) 

Compound 
Mean 

(std dev) 
Compound 

Mean 
(std dev) 

2-(Thiocyanomethylthio)benzothiazole 48 (21) Buspirone 49 (7) Enalapril 73 (11) Meclizine 37 (21) 

4-Fluoromethacationone 43 (13) Carazolol 62 (13) Famoxadone 51 (17) Medroxyprogesterone 77 (9) 

4-Methylethcathinone 60 (11) Carbamazepine 75 (9) Fenoxaprop-ethyl 27 (16) Mefenamic acid 32 (9) 

Acetamiprid 72 (9) Carboxine 3 (4) Fenuron 50 (14) Memantine 63 (8) 

Aclonifen 93 (8) Carfentrazone-ethyl 61 (11) Flufenoxuron 10 (5) Mephedrone 50 (12) 

Alprazolam 54 (14) CBZ epoxide 49 (29) Fluocinonide 83 (11) Mephosfolan 68 (12) 

Ametryn 50 (10) Celecoxib 55 (10) Fluoxetine 83 (29) Metformin 25 (16) 

Amiodarone 44 (7) Chloramphenicol 65 (16) Flurochloridone 61 (11) Methamphetamine 55 (7) 

Amitriptyline 87 (26) Cilazapril 70 (8) Flutamide 70 (9) Methcathinone 53 (18) 

Amlodipine 39 (11) Citalopram 79 (13) Flutolanil 68 (8) Methedrone 51 (8) 

Amphetamine 57 (8) Clarithromycin 59 (33) Fuberidazole 67 (7) Methylphenidate 69 (7) 

Antipyrine 60 (8) Clodinafop-propargyl 60 (9) Hydrochlorothiazide 39 (5) Metoprolol 69 (8) 

Atorvastatin 12 (6) Clopidogrel 64 (8) Imidacloprid 74 (9) Morphine 109 (27) 

Atrazine 35 (10) Clothianidin 63 (11) Isocarbamid 63 (11) Nadolol 51 (8) 

Azelnidipine 3 (2) Clothianidin-d3 45 (33) Isradipine 39 (11) Nicotine 33 (19) 

Azithromycin 48 (27) Clozapine 45 (18) Josamycin 23 (10) Nifedipine 25 (14) 

Azoxystrobin 70 (9) Cocaine 74 (9) Ketamine 56 (9) Nitenpyram 29 (9) 

Benoxacor 33 (21) Cyclouron 45 (14) Ketoconazole 38 (17) Nordiazepam 69 (10) 

Bensulide 39 (20) Cymoxanil 162 (8) Ketotifen 73 (11) Norethisterone 71 (9) 

Benzatropine 85 (27) Diazepam 65 (10) Levamisole 75 (13) Nortriptyline 72 (20) 

Benzoylecgonine 66 (8) Diclofenac 55 (13) Levocabastine 75 (10) Orphenadrine 84 (16) 

Betaxolol 66 (9) Diflubenzuron 63 (12) Lidocaine 59 (8) Oxamyl 54 (8) 

Bezafibrate 73 (10) Dimethametryn 61 (8) Lincomycin 25 (15) Oxazepam 62 (8) 

Bisoprolol 71 (9) Dimethomorph 77 (8) Lorazepam 78 (10) Oxycarboxin 66 (9) 

Bupropion 47 (16) Diphenhydramine 78 (12) MDMA 60 (6) Oxycodone 44 (7) 
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Table A1.7. continued        

Compound 
Mean 

(std dev) 
Compound 

Mean 
(std dev) 

Compound 
Mean 

(std dev) 
Compound 

Mean 
(std dev) 

Picoxystrobin 55 (8) Sulfamonomethoxine 48 (12) Spinosyn D 58 (47) Terbutryn 51 (10) 

Piperophos 46 (16) Pyraclostrobin 51 (10) Spiramycin 12 (8) Terfenadine 72 (29) 

Pirenzipine 27 (4) Pyraflufen-ethyl 58 (11) Sulfadimethoxine 17 (9) Thiacloprid 70 (8) 

Pretilachlor 44 (6) Pyridaben 28 (3) Sulfamerazine 85 (20) Thiamethoxam 54 (6) 

Prodiamine 20 (11) Risperidone 42 (15) Sulfamethazine 14 (9) Thiazopyr 33 (14) 

Prometon 51 (13) Rizatriptan 20 (3) Sulfamethoxazole 15 (9) Trimethoprim 59 (9) 

Prometryn 49 (10) Ronidazole 64 (8) Sulfapyridine 9 (6) Valsartan 37 (13) 

Propamocarb 106 (16) Roxithromycin 52 (31) Sulfathiazole 8 (4) Venlafaxine 72 (9) 

Propranolol 67 (8) Salicylic acid 57 (16) Sulfisoxazole 16 (9) Verapamil 66 (9) 

Propazine 35 (10) Sertraline 85 (27) Tacrine 73 (8) Warfarin 65 (6) 

Pymetrozine 73 (14) Simazine 36 (7) Tamsulosin 67 (8) Ziprasidone 59 (17) 

Pyracarbolid 28 (17) Spinosyn A 58 (39) Temazepam 66 (10)   

 

 

 

 

  



APPENDIX 1 

 

353 
 

Table A1.8. Comparison of the mean (standard deviation, n = 9) percentage recovery of each compound directly spiked onto the cation sorbent disk. 

Compound 
Mean 

(std dev) 
Compound 

Mean 
(std dev) 

Compound 
Mean 

(std dev) 
Compound 

Mean 
(std dev) 

2-(Thiocyanomethylthio)benzothiazole 2 (1) Buspirone 44 (12) Enalapril 77 (10) Medroxyprogesterone 77 (9) 

4-Fluoromethacationone 24 (8) Carazolol 40 (7) Famoxadone 59 (6) Mefenamic acid 59 (10) 

4-Methylethcathinone 25 (14) Carbamazepine 76 (10) Fenoxaprop-ethyl 2 (0) Memantine 28 (12) 

Acetamiprid 70 (8) Carboxine 12 (8) Fenuron 50 (17) Mephedrone 18 (12) 

Aclonifen 98 (9) Carfentrazone-ethyl 2 (1) Flufenoxuron 44 (22) Mephosfolan 72 (7) 

Alprazolam 55 (13) CBZ epoxide 15 (1) Fluocinonide 40 (17) Metformin 8 (2) 

Ametryn 42 (13) Celecoxib 61 (10) Fluoxetine 29 (9) Methamphetamine 26 (12) 

Amiodarone 27 (14) Chloramphenicol 76 (15) Flurochloridone 45 (13) Methcathinone 18 (9) 

Amitriptyline 32 (10) Cilazapril 76 (8) Flutamide 80 (11) Methedrone 29 (14) 

Amlodipine 16 (5) Citalopram 52 (10) Flutolanil 73 (7) Methylphenidate 35 (13) 

Amphetamine 28 (15) Clarithromycin 15 (7) Fuberidazole 62 (6) Metoprolol 55 (14) 

Antipyrine 68 (12) Clodinafop-propargyl 16 (2) Hydrochlorothiazide 72 (10) Morphine 62 (15) 

Atorvastatin 15 (6) Clopidogrel 56 (10) Imidacloprid 77 (13) Nadolol 58 (6) 

Atrazine 44 (18) Clothianidin 61 (15) Isocarbamid 53 (9) Nicotine 30 (30) 

Azelnidipine 31 (24) Clothianidin-d3 80 (51) Isradipine 52 (13) Nifedipine 32 (12) 

Azithromycin 15 (8) Clozapine 43 (35) Josamycin 9 (3) Nitenpyram 58 (7) 

Azoxystrobin 73 (7) Cocaine 54 (10) Ketamine 38 (19) Nordiazepam 71 (13) 

Benoxacor 29 (24) Cyclouron 42 (21) Ketoconazole 39 (25) Norethisterone 79 (20) 

Bensulide 53 (14) Cymoxanil 36 (12) Ketotifen 45 (11) Nortriptyline 23 (10) 

Benzatropine 45 (11) Diazepam 73 (8) Levamisole 49 (14) Orphenadrine 33 (11) 

Benzoylecgonine 72 (13) Diclofenac 72 (8) Levocabastine 71 (8) Oxamyl 19 (11) 

Betaxolol 56 (9) Diflubenzuron 68 (8) Lidocaine 42 (18) Oxazepam 65 (7) 

Bezafibrate 83 (11) Dimethametryn 47 (9) Lincomycin 42 (9) Oxycarboxin 2 (2) 

Bisoprolol 59 (11) Dimethomorph 73 (11) Lorazepam 71 (14) Oxycodone 41 (15) 

Bupropion 19 (14) Diphenhydramine 33 (11) MDMA 45 (51) Piperophos 60 (7) 
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Table A1.8. continued        

Compound 
Mean 

(std dev) 
Compound 

Mean 
(std dev) 

Compound 
Mean 

(std dev) 
Compound 

Mean 
(std dev) 

Picoxystrobin 56 (10) Sulfathiazole 52 (11) Meclizine 42 (24) Pirenzipine 44 (18) 

Pretilachlor 44 (16) Pyridaben 48 (11) Sulfamerazine 44 (12) Thiacloprid 71 (8) 

Prodiamine 25 (13) Risperidone 36 (27) Sulfamethazine 69 (8) Thiamethoxam 57 (6) 

Prometon 45 (19) Rizatriptan 34 (13) Sulfamethoxazole 69 (9) Thiazopyr 32 (16) 

Prometryn 38 (14) Ronidazole 73 (8) Sulfamonomethoxine 89 (18) Trimethoprim 55 (6) 

Propamocarb 44 (14) Salicylic acid 103 (18) Sulfapyridine 58 (15) Valsartan 73 (10) 

Propanolol 47 (8) Sertraline 40 (11) Sulfisoxazole 62 (10) Venlafaxine 49 (14) 

Propazine 39 (18) Simazine 46 (16) Tacrine 30 (11) Verapamil 44 (12) 

Pymetrozine 75 (6) Spinosyn A 24 (12) Tamsulosin 63 (8) Warfarin 73 (9) 

Pyracarbolid 11 (2) Spinosyn D 27 (15) Temazepam 71 (8) Ziprasidone 20 (16) 

Pyraclostrobin 68 (12) Spiramycin 1 (1) Terbutryn 37 (12)   

Pyraflufen-ethyl 3 (1) Sulfadimethoxine 72 (8) Terfenadine 37 (9)   
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Table A1.9. Selected method performance data of the analysis of passive sampler extracts from the HLB, anion and cation phases. Standard curves were created by directly spiking the washed sorbent disks with a known 
weight of standard mix and extracting as per the method described in Section 3.3.7 in Chapter 3. Weekly LOD and LLOQs were calculated using the determined Rs value over an exposure period of seven days for each 
sorbent. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 

Compound 

HLB  ANION  CATION 

LIN 
(R2)  

LOD LLOQ  
LIN 
(R2) 

LOD LLOQ  
LIN 
(R2) 

LOD LLOQ 

pg  
disk-1 

Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 pg  
disk-1 

Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 pg  
disk-1 

Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

2-(Thiocyanomethylthio)benzothiazole* 0.966 127 - 380 -  0.995 95 - 285 -  0.985 174 - 523 - 

4-Fluoromethacationone 0.998 6 - 19 -  0.994 87 - 261 -  - - - - - 

4-Methylethcathinone 0.999 4 - 12 -  0.993 18 0.8 55 2.3  0.991 55 0.2 165 0.5 

Acetamiprid 0.999 2 - 7 -  0.998 11 0.2 34 0.5  0.999 6 0.1 17 0.2 

Alprazolam* 0.998 14 - 41 -  0.997 32 0.4 97 1.1  0.974 45 0.4 136 1.3 

Ametryn 0.997 8 - 23 -  0.981 30 0.7 89 2.1  0.982 80 0.5 239 1.5 

Amiodarone* - - - - -  - - - - -  0.250 259 - 777 - 

Amitriptyline* 0.948 35 - 105 -  0.993 12 0.7 36 2.2  0.995 11 0.1 32 0.2 

Amlodipine* 0.862 270 - 809 -  0.996 78 - 233 -  0.983 36 - 109 - 

Amphetamine 0.999 5 0.4 15 0.4  0.993 100 12.5 299 37.4  0.988 74 - 221 - 

Antipyrine 0.998 6 - 19 -  0.995 11 0.3 32 0.9  0.986 18 0.2 54 0.6 

Atorvastatin* 0.947 66 - 198 -  0.989 144 3.1 433 9.3  0.982 191 - 573 - 

Atrazine* 0.942 37 - 112 -  0.985 145 - 436 -  0.998 62 0.3 187 0.9 

Azithromycin 0.987 17 - 52 -  0.999 33 - 100 -  0.990 27 0.2 82 0.5 

Azoxystrobin 0.998 9 0.1 28 0.1  0.998 11 0.2 32 0.5  0.995 11 0.2 33 0.5 

Benoxacor* - - - - -  0.803 707 - 2121 -  - 211 - 632 - 

Bensulide* 0.878 251 - 752 -  0.996 76 - 229 -  0.996 72 - 215 - 

Benzatropine* 0.945 36 1.6 109 1.6  0.980 22 0.6 65 1.8  0.989 16 0.1 48 0.2 

Benzoylecgonine 0.997 8 0.1 23 0.1  0.991 14 1.1 42 3.2  0.996 13 0.6 40 1.9 

Betaxolol 0.998 7 - 20 -  0.994 11 0.3 34 1.0  0.997 15 0.1 46 0.3 

Bezafibrate 0.997 16 - 47 -  0.983 20 0.2 60 0.6  0.998 6 0.1 18 0.4 

Bisoprolol 0.999 2 0.1 5 0.1  0.993 13 0.3 38 0.9  0.999 5 0.03 16 0.1 

Bupropion 0.996 9 - 27 -  0.996 76 1.8 229 5.3  0.997 69 0.3 208 0.9 

Buspirone 0.989 29 1.7 86 1.7  0.998 6 0.1 19 0.3  0.982 20 0.1 60 0.3 

Carazolol 0.999 1 0.04 4 0.0  0.999 6 - 17 -  0.997 15 0.1 45 0.2 
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Table A1.9. continued                  

Compound 

HLB  Anion  Cation 

 LOD LLOQ  
LIN 
(R2)  

LOD LLOQ  
LIN 
(R2)  

LOD LLOQ 

LIN 
(R2) 

pg  
disk-1 

Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

Carbamazepine 0.999 6 0.1 18 0.1  0.996 75 0.9 224 2.8  0.996 9 0.1 28 0.3 

Carbamazepine-10,11-epoxide 0.999 2 0.1 6 0.1  0.986 26 - 78 -  0.992 103 0.6 310 1.9 

Carboxine* 0.265 2331 - 6992 -  0.983 77 - 231 -  0.997 85 - 255 - 

Carfentrazone-ethyl 0.990 68 - 203 -  0.990 21 - 63 -  0.996 76 - 229 - 

Celecoxib* 0.947 66 - 198 -  0.995 11 - 33 -  0.985 26 0.3 78 1.0 

Chloramphenicol* 0.995 97 - 292 -  0.981 83 - 248 -  0.979 22 - 66 - 

Cilazapril 0.998 6 - 18 -  0.999 6 0.1 19 0.4  0.997 16 0.7 48 2.1 

Citalopram 0.986 33 3.0 98 3.0  0.999 7 - 20 -  0.995 11 - 32 - 

Clarithromycin* 0.982 37 - 112 -  0.994 16 - 49 -  0.979 22 0.1 65 0.2 

Clodinafop-propargyl* 0.979 99 - 297 -  0.996 38 - 113 -  0.977 219 - 657 - 

Clofibric acid* 0.997 36 - 109 -  0.983 154 - 461 -  0.887 54 - 161 - 

Clopidogrel 0.998 7 - 21 -  0.992 20 0.4 59 1.2  0.989 63 0.8 189 2.5 

Clothianidin 0.993 50 - 150 -  0.993 13 0.2 39 0.6  0.999 10 0.1 30 0.3 

Clozapine 0.980 21 - 64 -  0.995 88 3.8 264 11.5  - - - - - 

Cocaine 0.996 13 - 38 -  0.999 9 0.1 27 0.3  0.994 11 0.1 34 0.2 

Cyclouron 0.993 12 - 37 -  0.989 132 - 397 -  0.992 146 - 437 - 

Cycloxyidim* 0.153 3456 - 10367 -  - - - - -  - 492 - 1477 - 

Cymoxanil 0.998 62 - 187 -  0.991 132 - 395 -  - - - - - 

Cyromazine* 0.997 9 - 26 -  0.992 119 - 357 -  0.976 210 - 630 - 

Diazepam 0.995 21 - 62 -  0.991 111 1.3 332 3.8  0.981 163 1.8 489 5.5 

Diclofenac* 0.966 116 - 347 -  0.991 111 1.5 333 4.4  0.985 18 0.5 55 1.5 

Diflubenzuron 0.991 14 - 42 -  0.994 12 - 36 -  0.987 17 - 52 - 

Dimethametryn* 0.995 10 0.4 31 0.4  0.984 19 - 58 -  0.977 42 - 127 - 

Dimethomorph 0.999 9 - 28 -  0.992 108 - 323 -  0.988 24 - 72 - 

Diphenhydramine 0.991 14 - 43 -  0.997 8 1.3 25 4.0  0.992 14 0.1 41 0.2 

Enalapril - - - - -  0.997 59 - 176 -  0.984 27 - 81 - 
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Table A1.9. continued                  

Compound 

HLB  Anion  Cation 

LIN 
(R2)  

LOD LLOQ  
LIN 
(R2)  

LOD LLOQ  
LIN 
(R2)  

LOD LLOQ 

pg  
disk-1 

Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

Famoxadone 0.986 33 - 98 -  0.984 19 - 57 -  0.995 88 - 264 - 

Fenoxaprop-ethyl* 0.986 158 - 475 -  0.012 12757 - 38270 -  - - - - - 

Fenuron 0.987 17 - 51 -  0.980 31 - 92 -  0.993 95 - 284 - 

Fluocinonide* - - - - -  - 82 - 245 -  0.967 262 - 786 - 

Fluoxetine* 0.945 36 - 109 -  0.993 17 2.1 52 6.2  0.986 18 - 54 - 

Flurbiprofen* 0.965 274 - 822 -  - - - - -  - - - - - 

Flurochloridone - - - - -  0.997 70 - 211 -  0.980 167 - 500 - 

Flutamide 0.999 7 - 22 -  0.998 10 0.1 29 0.4  0.998 12 0.2 35 0.5 

Flutolanil 0.999 4 0.1 12 0.1  0.997 8 - 23 -  0.995 16 - 47 - 

Fuberidazole 0.997 8 0.1 25 0.1  0.999 6 - 18 -  0.998 10 - 31 - 

Gemfibrozil* - - - - -  - - - - -  0.869 450 - 1350 - 

Hydrochlorothiazide 0.996 85 - 255 -  0.985 72 - 217 -  0.989 29 - 86 - 

Ibuprofen* 0.749 124 - 371 -  - - - - -  - - - - - 

Imidacloprid 0.994 18 - 53 -  0.986 33 0.3 98 1.0  0.984 19 0.2 58 0.7 

Isocarbamid 0.999 4 0.1 12 0.1  0.988 25 - 74 -  0.996 70 - 210 - 

Isradipine* 0.992 126 - 377 -  0.901 76 - 227 -  0.852 116 - 348 - 

Josamycin 0.993 13 - 38 -  0.997 12 - 36 -  0.989 155 - 466 - 

Ketamine 0.998 6 0.3 18 0.3  0.983 28 0.4 84 1.1  0.987 67 0.2 200 0.5 

Ketoconazole - - - - -  0.991 112 - 337 -  - - - - - 

Ketoprofen* 0.703 139 - 417 -  0.940 335 - 1005 -  0.007 - - - - 

Ketotifen 0.989 15 1.7 46 1.7  0.994 11 0.4 33 1.2  0.997 9 0.1 27 0.2 

Levamisole 0.998 13 - 40 -  0.995 14 0.5 43 1.5  0.996 10 0.1 29 0.2 

Levocabastine 0.993 12 - 36 -  0.995 16 0.1 49 0.4  0.993 23 0.2 68 0.6 

Lidocaine 0.999 1 0.2 3 0.2  0.997 12 0.2 35 0.7  0.991 14 0.1 42 0.2 

Lincomycin 0.992 24 - 72 -  0.999 24 - 72 -  0.999 7 0.2 22 0.7 

Lorazepam 0.994 111 - 333 -  0.994 95 - 285 -  - 205 - 616 - 
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Table A1.9. continued                  

Compound 

HLB  Anion  Cation 

LIN 
(R2)  

LOD LLOQ  
LIN 
(R2)  

LOD LLOQ  
LIN 
(R2)  

LOD LLOQ 

pg  
disk-1 

Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

MDMA 0.997 8 0.4 25 0.4  0.999 8 1.2 25 3.6  0.985 27 - 80 - 

Meclizine* - - - - -  0.987 137 - 411 -  0.068 5301 - 15904 - 

Medroxyprogesterone 0.999 20 - 61 -  0.991 26 - 79 -  0.997 11 - 33 - 

Mefenamic acid* - - - - -  0.990 128 - 383 -  0.957 59 1.9 178 5.7 

Memantine 0.999 5 0.1 14 0.1  0.997 13 0.8 38 2.5  0.989 62 0.1 187 0.4 

Mephedrone 0.999 1 - 2 -  0.995 15 3.6 46 10.7  0.993 48 0.2 145 0.6 

Mephosfolan 0.999 1 0.01 2 0.0  0.999 11 - 32 -  0.997 8 - 23 - 

Metformin* 0.988 30 - 90 -  0.987 135 - 405 -  0.701 858 - 2574 - 

Methamphetamine 0.999 7 0.7 21 0.7  0.993 18 4.9 55 14.8  0.986 71 - 213 - 

Methcathinone 0.999 3 - 10 -  0.993 18 6.8 55 20.4  0.995 16 0.03 48 0.1 

Methedrone* 0.999 5 - 15 -  0.990 15 3.1 44 9.2  0.978 42 0.2 127 0.7 

Methylphenidate 0.999 5 - 14 -  0.999 10 - 31 -  0.982 20 0.1 60 0.2 

Metoprolol 0.999 3 0.1 10 0.1  0.998 12 0.4 36 1.2  0.997 12 0.1 35 0.2 

Morphine* - - - - -  0.985 34 - 102 -  0.977 90 - 269 - 

Nadolol 0.998 11 - 33 -  0.997 12 0.7 37 2.1  0.999 9 0.1 26 0.2 

Nicotine 0.991 14 - 42 -  0.991 115 - 346 -  - - - - - 

Nifedipine* - - - - -  0.979 95 - 285 -  0.991 114 - 341 - 

Nitenpyram 0.996 17 - 50 -  0.999 10 1.0 29 3.0  0.991 75 - 225 - 

Nordiazepam 0.997 12 - 35 -  0.995 20 0.4 59 1.3  0.990 15 0.3 44 0.9 

Norethisterone - - - - -  0.999 45 - 136 -  - 54 - 162 - 

Nortriptyline* 0.950 34 - 103 -  0.994 17 2.3 50 7.0  0.977 23 0.1 69 0.3 

Orphenadrine* 0.964 29 - 87 -  0.999 5 0.5 16 1.6  0.995 11 0.1 33 0.2 

Oxamyl 0.998 7 - 21 -  0.998 25 8.2 76 24.6  0.997 15 - 44 - 

Oxazepam 0.999 6 - 17 -  0.996 14 0.2 43 0.7  0.995 20 0.8 59 2.5 

Oxycarboxin 0.999 7 - 21 -  0.999 10 - 31 -  0.986 32 - 96 - 

Oxycodone 0.999 1 0.1 4 0.1  0.999 5 0.2 14 0.6  0.999 5 0.0 14 0.1 
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Table A1.9. continued                  

Compound 

HLB  Anion  Cation 

LIN 
(R2)  

LOD LLOQ  
LIN 
(R2)  

LOD LLOQ  
LIN 
(R2)  

LOD LLOQ 

pg  
disk-1 

Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

Picoxystrobin 0.992 25 - 76 -  0.998 59 1.1 177 3.4  0.989 30 - 90 - 

Piperophos 0.985 34 - 102 -  0.996 9 - 27 -  0.993 13 - 39 - 

Pirenzipine 0.999 10 1.5 30 1.5  0.999 4 0.4 11 1.3  0.996 18 0.3 54 1.0 

Pretilachlor 0.997 65 - 195 -  0.993 100 - 301 -  0.989 124 - 372 - 

Prodiamine* - - - - -  - - - - -  0.886 487 - 1462 - 

Prometon 0.995 10 - 31 -  0.982 29 0.5 86 1.5  0.997 37 0.2 110 0.7 

Prometryn 0.996 10 - 30 -  0.996 77 1.3 232 4.0  0.987 74 0.4 222 1.1 

Propamocarb 0.999 3 1.3 9 1.3  0.998 9 - 28 -  0.986 18 0.1 53 0.3 

Propranolol* 0.998 13 - 38 -  0.999 5 0.2 16 0.5  0.976 24 0.1 71 0.3 

Propazine* 0.951 34 - 102 -  0.984 153 - 459 -  0.998 57 0.3 171 0.8 

Pymetrozine 0.999 7 0.3 21 0.3  0.999 5 0.8 14 2.3  0.999 6 0.2 17 0.7 

Pyracarbolid 0.983 20 0.5 59 0.5  0.991 21 - 62 -  0.984 35 - 106 - 

Pyraclostrobin* 0.970 236 - 707 -  0.993 110 - 331 -  0.999 36 - 109 - 

Pyraflufen-ethyl* 0.948 314 - 943 -  0.984 36 - 108 -  0.997 73 - 219 - 

Pyridaben - - - - -  - - - - -  0.986 79 - 237 - 

Risperidone 0.982 20 - 60 -  0.994 99 2.9 296 8.6  - - - - - 

Rizatriptan 0.998 6 - 19 -  0.993 13 - 39 -  0.986 71 1.1 214 3.2 

Ronidazole 0.999 4 0.3 13 0.3  0.999 7 1.2 22 3.5  0.999 6 0.2 19 0.7 

Roxithromycin 0.997 8 - 24 -  0.998 7 - 21 -  0.995 11 - 32 - 

Salbutamol 0.998 13 0.4 38 0.4  0.999 7 3.2 20 9.5  0.999 10 0.1 30 0.3 

Salicylic acid* 0.997 77 - 232 -  0.552 1046 - 3138 -  0.469 159 - 478 - 

Sertraline* 0.891 53 - 158 -  0.981 30 - 90 -  0.878 56 - 167 - 

Simazine* 0.928 171 - 514 -  0.987 155 - 465 -  0.990 119 0.6 357 1.9 

Spinosyn A* 0.872 85 - 256 -  0.995 83 - 250 -  0.917 45 - 135 - 

Spinosyn D* 0.919 398 - 1193 -  0.809 73 - 218 -  0.984 19 - 57 - 

Spiramycin 0.983 187 - 561 -  0.981 21 - 62 -   - - - - 
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Table A1.9. continued                  

Compound 

HLB  Anion  Cation 

LIN 
(R2)  

LOD LLOQ  
LIN 
(R2)  

LOD LLOQ  
LIN 
(R2)  

LOD LLOQ 

pg  
disk-1 

Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

 
pg  

disk-1 
Weekly 
ng L-1 

pg  
disk-1 

Weekly 
ng L-1 

Sulfadimethoxine 0.998 13 - 39 -  0.996 9 0.1 27 0.2  0.997 16 0.6 48 1.7 

Sulfamerazine* 0.972 243 - 729 -  0.997 85 - 255 -   - - - - 

Sulfamethazine 0.994 22 0.5 65 0.5  0.993 13 0.3 38 0.8  0.999 5 0.4 15 1.3 

Sulfamethoxazole 0.996 10 - 29 -  0.993 60 0.8 180 2.5  0.989 30 2.2 90 6.7 

Sulfamonomethoxine 0.999 19 - 57 -  0.985 73 - 218 -  0.995 81 4.6 244 13.9 

Sulfapyridine 0.995 20 0.5 59 0.5  0.995 11 3.6 32 10.8  0.996 9 0.4 27 1.2 

Sulfathiazole 0.992 24 - 73 -  0.988 31 3.3 92 9.9  0.999 3 0.2 10 0.6 

Sulfisoxazole 0.991 21 - 63 -  0.989 23 0.4 68 1.3  0.996 10 - 30 - 

Tacrine* 0.999 6 0.1 17 0.1  0.996 10 0.4 30 1.3  0.978 41 - 122 - 

Tamsulosin 0.999 5 0.1 15 0.1  0.998 11 0.2 34 0.7  0.990 15 0.1 44 0.3 

Temazepam 0.999 4 0.1 11 0.1  0.995 11 0.2 33 0.6  - 6 0.1 19 0.4 

Terbutryn 0.999 4 0.1 13 0.1  0.996 75 1.0 226 3.1  0.987 73 0.3 220 1.0 

Terfenadine* 0.879 104 - 311 -  0.959 31 - 92 -  0.991 14 - 43 - 

Thiacloprid 0.999 4 - 12 -  0.997 15 0.1 44 0.3  0.997 8 0.1 23 0.2 

Thiamethoxam* 0.998 10 - 29 -  0.997 15 0.3 45 0.8  0.976 35 0.7 105 2.2 

Thiazopyr* 0.961 30 - 90 -  0.986 143 - 430 -  0.985 143 - 429 - 

Timolol 0.999 1 - 2 -  0.999 8 0.2 23 0.6  0.999 5 0.03 16 0.1 

Tramadol 0.999 3 0.2 9 0.2  0.998 11 0.3 32 0.9  0.996 10 0.04 29 0.1 

Trimethoprim 0.999 4 0.1 13 0.1  0.996 18 0.6 53 1.9  0.998 6 0.1 19 0.2 

Valsartan 0.980 39 - 118 -  0.988 141 3.0 423 8.9  0.994 92 7.3 275 21.8 

Venlafaxine 0.997 8 0.7 25 0.7  0.990 15 0.8 45 2.3  0.999 5 0.0 16 0.1 

Verapamil 0.994 11 0.4 34 0.4  0.998 7 0.1 22 0.3  0.993 13 0.1 38 0.2 

Warfarin 0.999 15 - 44 -  0.997 66 1.2 199 3.6  0.998 13 0.4 38 1.2 

Ziprasidone* 0.943 69 - 206 -  0.996 74 - 221 -  0.976 35 - 106 - 

LIN = Linearity (n  5); * Marked compounds LOD and LLOQ values should be considered semi-quantitative for sorbent phases where R2 < 0.98 
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Figure A1.2. Contaminant uptake onto the 9 mm HLB sorbents used in the 3D-PSD (•, primary axis) and 

concentration in AFW water (o, secondary axis) for each compound. Error bars indicate standard 
deviation. Adapted from Richardson et al. (2022) with permission from Elsevier [305]. 
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Figure A1.3. Contaminant uptake onto the 9 mm anion sorbents used in the 3D-PSD (•, primary axis) and 

concentration in AFW water (o, secondary axis) for each compound. Error bars indicate standard deviation.  
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Figure A1.4. Contaminant uptake onto the 9 mm cation sorbents used in the 3D-PSD (•, primary axis) 

and concentration in AFW water (o, secondary axis) for each compound. Error bars indicate standard 
deviation.  
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Table A1.10. Comparison of the Rs values across the HLB, anion and cation phases. Values are normalised and compared to literature values for the Chemcatcher® device. Adapted 
from Richardson et al. (2022) with permission from Elsevier [305]. 

Compound 
Calculated Rs (normalised surface area)† 

Literature Rs 

In laboratory In situ 

HLB Anion Cation Freshwater Effluent Freshwater Effluent 

4-Methylethcathinone - 3.4 (103) 47.9 (1456) - - - - 

Acetamiprid - 9.4 (286) 10 (304) 10 a,iv, 30 c,iv, 390 c,vii - 10 a,i - 

Alprazolam - 12.7 (386) 16 (486) - - - - 

Ametryn - 6 (182) 27.5 (836) - - - - 

Amitriptyline - 3.2 (97) 22.6 (687) - - - - 

Amphetamine 1.6 (49) - - - - - 28 b,iii 

Antipyrine - 4.8 (146) 13.7 (416) - - - - 

Atorvastatin - 4.6 (140) - - - - 13 b,iii 

Atrazine - - 31.8 (967) 30 c,iv, 88 c,v, 100 a,iv, 290 c,v 120 c,viii 100 a,i, 53 b,ii - 

Azithromycin - - 25.8 (784) - - - 24 b,iii 

Azoxystrobin 10.2 (310) 7.8 (237) 9.5 (289) 60 a,iv, 90 c,iv, 770 c,vii, 580 c,ix - 60 a,i - 

Benzatropine 3.2 (97) 6.1 (185) 33.8 (1028) - - - - 

Benzoylecgonine 8.5 (258) 1.9 (58) 3.1 (94) - - - - 

Betaxolol - 5 (152) 23.4 (711) - - - - 

Bezafibrate - 13.7 (416) 6.4 (195) - - - 42 b,iii 

Bisoprolol 3.7 (112) 5.8 (176) 27.4 (833) - - - - 

Bupropion - 6.2 (188) 28.1 (854) - - - - 

Buspirone 2.4 (73) 10.1 (307) 33.6 (1021) - - - - 

Carazolol 4.9 (149) - 30.3 (921) - - - - 

Carbamazepine 12.3 (374) 11.1 (337) 13 (395) 98 c,v, 340 c,v - 100 c,vi 45 b,iii 

Carbamazepine-10,11-epoxide 4.2 (128) - 23.3 (708) - - 100 c,vi - 

Celecoxib - - 10.7 (325) - - - - 
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Table A1.10. continued        

Compound 
Calculated Rs (normalised surface area)† 

Literature Rs 

In laboratory In situ 

HLB Anion Cation Freshwater Effluent Freshwater Effluent 

Cilazapril - 6.2 (188) 3.2 (97) - - - - 

Citalopram 1.6 (49) - - - - - 69 b,iii 

Clarithromycin - - 60.8 (1848) - - 50 c,vi 24 b,iii 

Clopidogrel - 7.3 (222) 11.4 (347) - - - - 

Clothianidin - 9.7 (295) 13 (395) 4 a,iv, 30 c,iv, 460 c,vii - 4 a,i, 46 b,ii - 

Cocaine - 12.5 (380) 22 (669) - - - 61 b,iii 

Diazepam - 12.5 (380) 12.8 (389) - - - - 

Diclofenac - 10.9 (331) 5.4 (164) 50 c,v, 240 c,v 100 c,viii 60 c,vi 44 b,iii 

Dimethametryn 3.4 (103) - - - - - - 

Diphenhydramine - 0.9 (27) 25.4 (772) - - - - 

Flutamide - 11.2 (340) 10.9 (331) - - - - 

Flutolanil 6 (182) - - - - - - 

Fuberidazole 8.3 (252) - - - - 20 a,i - 

Imidacloprid - 14.2 (432) 11.1 (337) 10 a,iv, 80 c,iv, 470 c,vii - 10 a,i, 53 b,ii - 

Isocarbamid 6.3 (192) - - - - - - 

Ketamine 2.7 (82) 11.5 (350) 53.6 (1629) - - - - 

Ketotifen 1.3 (40) 4 (122) 15.7 (477) - - - - 

Levamisole - 4.4 (134) 21.6 (657) - - - - 

Levocabastine - 17.4 (529) 15.1 (459) - - - - 

Lidocaine 0.8 (24) 7.6 (231) 31.8 (967) - - 90 c,vi - 

Lincomycin - - 4.1 (125) - - - - 

MDMA 3.3 (100) 1 (30) - - - - 74 b,iii 
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Table A1.10. continued        

Compound 
Calculated Rs (normalised surface area)† 

Literature Rs 

In laboratory In situ 

HLB Anion Cation Freshwater Effluent Freshwater Effluent 

Mefenamic acid - - 3.9 (119) - - 60 c,vi - 

Memantine 5.9 (179) - 67.4 (2049) - - - - 

Mephedrone - 0.6 (18) 37.9 (1152) - - - - 

Mephosfolan 6.7 (204) - - - - - - 

Methamphetamine 1.4 (43) 0.5 (15) - - - - 25 b,iii 

Methcathinone - 0.4 (12) 74.6 (2268) - - - - 

Methedrone - - 27.9 (848) - - - - 

Methylphenidate - - 43.1 (1310) - - - - 

Metoprolol 4.1 (125) 4.2 (128) 27.3 (830) - - 4 c,vi 50 b,iii 

Nadolol - 2.4 (73) 18.5 (562) - - - - 

Nitenpyram - 1.4 (43) - - - - - 

Nordiazepam - 6.6 (201) 6.7 (204) - - - - 

Nortriptyline - - 37.9 (1152) - - - - 

Orphenadrine - 1.4 (43) 24.6 (748) - - - - 

Oxazepam - 9.2 (280) 3.6 (109) - - - - 

Oxycodone 2.8 (85) 3.4 (103) 16.3 (496) - - - - 

Picoxystrobin - 7.3 (222) - 10 a,iv, 130 c,iv - 10 a,i - 

Pirenzipine 1 (30) 1.2 (36) 8.1 (246) - - - - 

Prometon - 8.1 (246) 26.2 (796) - - - - 

Prometryn - 9.8 (298) 25 (760) - - - - 

Propamocarb 0.3 (9) - 26.5 (806) 3 a,iv, 90 c,iv, 20 c,vii - 3 a,i, 1.3 b,ii - 

Propranolol - 4.1 (125) 37.4 (1137) - - - 114 b,iii 
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Table A1.10. continued        

Compound 
Calculated Rs (normalised surface area)† 

Literature Rs 

In laboratory In situ 

HLB Anion Cation Freshwater Effluent Freshwater Effluent 

Propazine - - 26.7 (812) - - 50 b,ii - 

Pymetrozine 3.5 (106) - 4.3 (131) - - - - 

Pyracarbolid 5.4 (164) - - - - - - 

Rizatriptan - - 9.6 (292) - - - - 

Ronidazole 2.1 (64) 0.9 (27) 4 (122) - - - - 

Salbutamol 4.8 (146) 0.3 (9) 15.2 (462) - - - - 

Simazine - - 26.7 (812) 50 a,iv, 50 c,iv - 50 a,i, 52 b,ii - 

Sulfadimethoxine - 15.3 (465) 4.2 (128) - - - - 

Sulfamethazine 6 (182) 7 (213) 1.6 (49) - - 100 c,vi - 

Sulfamethoxazole - 10 (304) 1.9 (58) 20 c,v, 110 c,v 90 c,viii 40 c,vi 58 b,iii 

Sulfamonomethoxine - - 2.5 (76) - - - - 

Sulfapyridine 6 (182) 0.4 (12) 3.1 (94) - - 100 c,vi - 

Sulfathiazole - 1.3 (40) 2.6 (79) - - - - 

Sulfisoxazole - 7.4 (225) - - - - - 

Tacrine 11.9 (362) 3.9 (119) - - - - - 

Tamsulosin 8.1 (246) 6.6 (201) 20.4 (620) - - - - 

Temazepam 8.2 (249) 8 (243) 6.4 (195) - - - 326 b,iii 

Terbutryn 6.1 (185) 10.4 (316) 27.6 (839) 20 a,iv, 20 c,iv, 81 c,v, 380 c,v, 790 c,ix 110 c,viii 20 a,i, 46 b,ii - 

Thiacloprid - 18.8 (572) 17.6 (535) 10 a,iv, 120 c,iv, 580 c,vii - 10 a,i, 65 b,ii - 

Thiamethoxam - 8.4 (255) 6.8 (207) 5 a,iv, 60 c,iv, 310 c,vii - 5 a,i, 53 b,ii - 

Timolol - 5.5 (167) 21.5 (654) - - - - 

Tramadol 1.9 (58) 5.4 (164) 30.7 (933) - - - 46 b,iii 
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Table A1.10. continued        

Compound 
Calculated Rs (normalised surface area)† 

Literature Rs 

In laboratory In situ 

HLB Anion Cation Freshwater Effluent Freshwater Effluent 

Trimethoprim 6.3 (192) 3.9 (119) 17.3 (526) - - 30 c,vi 28 b,iii 

Valsartan - 6.7 (204) 2.2 (67) - - - 60 b,iii 

Venlafaxine 1.6 (49) 2.8 (85) 23.5 (714) - - 10 c,vi - 

Verapamil 3.7 (112) 10 (304) 22.5 (684) - - - - 

Warfarin - 11.7 (356) 4.5 (137) - - - - 

† Rs normalized to Chemcatcher® surface area by multiplying by the fold difference between the PSDs (30.4); i [199]; ii [203]; iii [202]; iv [188]; v [337]; vi [200]; vii [43]; viii [336]; ix [319];  
a C18; b HLB; c SDB-RPS 
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Table A1.11. Mean and standard deviations of contaminants (ng L-1) detected at each transect sampling site along the River Wandle in April 2021. Sites are in order moving upstream from A to S towards 
the source, the latitude and longitudes of each site are provided. Reproduced from Richardson et al. (2022) with permission from Elsevier [305]. 

Compound 

Ravensbury Park (n = 1)  Poulter Park (n = 8)  Beddington Park (n = 6)  Richmond Green (n = 4) 

A  B C D E F G H I  J K L M N O  P Q R S 

51.395631,  
-0.176629 

 
51.388759,  
-0.165997 

51.388435,  
-0.165737 

51.388193,  
-0.165564 

51.388031,  
-0.165435 

51.387923,  
-0.165262 

51.387842,  
-0.164916 

51.387168,  
-0.163922 

51.386683,  
-0.163360 

 
51.372157,  
-0.147647 

51.372588,  
-0.147129 

51.372130,  
-0.145661 

51.372184,  
-0.144236 

51.373073,  
-0.142725 

51.373423,  
-0.139918 

 
51.370270,  
-0.128433 

51.370189,  
-0.127569 

51.370027,  
-0.126015 

51.370620,  
-0.123381 

Acetamiprid 91 (8)  112 (5) 109 (6) 113 (7) 117 (9) 145 (6) - - -  - - - - - -  - - - - 
Amitriptyline* 28 (5)  33 (4) 32 (3) 30 (5) 36 (5) 38 (4) - - -  - - - - - -  - - - - 
Amlodipine <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ - - -  - - - - - -  - - - - 
Atorvastatin -  - - - - <LLOQ - - -  - - - - - -  - - - - 
Atrazine 14 (2)  16 (3) 15 (2) 14 (1) 15 (1) 15 (2) 19 (1) 19 (1) 21 (3)  20 (1) 17 (3) 17 (2) 16 (3) 18 (2) 20 (1)  21 (1) 19 (2) 21 (2) 21 (3) 
Azithromycin 69 (40)  79 (20) 80 (50) 88 (20) 96 (50) 99 (50) - - -  - - - - - -  - - - - 
Benzoylecgonine* <LLOQ  <LLOQ - <LLOQ <LLOQ 15 (1) - - -  - - - - - -  <LLOQ <LLOQ <LLOQ <LLOQ 
Bezafibrate* D  D D D D D - - -  - - - - - -  - - - - 
Bisoprolol 12 (1)  11 (2) 11 (2) 12 (3) <LLOQ 12 (1) <LLOQ <LLOQ -  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ 
Carbamazepine* 411 (10)  293 (7) 316 (30) 307 (10) 319 (10) 396 (20) <LLOQ <LLOQ -  13 (3) <LLOQ <LLOQ <LLOQ 13 (3) 14 (2)  <LLOQ <LLOQ <LLOQ <LLOQ 
Carbamazepine-10,11-epoxide 48 (6)  55 (7) 56 (5) 58 (4) 60 (5) 68 (2) - - -  - - - - - -  - - - - 
Citalopram 164 (4)  181 (20) 184 (7) 175 (8) 189 (9) 227 (10) - - -  - - - - - -  - - - - 
Clarithromycin D  D D D D D - - -  - - - - - -  - - - - 
Clopidogrel 23 (4)  33 (4) 28 (4) 31 (5) 31 (4) 38 (6) - - -  - - - - - -  - - - - 
Clozapine 16 (4)  17 (4) 18 (3) 15 (1) 17 (2) 22 (4) - - -  - - - - - <LLOQ  <LLOQ - <LLOQ <LLOQ 
Cocaine* -  - - - - - - - -  - - - - - <LLOQ  - - - - 
Cyromazine 29 (6)  51 (20) 29 (5) 44 (10) 37 (8) 35 (3) 33 (20) 48 (40) 43 (20)  65 (60) 29 (6) 29 (4) 24 (7) 46 (20) 31 (3)  24 (9) 37 (6) 46 (20) 55 (17) 
Diclofenac* 203 (30)  226 (30) 234 (30) 253 (20) 262 (30) 296 (30) - 23 (1) -  - - - - - -  - - - - 
Diphenhydramine 34 (5)  44 (3) 42 (5) 43 (2) 45 (4) 53 (4) - - -  - - - - - -  - - - - 
Fenuron D  D D D D D D D D  D D D D D D  D D D D 
Fluoxetine* <LLOQ  13 (3) <LLOQ <LLOQ <LLOQ 12 (3) - - -  - - - - - -  - - - - 
Imidacloprid 76 (20)  105 (20) 92 (10) 91 (20) 99 (20) 127 (20) - - -  - - - - - -  - - - - 
Ketamine* 23 (2)  30 (3) 30 (5) 36 (6) 29 (4) 38 (3) - <LLOQ -  - - - - <LLOQ -  <LLOQ - - - 
Levamisole 34 (10)  58 (10) 55 (8) 55 (9) 64 (10) 76 (20) - - -  - - - - - -  - - - - 
Lidocaine 52 (2)  63 (2) 65 (3) 64 (3) 64 (3) 76 (5) - - -  - - - - - -  - - - - 
MDMA <LLOQ  21 (7) 21 (4) 17 (2) 20 (4) 24 (5) - - -  - - - - - -  - - - - 
Mefenamic acid 27 (6)  28 (7) 30 (10) 33 (4) 30 (7) 31 (8) - - -  - - - - - -  - - - - 
Memantine <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ 14 (3) - - -  - - - - - -  - - - - 
Methamphetamine <LLOQ  <LLOQ <LLOQ 11 (4) 11 (2) 13 (5) <LLOQ <LLOQ -  <LLOQ - - - <LLOQ <LLOQ  - - - <LLOQ 
Metoprolol <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ -  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ 
Nicotine 12 (3)  12 (1) <LLOQ 11 (2) <LLOQ 14 (2) <LLOQ - -  <LLOQ 21 (10) <LLOQ 14 (2) 20 (2) 21 (3)  <LLOQ <LLOQ <LLOQ <LLOQ 
Nortriptyline <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ - - -  - - - - - -  - - - - 
Oxamyl -  - - <LLOQ - - - - -  - - - - - -  - <LLOQ - - 
Oxazepam 12 (4)  16 (6) 15 (4) 13 (6) 15 (7) 12 (5) - - -  - - - - - -  - - - - 
Pirenzipine <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ - - -  - - - - - -  - - - - 
Propranolol* 23 (3)  23 (4) 27 (5) 26 (4) 30 (3) 34 (4) - - -  - - - - - -  - - - - 
Salbutamol <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ - - -  - - - - - -  - - - - 
Salicylic acid D  D D D D D D D D  D D D D D D  D D D D 
Sertraline D  D D D D D D D D  D D D D D D  D D D D 
Simazine <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ -  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ 
Sulfamethoxazole* 27 (9)  45 (10) 36 (4) 37 (5) 44 (10) 47 (20) - - -  <LLOQ - <LLOQ - <LLOQ <LLOQ  - <LLOQ <LLOQ <LLOQ 
Sulfapyridine* 98 (9)  96 (10) 69 (5) 84 (7) 90 (6) 119 (5) - - -  - - - - - -  - - - - 
Temazepam* 18 (4)  18 (2) 22 (3) 20 (5) 22 (3) 27 (3) - - -  - - - - - -  - - - - 
Terbutryn -  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ - - -  - - - - - -  - - - - 
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Table A1.11. continued                       

Compound 

Ravensbury Park (n = 1)  Poulter Park (n = 8)  Beddington Park (n = 6)  Richmond Green (n = 4) 

A  B C D E F G H I  J K L M N O  P Q R S 
51.395631,  
-0.176629  

51.388759,  
-0.165997 

51.388435,  
-0.165737 

51.388193,  
-0.165564 

51.388031,  
-0.165435 

51.387923,  
-0.165262 

51.387842,  
-0.164916 

51.387168,  
-0.163922 

51.386683,  
-0.163360  

51.372157,  
-0.147647 

51.372588,  
-0.147129 

51.372130,  
-0.145661 

51.372184,  
-0.144236 

51.373073,  
-0.142725 

51.373423,  
-0.139918  

51.370270,  
-0.128433 

51.370189,  
-0.127569 

51.370027,  
-0.126015 

51.370620,  
-0.123381 

Tramadol* 240 (5)  191 (6) 189 (4) 181 (5) 187 (2) 232 (2) <LLOQ <LLOQ -  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ 
Trimethoprim* 111 (20)  125 (10) 126 (10) 130 (8) 130 (10) 157 (8) <LLOQ - -  - - <LLOQ <LLOQ <LLOQ -  - - <LLOQ <LLOQ 
Venlafaxine 110 (5)  128 (4) 125 (4) 129 (5) 136 (5) 165 (7) - - -  - - - - - -  - - - - 
Verapamil <LLOQ  <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ - - -  - - - - - -  - - - - 

<LLOQ: concentration was below the LLOQ of the method; D: compounds that were not able to be quantified (R2<0.98) but a clear peak was visible; –: not detected; * Compounds reported to be present in wastewater effluent [24,253] 
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Table A1.12. Percentage recovery ± standard deviation of compounds after additional filtration step following the extraction of 
the 9 mm HLB disk as per the method described in Section 4.3.4 of Chapter 4.  

Compound % Recovery Compound % Recovery Compound % Recovery 

4-Methylethcathinone 96 ± 5 Fenoxaprop-ethyl 63 ± 30 Piperophos 84 ± 10 

Acetamiprid 101 ± 10 Fenuron 194 ± 10 Pirenzipine 99 ± 30 

Alprazolam 101 ± 50 Fluoxetine 136 ± 30 Pretilachlor 123 ± 10 

Ametryn 116 ± 10 Flutamide 91 ± 10 Prometon 121 ± 10 

Amiodarone 87 ± 8 Flutolanil 93 ± 7 Prometryn 119 ± 10 

Amitriptyline 105 ± 30 Fuberidazole 111 ± 7 Propamocarb 100 ± 9 

Amphetamine 109 ± 8 Haloperidol 94 ± 4 Propanolol 89 ± 10 

Antipyrine 114 ± 4 Imidacloprid 99 ± 10 Propazine 186 ± 20 

Atorvastatin 258 ± 40 Isocarbamid 125 ± 10 Pymetrozine 95 ± 10 

Atrazine 184 ± 20 Josamycin 140 ± 20 Pyracarbolid 176 ± 10 

Azoxystrobin 94 ± 8 Ketamine 97 ± 7 Risperidone 185 ± 100 

Benzatropine 108 ± 30 Ketoprofen 93 ± 1 Rizatriptan 133 ± 20 

Benzoylecgonine 98 ± 6 Ketotifen 80 ± 20 Ronidazole 101 ± 4 

Betaxolol 102 ± 7 Levamisole 89 ± 20 Roxithromycin 102 ± 20 

Bezafibrate 108 ± 3 Levocabastine 99 ± 20 Salbutamol 108 ± 7 

Bisoprolol 109 ± 9 Lidocaine 93 ± 5 Salicylic acid 228 ± 30 

Bupropion 101 ± 9 Lincomycin 141 ± 30 Sertraline 116 ± 40 

Buspirone 103 ± 30 MDMA 104 ± 10 Simazine 183 ± 20 

Carazolol 95 ± 10 Mefenamic acid 64 ± 0.1 Spinosyn A 162 ± 40 

Carbamazepine 100 ± 8 Memantine 92 ± 10 Sulfadimethoxine 101 ± 10 

Carbamazepine-10,11-
epoxide 

97 ± 5 Mephedrone 92 ± 10 Sulfamethazine 102 ± 10 

Celecoxib 78 ± 13 Mephosfolan 116 ± 10 Sulfamethoxazole 121 ± 10 

Chloramphenicol 125 ± 4 Metformin 107 ± 20 Sulfamonomethoxine 110 ± 10 

Cilazapril 116 ± 10 Methamphetamine 105 ± 7 Sulfapyridine 122 ± 9 

Citalopram 21 ± 1 Methcathinone 91 ± 10 Sulfathiazole 110 ± 18 

Clarithromycin 88 ± 7 Methedrone 93 ± 10 Sulfisoxazole 99 ± 10 

Clodinafop-propargyl 73 ± 20 Methylphenidate 105 ± 8 Tacrine 98 ± 9 

Clopidogrel 123 ± 20 Metoprolol 114 ± 10 Tamsulosin 110 ± 8 

Clothianidin 59 ± 90 Morphine 105 ± 9 Temazepam 99 ± 7 

Clozapine 175 ± 100 Nadolol 106 ± 8 Terbutryn 110 ± 10 

Cocaine 76 ± 3 Nicotine 137 ± 40 Terfenadine 104 ± 30 

Cyclouron 208 ± 20 Nitenpyram 173 ± 30 Thiacloprid 101 ± 8 

Cyromazine 82 ± 2 Nordiazepam 107 ± 10 Thiamethoxam 122 ± 30 

Diazepam 95 ± 10 Nortriptyline 77 ± 20 Thiazopyr 173 ± 10 

Diclofenac 80 ± 6 Orphenadrine 85 ± 20 Timolol 106 ± 10 

Diflubenzuron 70 ± 10 Oxamyl 115 ± 6 Tramadol 100 ± 9 

Dimethametryn 96 ± 10 Oxazepam 94 ± 5 Trimethoprim 92 ± 10 

Dimethomorph 99 ± 20 Oxycarboxin 96 ± 10 Valsartan 119 ± 10 

Diphenhydramine 88 ± 20 Oxycodone 98 ± 10 Venlafaxine 100 ± 10 

Famoxadone 83 ± 10 Picoxystrobin 124 ± 10 Verapamil 107 ± 20 

    Ziprasidone 83 ± 20 
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Table A1.13. Mean concentration ± standard deviation (ng L-1) of contaminants found on the HLB sorbents throughout the 6-month study. 

Compound 
July August September October November December 

HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb 

4-Methylethcathinone - - - - - - 0.06 ± 0.01 0.07 ± < 0.01 0.04 ± 0.01 0.06 ± < 0.01 - - 

Acetamiprid D D D D D D D D 0.98 ± 0.30 1.66 ± 0.04 D D 

Ametryn - - - - - - - - - < LLOQ - - 

Amiodarone D D - - - - - - - - - - 

Amitriptyline D D D D D D D D 1.72 ± 0.20 2.21 ± 0.11 D D 

Amlodipine D D D D D D - < LLOQ < LLOQ < LLOQ - < LLOQ 

Amphetamine - - 0.65 ± 0.06 0.48 ± 0.06 - - - - - - - - 

Antipyrine 0.28 ± 0.07 0.29 ± < 0.01 -* -* 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± < 0.01 0.04 ± 0.01 0.05 ± 0.01 0.06 ± 0.02 0.07 ± 0.02 

Atorvastatin D D - - 0.31 ± 0.03 0.2 ± 0.06 D D < LLOQ 0.29 ± < 0.01 < LLOQ 0.25 ± 0.01 

Atrazine D D 1.28 ± 0.05 1.19 ± < 0.01 D D D D 0.78 ± 0.04 0.98 ± 0.01 0.41 ± 0.06 0.53 ± 0.02 

Azithromycin D D D D D D D D D D D D 

Azoxystrobin D D D D 0.15 ± 0.04 0.14 ± 0.01 D D D D < LLOQ 0.04 ± < 0.01 

Benzoylecgonine 0.8 ± 0.02 0.74 ± < 0.01 0.15 ± 0.02 0.16 ± < 0.01 0.4 ± 0.02 0.38 ± 0.01 0.31 ± 0.01 0.31 ± 0.01 0.29 ± 0.03 0.34 ± < 0.01 0.45 ± 0.03 0.52 ± < 0.01 

Bezafibrate D D D D < LLOQ < LLOQ 0.57 ± 0.04 0.69 ± < 0.01 0.76 ± 0.09 0.93 ± 0.01 1.05 ± 0.05 1.12 ± 0.03 

Bisoprolol D D D D 1.12 ± 0.20 0.99 ± < 0.01 - - 1.43 ± 0.20 1.82 ± 0.03 0.34 ± 0.05 0.53 ± 0.03 

Bupropion - - 0.04 ± 0.01 < LLOQ 0.06 ± 0.02 0.06 ± < 0.01 0.03 ± 0.01 0.04 ± < 0.01 < LLOQ < LLOQ < LLOQ < LLOQ 

Buspirone < LLOQ < LLOQ - - - - < LLOQ < LLOQ - - - - 

Carbamazepine D D D D D D D D D D D D 

Carbamazepine-10,11-epoxide D D D D D D D D 5.66 ± 0.50 6.56 ± 0.07 2.41 ± 0.30 3.05 ± 0.3 

Celecoxib D D - - D D - < LLOQ - < LLOQ - - 

Citalopram D D D D D D D D D D D D 

Clarithromycin D D D D D D D D D D D D 

Clodinafop-propargyl D D - - - - - - - - - - 

Clopidogrel D D D D D D D D 1.32 ± 0.20 2.06 ± 0.10 D D 

Clothianidin - - < LLOQ < LLOQ - - - - - - - - 

Clozapine D D D D D D D D D D D D 

Cocaine D D 0.1 ± 0.01 0.09 ± < 0.01 0.26 ± 0.04 0.23 ± 0.01 -* -* 0.24 ± 0.03 0.29 ± 0.01 0.25 ± 0.04 0.34 ± 0.01 

Diazepam - - - - 0.13 ± 0.04 0.14 ± 0.08 0.08 ± 0.02 0.09 ± 0.01 0.08 ± 0.02 0.09 ± 0.03 - - 

Diclofenac D D D D D D D D - - D D 

Diphenhydramine D D D D 2.73 ± 0.50 1.55 ± 0.05 D D 1.86 ± 0.10 2.72 ± 0.07 D D 

Disulfoton sulfone D D - - D D - - - - - - 

Fluoxetine D D D D D D 0.49 ± 0.06 0.82 ± 0.06 0.96 ± 0.08 1.07 ± 0.05 D D 

Flurbiprofen - - - - 2.56 ± 0.50 2.91 ± 0.40 - - - - 1.94 ± 0.50 2.29 ± 0.50 

Hydrochlorothiazide D D D D D D 1.7 ± 0.20 1.65 ± 0.01 1.78 ± 0.2 2.33 ± 0.1 1.09 ± 0.09 1.21 ± 0.09 

Imidacloprid D D D D 6.75 ± 0.40 6.61 ± 0.05 D D 4.18 ± 0.30 4.81 ± 0.02 2.4 ± 0.30 3.01 ± 0.20 
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Table A1.13. continued             

Compound 
July August September October November December 

HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb 

Ketamine D D D D D D D D D D D D 

Ketoconazole - - - - D D - - - - - - 

Levamisole D D D D 2.74 ± 0.08 2.12 ± 0.11 0.75 ± 0.05 0.91 ± 0.02 1.59 ± 0.10 2.04 ± 0.04 0.72 ± 0.10 0.97 ± 0.05 

Lidocaine D D D D D D D D D D D D 

Lincomycin < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 0.14 ± 0.01 0.19 ± < 0.01 - - 

Lorazepam - - < LLOQ < LLOQ - - - - < LLOQ 0.37 ± 0.08 - - 

MDMA D D D D 1.97 ± 0.22 1.58 ± 0 D D 0.59 ± 0.08 0.86 ± 0.03 0.49 ± 0.07 0.68 ± 0.02 

Medroxyprogesterone - - -* -* - - D D 2.13 ± 0.30 0.58 ± 0.10 - - 

Mefenamic acid D D D D D D D D D D D D 

Memantine D D D D 1.22 ± 0.17 1.11 ± < 0.01 0.98 ± 0.03 1.05 ± 0.05 1.13 ± 0.03 1.43 ± 0.04 0.42 ± 0.08 0.55 ± 0.01 

Mephedrone 0.05 ± 0.01 0.04 ± < 0.01 D D D D -* -* 0.01 ± 0 0.01 ± < 0.01 < 0.01 0.01 ± < 0.01 

Methamphetamine D D D D 1.53 ± 0.12 1.3 ± 0.01 0.54 ± 0.01 0.61 ± 0.01 D D 0.2 ± 0.04 0.28 ± < 0.01 

Methcathinone - - D D - - - - - - - - 

Methylphenidate D D -* -* 0.17 ± 0.01 0.15 ± 0.01 0.1 ± < 0.01 0.11 ± < 0.01 0.1 ± 0.01 0.14 ± < 0.01 0.02 ± < 0.01 0.02 ± < 0.01 

Metoprolol D D 0.16 ± 0.02 0.14 ± < 0.01 0.27 ± 0.03 0.26 ± 0.01 0.19 ± 0.01 0.2 ± < 0.01 0.26 ± 0.03 0.33 ± 0.03 0.11 ± 0.02 0.15 ± 0.01 

Nadolol < LLOQ < LLOQ - - < LLOQ < LLOQ - < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 

Nicotine D D - - D D D D 2.58 ± 0.38 3.23 ± 0.08 D D 

Nordiazepam D D D D 0.46 ± 0.09 0.46 ± 0.02 0.31 ± 0.03 0.34 ± 0.02 0.38 ± 0.05 0.46 ± 0.02 0.17 ± 0.02 0.2 ± 0.02 

Nortriptyline D D D D D D 0.38 ± 0.04 0.53 ± 0.01 0.51 ± 0.08 0.62 ± 0.01 0.31 ± 0.05 0.32 ± 0.01 

Orphenadrine 0.17 ± 0.03 0.12 ± 0.01 < LLOQ < LLOQ - - -* -* - < LLOQ - - 

Oxazepam D D D D 1.1 ± 0.2 1.07 ± 0.02 0.63 ± 0.04 0.73 ± 0.01 0.88 ± 0.10 1.12 ± 0.02 0.51 ± 0.05 0.61 ± 0.05 

Oxycodone 0.43 ± 0.05 0.4 ± 0.07 0.26 ± 0.05 0.19 ± 0.02 < LLOQ < LLOQ -* -* 0.26 ± 0.03 0.31 ± 0.01 0.18 ± 0.02 0.21 ± 0.01 

Pirenzipine D D 0.29 ± 0.03 0.21 ± 0.01 0.71 ± 0.05 0.6 ± 0.01 0.49 ± 0.03 0.51 ± 0.01 0.46 ± 0.06 0.58 ± 0.01 0.25 ± 0.02 0.28 ± 0.01 

Prometon - - < LLOQ < LLOQ < LLOQ < LLOQ - - < LLOQ < LLOQ - - 

Prometryn 0.28 ± 0.04 0.24 ± 0.02 D D < LLOQ < LLOQ - - - - - - 

Propamocarb 0.06 ± 0.01 0.05 ± 0.01 - - - - - - - - - - 

Propranolol D D D D D D D D 4.43 ± 0.42 5.3 ± 0.04 D D 

Propazine 0.24 ± 0.02 0.23 ± 0.01 0.14 ± 0.01 0.15 ± 0.02 < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ - - 

Risperidone < LLOQ < LLOQ D D -* -* D D D D < LLOQ < LLOQ 

Roxithromycin 0.16 ± 0.03 0.11 ± 0.02 < LLOQ < LLOQ < LLOQ < LLOQ -* -* 0.03 ± 0.01 0.05 ± 0.01 < LLOQ < LLOQ 

Salbutamol D D 0.2 ± 0.03 0.19 ± 0.01 0.40 ± 0.02 0.41 ± < 0.01 0.39 ± 0.01 0.39 ± < 0.01 0.45 ± 0.04 0.55 ± 0.01 0.27 ± 0.01 0.26 ± 0.02 

Salicylic acid D D D D D D D D D D D D 

Sertraline D D D D D D D D 2.63 ± 0.30 3.19 ± 0.10 D D 

Simazine D D 0.65 ± 0.04 0.58 ± 0.05 0.65 ± 0.03 0.64 ± < 0.01 < LLOQ < LLOQ 0.59 ± 0.05 0.72 ± < 0.01 < LLOQ < LLOQ 

Spiramycin - - - - - - D D - - - - 
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Table A1.13. continued             

Compound 
July August September October November December 

HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb HLBa Multiplexedb 

Sulfadimethoxine < LLOQ < LLOQ - - -* -* < LLOQ 0.05 ± 0.01 < LLOQ 0.04 ± < 0.01 - - 

Sulfamethazine < LLOQ - - - < LLOQ < LLOQ < LLOQ < LLOQ - < LLOQ - - 

Sulfamethoxazole 3.38 ± 0.20 3.01 ± 0.07 - - D D 3.44 ± 0.30 3.53 ± 0.10 D D 1.84 ± 0.10 2.02 ± 0.06 

Sulfamonomethoxine - - 0.47 ± 0.06 0.45 ± < 0.01 < LLOQ < LLOQ 0.75 ± 0.04 0.76 ± 0.03 0.53 ± 0.06 0.62 ± 0.03 D D 

Sulfapyridine D D D D D D D D D D D D 

Tamsulosin 0.3 ± 0.02 0.27 ± < 0.01 0.05 ± 0.01 0.04 ± < 0.01 0.17 ± 0.02 0.16 ± 0.01 0.11 ± 0.01 0.13 ± < 0.01 0.12 ± 0.01 0.15 ± < 0.01 0.04 ± < 0.01 0.05 ± < 0.01 

Temazepam D D D D 1.98 ± 0.30 1.95 ± 0.01 D D 1.55 ± 0.20 1.99 ± < 0.01 0.71 ± 0.07 0.88 ± 0.07 

Terbutryn D D D D D D 0.25 ± 0.01 0.29 ± < 0.01 0.32 ± 0.02 0.4 ± 0.01 0.2 ± 0.03 0.31 ± 0.01 

Thiacloprid - - - - 0.03 ± 0.01 0.04 ± < 0.01 - - - - - - 

Thiamethoxam - - - - - - 0.09 ± 0.01 0.08 ± 0.02 - - - - 

Timolol 0.36 ± 0.02 0.33 ± < 0.01 0.06 ± 0.01 0.06 ± < 0.01 0.17 ± 0.02 0.15 ± < 0.01 0.1 ± 0.01 0.12 ± < 0.01 0.08 ± 0.01 0.1 ± < 0.01 0.03 ± 0 0.04 ± 0.01 

Tramadol D D D D D D D D D D D D 

Trimethoprim D D D D - - D D D D D D 

Valsartan D D - - D D 0.57 ± 0.03 0.69 ± 0.02 0.56 ± 0.05 0.69 ± 0.01 0.43 ± 0.03 0.54 ± 0.01 

Venlafaxine D D D D D D D D D D D D 

Verapamil D D D D < LLOQ < LLOQ 0.12 ± 0.01 0.18 ± 0.01 0.58 ± 0.04 0.77 ± 0.01 0.04 ± 0.02 0.07 ± 0.01 

Warfarin 0.1 ± 0.01 0.07 ± 0.06 D D 0.25 ± 0.02 0.26 ± 0.01 0.18 ± 0.03 0.18 ± < 0.01 0.12 ± 0.02 0.14 ± 0.01 0.06 ± 0.01 0.08 ± < 0.01 
a n = 3; b n = 1; < LLOQ: concentration was below the LLOQ of the method; D: compounds that were not able to be quantified (R2 < 0.98) but a clear peak was visible; –: not detected;  
*: removed from analysis due to blank contamination 
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Table A1.14. Mean concentration ± standard deviation (ng L-1) of contaminants found in each water collection throughout the 6-month study. 

Compound 
July August September October November December 

Deploy Mid Retrieve Deploy Mid Retrieve Extra Deploy Mid Retrieve Extra Deploy Retrieve Extra Deploy Mid Retrieve Extra Deploy Mid Retrieve 

Acetamiprid 68 ± 6 71 ± 5 86 ± 6 128 ± 3 104 ± 2 107 ± 6 106 ± 3 116 ± 4 121 ± 8 107 ± 4 100 ± 5 81 ± 3 62 ± 2 69 ± 4 83 ± 3 81 ± 2 82 ± 3 77 ± 2 57 ± 1 48 ± 3 60 ± 3 
Amitriptyline 38 ± 9 41 ± 4 38 ± 4 24 ± 3 21 ± 4 26 ± 4 29 ± 6 34 ± 4 32 ± 5 26 ± 2 30 ± 4 26 ± 4 26 ± 5 20 ± 6 41 ± 4 39 ± 4 46 ± 5 43 ± 5 D D D 
Atorvastatin - - - - - - - - - - - - - - 18 ± 5 < LLOQ 21 ± 4 67 ± 6 - - - 
Atrazine 13 ± 1 13 ± 1 16 ± 7 < LLOQ < LLOQ < LLOQ 10 ± 1 13 ± 2 11 ± 1 11 ± 1 12 ± 2 13 ± 1 10 ± 2 11 ± 1 13 ± 1 12 ± 1 13 ± 1 13 ± 2 < LLOQ < LLOQ 10 ± 2 
Azithromycin D D D - - - - 163 ± 30 152 ± 30 127 ± 40 197 ± 50 - - - D D D D D D D 
Benzoylecgonine - < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 16 ± 2 17 ± 2 26 ± 4 23 ± 2 < LLOQ < LLOQ 30 ± 20 < LLOQ < LLOQ < LLOQ 12 ± 1 14 ± 2 11 ± 5 < LLOQ 
Bisoprolol 22 ± 3 22 ± 3 22 ± 2 < LLOQ < LLOQ 13 ± 2 21 ± 2 18 ± 2 18 ± 1 15 ± 2 16 ± 2 15 ± 3 31 ± 2 15 ± 0.1 18 ± 1 18 ± 3 20 ± 1 26 ± 2 14 ± 2 15 ± 2 17 ± 2 
Carbamazepine 555 ± 100 584 ± 70 503 ± 90 234 ± 20 288 ± 20 294 ± 20 359 ± 30 335 ± 20 399 ± 10 420 ± 20 353 ± 20 298 ± 10 335 ± 20 246 ± 10 282 ± 20 298 ± 20 286 ± 10 270 ± 20 212 ± 6 157 ± 4 288 ± 20 
Carbamazepine-10,11-epoxide 53 ± 10 62 ± 10 53 ± 5 35 ± 2 44 ± 7 50 ± 4 53 ± 9 39 ± 4 63 ± 7 43 ± 5 49 ± 3 50 ± 5 42 ± 5 35 ± 2 43 ± 5 45 ± 3 55 ± 4 55 ± 7 43 ± 4 31 ± 5 43 ± 3 
Citalopram 245 ± 20 279 ± 5 252 ± 6 271 ± 10 252 ± 30 239 ± 20 292 ± 20 359 ± 30 388 ± 20 322 ± 20 346 ± 20 243 ± 20 210 ± 8 158 ± 7 211 ± 10 186 ± 9 202 ± 4 206 ± 6 250 ± 20 248 ± 8 280 ± 20 
Clarithromycin D D D - - - - D D D D - - - 144 ± 20 80 ± 30 107 ± 40 151 ± 80 - - - 
Clopidogrel 25 ± 7 23 ± 3 23 ± 4 32 ± 10 32 ± 6 33 ± 4 40 ± 4 34 ± 5 31 ± 4 38 ± 2 28 ± 6 25 ± 4 26 ± 5 16 ± 3 21 ± 4 21 ± 2 23 ± 2 29 ± 3 33 ± 6 33 ± 5 38 ± 4 
Clozapine 25 ± 6 27 ± 4 26 ± 10 16 ± 1 16 ± 6 21 ± 8 22 ± 8 22 ± 6 21 ± 4 20 ± 3 15 ± 4 26 ± 8 27 ± 10 15 ± 4 20 ± 1 18 ± 3 22 ± 7 21 ± 3 D D D 
Cocaine < LLOQ < LLOQ < LLOQ - - - - < LLOQ < LLOQ 15 ± 2 < LLOQ < LLOQ 14 ± 1 26 ± 2 - - - - < LLOQ 33 ± 37 < LLOQ 
Cyromazine 29 ± 7 26 ± 10 35 ± 6 - - - - - - - - - - - - - - - - - - 
Diclofenac 272 ± 30 291 ± 30 228 ± 20 261 ± 20 334 ± 20 325 ± 30 326 ± 30 322 ± 9 266 ± 10 294 ± 20 294 ± 30 263 ± 20 268 ± 9 221 ± 20 243 ± 20 234 ± 20 266 ± 30 258 ± 20 212 ± 7 178 ± 20 228 ± 20 
Diphenhydramine 57 ± 10 68 ± 9 53 ± 20 34 ± 4 37 ± 4 38 ± 6 50 ± 8 60 ± 8 62 ± 7 31 ± 6 53 ± 5 65 ± 5 59 ± 5 40 ± 6 61 ± 4 60 ± 4 62 ± 5 61 ± 7 59 ± 9 50 ± 5 59 ± 9 
Disulfoton sulfone - - - - - - - D D D D D D D D D D D D D D 
Fluoxetine 11 ± 3 12 ± 2 14 ± 4 - - - - 12 ± 5 18 ± 3 12 ± 5 17 ± 4 15 ± 5 < LLOQ < LLOQ 13 ± 3 11 ± 8 14 ± 4 15 ± 3 D D D 
Imidacloprid 86 ± 30 56 ± 30 72 ± 20 54 ± 10 64 ± 20 51 ± 10 59 ± 20 117 ± 20 74 ± 20 76 ± 30 98 ± 20 63 ± 20 53 ± 5 52 ± 10 67 ± 10 62 ± 20 72 ± 10 44 ± 10 53 ± 20 40 ± 20 64 ± 10 
Ketamine 33 ± 4 45 ± 6 35 ± 6 34 ± 3 49 ± 5 37 ± 4 46 ± 3 56 ± 7 66 ± 6 61 ± 3 67 ± 6 47 ± 4 44 ± 3 34 ± 3 51 ± 3 41 ± 4 55 ± 3 47 ± 2 43 ± 4 36 ± 3 47 ± 1 
Levamisole - - - < LLOQ 12 ± 6 12 ± 7 < LLOQ 72 ± 10 66 ± 20 57 ± 20 82 ± 20 - - - - - - - - - - 
Lidocaine 86 ± 6 96 ± 3 79 ± 5 62 ± 3 64 ± 3 131 ± 3 126 ± 4 123 ± 3 114 ± 3 98 ± 5 188 ± 7 121 ± 2 125 ± 6 90 ± 4 97 ± 3 110 ± 3 105 ± 3 78 ± 2 71 ± 3 53 ± 3 75 ± 4 
MDMA 18 ± 5 < LLOQ 25 ± 8 22 ± 3 13 ± 2 41 ± 4 < LLOQ 66 ± 5 13 ± 1 46 ± 6 52 ± 3 11 ± 5 13 ± 4 - 16 ± 2 - 14 ± 2 - 18 ± 4 16 ± 2 19 ± 3 
Mefenamic acid 16 ± 3 14 ± 2 17 ± 7 - - - - - - - - 35 ± 6 62 ± 7 28 ± 4 43 ± 10 29 ± 10 36 ± 6 41 ± 10 28 ± 7 31 ± 6 30 ± 7 
Memantine 15 ± 3 17 ± 3 14 ± 3 < LLOQ 14 ± 3 18 ± 4 17 ± 4 20 ± 3 20 ± 4 22 ± 4 19 ± 5 18 ± 3 16 ± 4 < LLOQ 20 ± 3 18 ± 3 23 ± 2 21 ± 3 18 ± 2 15 ± 6 19 ± 5 
Mephedrone - - - - - - - < LLOQ - - - - - - - - - - - - - 
Methamphetamine 17 ± 4 18 ± 2 21 ± 3 12 ± 1 13 ± 3 19 ± 2 17 ± 2 36 ± 4 27 ± 3 23 ± 2 23 ± 3 16 ± 2 20 ± 1 < LLOQ < LLOQ < LLOQ < LLOQ 12 ± 1 < LLOQ < LLOQ < LLOQ 
Metoprolol < LLOQ < LLOQ 11 ± 3 < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ - < LLOQ - - - - - - < LLOQ < LLOQ - - - 
Nicotine < LLOQ 14 ± 4 15 ± 3 - - - - 28 ± 4 92 ± 10 606 ± 20 216 ± 10 29 ± 15 390 ± 7 1357 ± 60 - - - - 24 ± 3 22 ± 7 < LLOQ 
Nortriptyline - - - - - - < LLOQ < LLOQ < LLOQ - < LLOQ < LLOQ < LLOQ - < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 
Oxazepam < LLOQ < LLOQ < LLOQ - - - - - - - - - - - - - - - - - - 
Pirenzipine < LLOQ 15 ± 3 14 ± 2 - - - - - - - - 13 ± 4 - - < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 
Propamocarb < LLOQ < LLOQ < LLOQ - - - - - - - - - - - - - - - - - - 
Propanolol 47 ± 8 55 ± 7 51 ± 7 - - - - 55 ± 7 62 ± 7 45 ± 6 53 ± 7 66 ± 5 60 ± 7 43 ± 6 43 ± 7 41 ± 7 50 ± 4 50 ± 5 44 ± 9 37 ± 8 46 ± 4 
Risperidone - - - - - - - < LLOQ < LLOQ < LLOQ - 24 ± 7 < LLOQ < LLOQ < LLOQ - - - - - - 
Salbutamol < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 13 ± 1 12 ± 1 12 ± 2 12 ± 1 12 ± 1 < LLOQ 11 ± 1 < LLOQ 11 ± 1 < LLOQ 12 ± 1 11 ± 1 12 ± 1 
Salicylic acid - - - - - - - 384 ± 100 417 ± 100 623 ± 40 464 ± 90 71 ± 20 258 ± 200 547 ± 30 117 ± 60 193 ± 40 111 ± 30 51 ± 30 - - - 
Sertraline D D D - - - - - - - - - - - - - - - D D D 
Sulfamethoxazole 15 ± 7 22 ± 10 20 ± 20 43 ± 10 36 ± 10 38 ± 4 49 ± 10 37 ± 10 40 ± 10 37 ± 10 33 ± 8 23 ± 3 34 ± 5 20 ± 4 34 ± 10 34 ± 4 37 ± 2 86 ± 10 25 ± 3 19 ± 6 32 ± 9 
Sulfamonomethoxine - - - - - - - < LLOQ < LLOQ < LLOQ - - - - - - - - - - - 
Sulfapyridine 81 ± 20 97 ± 10 123 ± 20 74 ± 6 101 ± 9 138 ± 10 257 ± 7 94 ± 9 84 ± 5 92 ± 9 119 ± 8 117 ± 5 79 ± 6 66 ± 3 52 ± 4 68 ± 8 104 ± 7 197 ± 10 89 ± 8 60 ± 7 85 ± 4 
Temazepam 17 ± 10 20 ± 8 19 ± 9 17 ± 4 20 ± 8 21 ± 4 19 ± 2 28 ± 5 29 ± 2 26 ± 5 25 ± 5 21 ± 3 20 ± 2 20 ± 4 24 ± 6 21 ± 4 27 ± 6 22 ± 1 23 ± 4 21 ± 4 23 ± 4 
Terbutryn < LLOQ < LLOQ < LLOQ 13 ± 2 < LLOQ < LLOQ < LLOQ < LLOQ 11 ± 3 11 ± 2 < LLOQ 13 ± 2 21 ± 3 < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 
Tramadol 312 ± 5 281 ± 9 254 ± 8 233 ± 6 240 ± 5 269 ± 6 309 ± 9 307 ± 4 299 ± 8 261 ± 7 274 ± 10 238 ± 8 216 ± 3 181 ± 6 237 ± 6 234 ± 5 261 ± 9 240 ± 5 182 ± 6 143 ± 7 189 ± 8 
Trimethoprim 81 ± 10 80 ± 6 80 ± 8 62 ± 5 62 ± 6 67 ± 2 86 ± 6 111 ± 7 123 ± 10 122 ± 10 107 ± 8 94 ± 9 104 ± 9 77 ± 6 100 ± 9 95 ± 7 106 ± 6 136 ± 5 99 ± 6 90 ± 7 104 ± 10 
Venlafaxine 200 ± 5 220 ± 10 194 ± 10 179 ± 10 192 ± 10 210 ± 9 219 ± 5 201 ± 10 224 ± 6 189 ± 10 206 ± 6 154 ± 4 147 ± 7 137 ± 7 158 ± 6 146 ± 8 206 ± 10 161 ± 8 158 ± 5 105 ± 5 137 ± 8 
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Table A1.14. continued                      

Compound 
July August September October November December 

Deploy Mid Retrieve Deploy Mid Retrieve Extra Deploy Mid Retrieve Extra Deploy Retrieve Extra Deploy Mid Retrieve Extra Deploy Mid Retrieve 

Verapamil - - - - - - - - - - - - - - < LLOQ 16 ± 3 < LLOQ < LLOQ - - - 
Warfarin < LLOQ D < LLOQ - - - - - - - - - - - - - - - - - - 

< LLOQ: concentration was below the LLOQ of the method; D: compounds that were not able to be quantified (R2 < 0.98) but a clear peak was visible; –: not detected; 
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Table A1.15. Mean concentration ± standard deviation (ng disk-1) of contaminants found on the anion sorbents throughout the 6-month study. 

Compound 
July August September October November December 

Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb 

4-Methylethcathinone - - - - - - - - < LLOQ < LLOQ < LLOQ < LLOQ 

Acetamiprid D D 0.32 ± 0.1 0.45 ± 0.01 2.72 ± 0.20 2.92 ± 0.08 5.01 ± 0.70 4.13 ± 0.08 D D 1.04 ± 0.07 1.33 ± < 0.01 

Ametryn - - < LLOQ < LLOQ - - - - - - - - 

Amiodarone D D - - - - - - - - - - 

Amitriptyline 0.26 ± 0.10 0.19 ± 0.04 0.43 ± 0.07 0.45 ± 0.02 0.32 ± 0.02 0.4 ± 0.02 0.75 ± 0.20 0.78 ± 0.02 0.55 ± 0.10 0.52 ± 0.01 0.45 ± 0.03 0.52 ± 0.01 

Amlodipine 0.16 ± 0.05 < LLOQ < LLOQ < LLOQ 0.12 ± 0.02 0.12 ± < 0.01 0.36 ± 0.01 0.31 ± < 0.01 0.14 ± 0.02 0.18 ± < 0.01 0.26 ± 0.03 0.35 ± 0.03 

Amphetamine - - < LLOQ - - - - - - - - - 

Antipyrine - - 0.29 ± 0.06 0.28 ± 0.07 - - - - < LLOQ < LLOQ 0.04 ± 0.01 0.03 ± 0.02 

Atorvastatin D D - - D D - - D D D D 

Atrazine 0.91 ± 0.10 0.62 ± 0.01 0.48 ± 0.05 0.44 ± 0.04 0.24 ± 0.01 0.21 ± < 0.01 1.08 ± 0.03 0.92 ± 0.03 0.64 ± 0.07 0.68 ± 0.01 0.3 ± 0.04 0.6 ± 0.02 

Azithromycin D D 1.28 ± 0.10 1.27 ± 0.01 D D D D D D D D 

Azoxystrobin D D 0.03 ± 0.01 0.05 ± < 0.01 D D D D 0.03 ± 0.01 0.04 ± < 0.01 0.05 ± < 0.01 0.07 ± < 0.01 

Benzoylecgonine 0.05 ± < 0.01 0.06 ± < 0.01 0.06 ± < 0.01 0.06 ± < 0.01 0.1 ± < 0.01 0.1 ± < 0.01 -* -* 0.05 ± 0.01 0.07 ± < 0.01 0.14 ± 0.02 0.15 ± < 0.01 

Bezafibrate 0.47 ± 0.10 0.41 ± 0.05 0.33 ± 0.08 0.38 ± 0.05 0.5 ± 0.04 0.52 ± 0.04 0.66 ± 0.09 0.6 ± < 0.01 0.96 ± 0.17 0.86 ± 0.02 D D 

Bisoprolol 0.33 ± 0.03 0.29 ± 0.01 0.17 ± 0.01 0.17 ± < 0.01 0.4 ± 0.01 0.38 ± < 0.01 0.87 ± 0.07 0.73 ± 0.01 0.59 ± 0.07 0.68 ± 0.02 0.32 ± 0.03 0.38 ± 0.01 

Bupropion - - - - < LLOQ < LLOQ - - < LLOQ < LLOQ - < LLOQ 

Buspirone < LLOQ < LLOQ - - < LLOQ < LLOQ 0.06 ± 0.01 - < LLOQ < LLOQ < LLOQ < LLOQ 

Carbamazepine D D D D D D D D D D D D 

Carbamazepine-10,11-epoxide 1.80 ± 0.70 1.74 ± 0.01 D D D D D D D D 2.27 ± 0.10 2.49 ± 0.01 

Celecoxib - - - - < LLOQ 0.08 ± < 0.01 - 0.1 ± < 0.01 < LLOQ 0.05 ± < 0.01 < LLOQ 0.04 ± < 0.01 

Citalopram 2.77 ± 0.40 2.34 ± 0.03 0.83 ± 0.30 2.34 ± 0.02 D D 4.83 ± 1.00 4.73 ± 0.07 D D 1.93 ± 0.10 2.77 ± 0.01 

Clarithromycin 1.87 ± 0.90 0.81 ± 1.0 1.42 ± 0.20 1.53 ± 0.10 D D D D D D D D 

Clodinafop-propargyl D D - - - - - - - - - - 

Clopidogrel 1.61 ± 0.2 0.7 ± 0.2 0.53 ± 0.07 0.59 ± 0.01 1.66 ± 0.1 1.48 ± 0.01 2.9 ± 0.2 2.21 ± 0.07 D D 0.64 ± 0.08 1.3 ± 0.06 

Clozapine 1.8 ± 0.3 1.31 ± 0.04 D D D D D D 1.04 ± 0.20 0.78 ± 0.02 0.61 ± 0.04 1.19 ± 0.06 

Cocaine 0.16 ± 0.01 0.14 ± 0 0.13 ± 0.01 0.14 ± < 0.01 0.11 ± 0.01 0.1 ± < 0.01 0.2 ± 0.01 0.18 ± 0.01 0.11 ± 0.01 0.12 ± 0.01 0.22 ± 0.01 0.27 ± 0.01 

Cymoxanil D D D D D D D D D D D D 

Diclofenac D D D D D D D D D D D D 

Diphenhydramine 0.37 ± 0.03 0.31 ± 0.01 0.34 ± 0.07 0.28 ± 0.01 0.26 ± 0.02 0.3 ± 0.01 0.73 ± 0.20 0.75 ± 0.02 0.74 ± 0.20 0.62 ± 0.02 0.54 ± 0.02 0.66 ± 0.03 

Disulfoton sulfone D D - - - - - - D D - - 

Fluoxetine 0.2 ± 0.08 0.13 ± 0.05 0.21 ± 0.05 0.22 ± 0.01 0.22 ± 0.01 0.25 ± < 0.01 0.44 ± 0.09 0.46 ± < 0.01 0.24 ± 0.05 0.3 ± 0.01 0.27 ± 0.03 0.31 ± 0.01 

Hydrochlorothiazide 0.9 ± 0.2 < LLOQ D D D D 0.85 ± 0.20 0.75 ± 0.09 D D D D 

Imidacloprid D D D D 4.83 ± 0.20 4.38 ± 0.04 D D D D D D 
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Table A1.15. continued             

Compound 
July August September October November December 

Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb 

Isocarbamid - - - - 0.27 ± 0.03 0.27 ± 0.01 D D 0.11 ± 0.02 0.12 ± 0.03 - - 

Ketamine D D 1.53 ± 0.20 1.49 ± 0.02 3.37 ± 0.10 3.09 ± 0.04 D D 2.38 ± 0.40 2.57 ± 0.06 D D 

Ketoconazole - - - - < LLOQ - - - < LLOQ < LLOQ - < LLOQ 

Levamisole 0.79 ± 0.40 0.4 ± 0.6 0.65 ± 0.08 0.65 ± 0.02 0.79 ± 0.04 0.69 ± 0.04 1.56 ± 0.20 1.39 ± 0.04 1.1 ± 0.1 1.28 ± 0.01 1.14 ± 0.10 1.56 ± < 0.01 

Lidocaine D D 1.41 ± 0.20 1.42 ± < 0.01 D D D D D D 2.34 ± 0.30 3.63 ± 0.05 

Lincomycin - - < LLOQ < LLOQ - - 0.04 ± 0.01 0.04 ± < 0.01 < LLOQ < LLOQ - - 

MDMA 0.18 ± 0.1 < LLOQ 0.2 ± 0.02 0.2 ± 0.01 0.23 ± 0.01 0.22 ± < 0.01 0.2 ± 0.02 0.18 ± 0.01 0.14 ± 0.01 0.15 ± 0.01 0.13 ± 0.01 0.16 ± 0.02 

Medroxyprogesterone - - - - - - D D 0.88 ± 0.08 0.35 ± 0.05 - - 

Mefenamic acid D D D D D D D D D D D D 

Memantine 0.11 ± 0.01 0.11 ± < 0.01 0.22 ± 0.01 0.23 ± 0.01 0.24 ± 0.01 0.23 ± 0.01 0.31 ± 0.03 0.28 ± 0.01 0.25 ± 0.02 0.29 ± 0.01 0.15 ± 0.02 0.18 ± 0.01 

Mephedrone - - - - - - - - - - < LLOQ < LLOQ 

Methamphetamine 0.09 ± 0.01 0.08 ± 0.01 0.14 ± 0.01 0.14 ± < 0.01 0.13 ± 0.01 0.13 ± < 0.01 0.14 ± 0.02 0.15 ± < 0.01 0.1 ± 0.01 0.12 ± < 0.01 0.07 ± 0.01 0.08 ± 0.01 

Methcathinone < LLOQ - - - - - - - - - - - 

Methylphenidate < LLOQ < LLOQ < LLOQ < LLOQ 0.03 ± < 0.01 < LLOQ - - 0.04 ± < 0.01 0.05 ± < 0.01 < LLOQ 0.03 ± < 0.01 

Metoprolol 0.05 ± < 0.01 0.04 ± < 0.01 0.07 ± 0.01 0.07 ± 0.01 0.06 ± < 0.01 0.05 ± < 0.01 0.15 ± < 0.01 0.13 ± 0.01 0.08 ± 0.01 0.09 ± < 0.01 0.07 ± < 0.01 0.08 ± < 0.01 

Nicotine 2.51 ± 0.30 2.53 ± 0.1 - - 2.05 ± 0.10 2.29 ± 0.10 D D D D 0.9 ± 0.3 1.69 ± 0.04 

Nordiazepam 0.3 ± 0.05 0.1 ± 0.1 0.18 ± 0.03 0.2 ± 0.01 0.27 ± 0.03 0.24 ± 0.01 0.43 ± 0.03 0.4 ± 0.02 0.19 ± 0.03 0.22 ± < 0.01 0.22 ± 0.01 0.29 ± 0.03 

Nortriptyline 0.08 ± 0.03 0.05 ± 0.02 0.06 ± 0.02 0.06 ± < 0.01 0.1 ± 0.01 0.12 ± < 0.01 0.12 ± 0.03 0.11 ± 0.01 0.09 ± 0.02 0.09 ± < 0.01 0.11 ± 0.01 0.15 ± < 0.01 

Orphenadrine < LLOQ 0.02 ± 0.01 0.04 ± 0.01 0.04 ± < 0.01 - < LLOQ - - < LLOQ < LLOQ < LLOQ < LLOQ 

Oxazepam 0.62 ± 0.10 0.24 ± 0.3 0.54 ± 0.09 0.53 ± 0.02 0.62 ± 0.08 0.6 ± 0.1 0.99 ± 0.09 0.9 ± < 0.01 0.7 ± 0.1 0.79 ± 0.04 0.36 ± 0.02 0.51 ± 0.02 

Oxycodone - - - - - - - - 0.07 ± 0.01 0.1 ± 0.01 0.14 ± 0.01 0.18 ± 0.01 

Picoxystrobin < LLOQ - - - - - - - - - - - 

Pirenzipine 0.03 ± < 0.01 < LLOQ 0.03 ± 0.01 0.03 ± < 0.01 0.03 ± < 0.01 0.03 ± < 0.01 0.08 ± 0.03 0.08 ± 0.01 0.05 ± 0.01 0.04 ± < 0.01 0.04 ± 0.01 0.05 ± 0.01 

Propanolol 2.27 ± 0.40 1.8 ± 0.04 D D 2.78 ± 0.05 2.47 ± 0.20 D D D D 1.81 ± 0.10 2.35 ± 0.01 

Propazine - - - - - - < LLOQ < LLOQ - - - - 

Pyraclostrobin D D - - - - - - - - - - 

Roxithromycin 0.02 ± 0.01 < LLOQ < LLOQ 0.02 ± < 0.01 < LLOQ < LLOQ < LLOQ < LLOQ 0.04 ± 0.01 0.05 ± 0.01 0.03 ± < 0.01 0.02 ± 0.01 

Salbutamol < LLOQ - 0.07 ± 0.02 0.08 ± < 0.01 0.04 ± < 0.01 0.15 ± 0.01 - - 0.03 ± 0.02 0.03 ± < 0.01 0.05 ± 0.01 0.04 ± 0.01 

Salicylic acid D D D D D D D D D D D D 

Sertraline 0.66 ± 0.50 0.16 ± 0.20 D D 1.34 ± 0.04 1.63 ± 0.02 D D 1.05 ± 0.20 1.45 ± < 0.01 1.48 ± 0.20 1.37 ± 0.06 

Simazine < LLOQ - 0.29 ± 0.02 0.31 ± 0.01 < LLOQ < LLOQ D D 0.32 ± 0.02 0.3 ± 0.01 0.28 ± 0.04 0.41 ± 0.02 

Spiramycin < LLOQ 0.07 ± 0.01 0.08 ± 0.02 0.09 ± 0.02 0.1 ± 0.02 0.08 ± < 0.01 - - < LLOQ < LLOQ 0.08 ± 0.02 0.1 ± 0.01 

Sulfadimethoxine - - 0.06 ± 0.02 0.06 ± 0.01 < LLOQ < LLOQ 0.05 ± 0.01 - < LLOQ < LLOQ - - 

Sulfamethazine < LLOQ < LLOQ - - 0.04 ± < 0.01 < LLOQ 0.06 ± 0.01 0.04 ± < 0.01 < LLOQ < LLOQ < LLOQ < LLOQ 

Sulfamethoxazole D D 1.58 ± 0.60 1.28 ± 0.06 D D D D D D D D 
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Table A1.15. continued             

Compound 
July August September October November December 

Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb Aniona Multiplexedb 

Sulfamonomethoxine - - - - 0.5 ± 0.04 0.58 ± 0.05 0.71 ± 0.07 0.61 ± 0.01 0.46 ± 0.05 0.53 ± 0.09 0.26 ± 0.05 0.29 ± < 0.01 

Sulfapyridine D D 1.12 ± 0.60 0.74 ± 0.03 1.82 ± 0.30 2.12 ± 0.06 3.11 ± 2.00 3.94 ± 0.07 D D 1.52 ± 0.20 2.03 ± < 0.01 

Tamsulosin 0.04 ± 0.01 0.04 ± < 0.01 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.05 ± < 0.01 0.15 ± 0.01 0.13 ± < 0.01 0.08 ± 0.01 0.09 ± < 0.01 0.06 ± < 0.01 0.07 ± < 0.01 

Temazepam 1.42 ± 0.20 0.98 ± 0.09 0.78 ± 0.12 0.82 ± 0.01 1.94 ± 0.07 1.82 ± 0.04 2 ± 0.07 1.73 ± 0.06 1.11 ± 0.10 1.24 ± 0.01 0.69 ± 0.04 0.89 ± 0.04 

Terbutryn 0.66 ± 0.20 0.45 ± 0.03 0.31 ± 0.04 0.32 ± < 0.01 0.35 ± 0.01 0.31 ± 0.01 0.54 ± 0.04 0.44 ± < 0.01 0.19 ± 0.02 0.21 ± 0.01 0.21 ± 0.02 0.36 ± 0.02 

Terfenadine 0.16 ± 0.10 - - - - - - - - - - - 

Thiacloprid - - < LLOQ 0.05 ± 0.01 - - 0.03 ± 0.02 0.04 ± 0.03 - - - - 

Thiamethoxam - - - - - - - - < LLOQ < LLOQ - - 

Timolol 0.04 ± 0.01 0.04 ± 0.001 0.04 ± < 0.01 0.04 ± < 0.01 0.05 ± < 0.01 0.04 ± < 0.01 0.06 ± 0.01 0.05 ± < 0.01 0.04 ± 0.01 0.05 ± < 0.01 0.05 ± < 0.01 0.06 ± < 0.01 

Tramadol D D 3.86 ± 0.50 3.96 ± < 0.01 D D D D D D D D 

Trimethoprim D D D D 3.45 ± 0.07 3.08 ± 0.20 D D D D D D 

Valsartan D D D D 0.32 ± 0.03 0.36 ± 0.03 D D D D 2.71 ± 1.00 2.99 ± 0.50 

Venlafaxine 2.89 ± 0.10 2.44 ± 0.03 1.65 ± 0.30 1.62 ± 0.02 1.97 ± 0.11 1.98 ± 0.10 4.63 ± 0.80 4.47 ± 0.04 D D 1.86 ± 0.2 2.49 ± 0.05 

Verapamil 0.15 ± 0.04 0.09 ± 0.01 0.07 ± 0.01 0.1 ± 0.01 0.12 ± 0.01 0.1 ± < 0.01 0.24 ± 0.02 0.19 ± < 0.01 0.34 ± 0.07 0.33 ± 0.02 0.09 ± 0.01 0.15 ± < 0.01 

Warfarin < LLOQ - < LLOQ < LLOQ 0.16 ± 0.02 0.14 ± 0.01 0.19 ± 0.05 0.15 ± 0.01 0.17 ± 0.03 0.2 ± < 0.01 < LLOQ 0.19 ± 0.01 
a n = 3; b n = 1; < LLOQ: concentration was below the LLOQ of the method; D: compounds that were not able to be quantified (R2 < 0.98) but a clear peak was visible; –: not detected;  
*: removed from analysis due to blank contamination 
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Table A1.16. Mean concentration ± standard deviation (ng disk-1) of contaminants found on the cation sorbents throughout the 6-month study. 

Compound 
August September October November December 

Cationa Multiplexedb Cationa Multiplexedb Cationa Multiplexedb Cationa Multiplexedb Cationa Multiplexedb 

4-Methylethcathinone - - - - - - 0.12 ± 0.04 0.13 ± < 0.01 D D 

Acetamiprid D D 2.45 ± 0.30 2.47 ± 0.08 D D 3.93 ± 0.9 5.52 ± 0.3 D D 

Amiodarone D D - - D D D D - - 

Amitriptyline 1.19 ± 0.20 0.72 ± 0.01 D D D D D D D D 

Amlodipine D D D D 0.95 ± 0.09 0.33 ± 0.03 1.09 ± 0.18 0.88 ± 0.03 D D 

Antipyrine - - 0.12 ± 0.01 0.14 ± 0.02 0.07 ± 0.01 0.06 ± < 0.01 0.04 ± 0.01 0.05 ± < 0.01 0.08 ± 0.01 0.09 ± < 0.01 

Atorvastatin - - - - D D 3.03 ± 1.50 2.84 ± 0.01 D D 

Atrazine D D 0.53 ± 0.03 0.88 ± 0.02 D D 0.89 ± 0.20 1.08 ± 0.02 D D 

Azithromycin D D D D D D D D D D 

Azoxystrobin 0.22 ± 0.05 0.17 ± 0.05 0.10 ± 0.01 0.14 ± < 0.01 D D 0.07 ± 0.02 0.09 ± < 0.01 < LLOQ 0.05 ± < 0.01 

Benzoylecgonine D D 0.17 ± 0.03 0.23 ± 0.02 0.33 ± 0.02 0.2 ± 0.02 0.28 ± 0.03 0.36 ± < 0.01 0.54 ± 0.06 0.68 ± < 0.01 

Bezafibrate D D 0.25 ± 0.08 0.34 ± 0.03 1.04 ± 0.02 0.66 ± 0.03 0.87 ± 0.07 0.91 ± 0.04 1.24 ± 0.20 1.37 ± < 0.01 

Bisoprolol 0.68 ± 0.04 0.52 ± 0.01 0.34 ± 0.10 0.55 ± < 0.01 D D 2.59 ± 0.40 3.44 ± 0.10 0.49 ± 0.10 0.96 ± 0.01 

Bupropion < LLOQ < LLOQ - - D D D D - - 

Buspirone - - - - 0.11 ± 0.01 < LLOQ - - < LLOQ < LLOQ 

Carbamazepine D D D D D D D D D D 

Carbamazepine-10,11-epoxide D D D D D D 5.93 ± 1.00 5.16 ± 0.02 2.45 ± 0.40 3.32 ± < 0.01 

Celecoxib - - D D 0.28 ± 0.03 0.1 ± 0.02 < LLOQ < LLOQ - < LLOQ 

Citalopram D D D D D D D D D D 

Clarithromycin D D D D D D D D D D 

Clopidogrel D D 0.51 ± 0.10 1.03 ± 0.04 D D 3.04 ± 0.50 3.51 ± 0.06 D D 

Clozapine D D D D D D D D D D 

Cocaine 0.13 ± 0.03 0.11 ± < 0.01 0.12 ± 0.02 0.18 ± < 0.01 0.54 ± 0.07 0.32 ± 0.02 0.31 ± 0.03 0.34 ± < 0.01 0.32 ± 0.08 0.61 ± 0.01 

Cyromazine - - D D < LLOQ < LLOQ - - - - 

Diazepam - - < LLOQ < LLOQ 0.12 ± 0.01 < LLOQ 0.08 ± 0.01 0.09 ± 0.01 - < LLOQ 

Diclofenac D D D D D D D D D D 

Dimethomorph - - - - D D - - < LLOQ < LLOQ 

Diphenhydramine D D D D D D D D D D 

Disulfoton sulfone - - - - - - D D D D 

Fluoxetine D D D D D D D D D D 

Flurbiprofen - - - - D D 2.28 ± 0.80 2.79 ± 0.03 D D 

Imidacloprid D D 2.58 ± 0.40 3.7 ± 0.3 D D 5.29 ± 0.60 6.34 ± 0.20 2.35 ± 0.40 4.02 ± 0.20 

Ketamine D D D D D D D D D D 

Ketoconazole - - - - - - D D - - 

Ketotifen - - - - < LLOQ < LLOQ - - - < LLOQ 
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Table A1.16. continued           

Compound 
August September October November December 

Cationa Multiplexedb Cationa Multiplexedb Cationa Multiplexedb Cationa Multiplexedb Cationa Multiplexedb 

Levamisole 2.47 ± 0.20 2.09 ± 0.04 D D D D 4.24 ± 0.80 4.31 ± 0.09 D D 

Levocabastine 0.07 ± 0.02 < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 0.08 ± 0.02 0.11 ± 0.01 

Lidocaine D D D D D D D D D D 

Lincomycin 0.11 ± < 0.01 0.1 ± < 0.01 0.03 ± 0.01 0.03 ± < 0.01 0.12 ± 0.02 0.06 ± 0.01 0.2 ± 0.03 0.24 ± 0.01 0.03 ± 0.01 0.04 ± < 0.01 

Lorazepam - - - - 2.01 ± 0.30 1.23 ± 0.20 1.2 ± 0.20 1.46 ± 0.10 - - 

MDMA D D D D D D D D D D 

Medroxyprogesterone - - - - 0.77 ± 0.06 0.49 ± 0.03 - - - - 

Mefenamic acid D D D D D D D D D D 

Memantine 2.49 ± 1.00 2.55 ± 0.03 D D D D D D D D 

Mephedrone - - D D 0.36 ± 0.40 0.11 ± < 0.01 D D D D 

Methamphetamine D D D D D D D D D D 

Methylphenidate 0.09 ± 0.04 0.07 ± < 0.01 D D D D 0.14 ± 0.04 0.16 ± < 0.01 D D 

Metoprolol 0.3 ± 0.04 0.22 ± 0.01 0.09 ± 0.02 0.13 ± < 0.01 0.65 ± 0.07 0.31 ± 0.01 0.43 ± 0.07 0.57 ± 0.01 0.19 ± 0.04 0.34 ± 0.02 

Nadolol - - < LLOQ < LLOQ 0.04 ± < 0.01 < LLOQ < LLOQ 0.04 ± < 0.01 0.04 ± 0.01 0.06 ± < 0.01 

Nicotine D D D D D D D D D D 

Nordiazepam 0.68 ± 0.05 0.62 ± 0.02 0.09 ± 0.05 0.14 ± < 0.01 0.58 ± 0.07 0.25 ± 0.02 0.48 ± 0.06 0.59 ± 0.02 0.24 ± 0.04 0.38 ± 0.01 

Nortriptyline D D D D 0.81 ± 0.20 0.37 ± 0.02 D D 0.46 ± 0.08 0.43 ± 0.01 

Orphenadrine 0.08 ± 0.01 0.05 ± < 0.01 D D 0.18 ± 0.03 0.09 ± < 0.01 0.1 ± 0.03 0.12 ± 0.01 -* 0.08 ± < 0.01 

Oxazepam D D D D D D 4.39 ± 0.39 4.74 ± 0.20 D D 

Oxycodone 0.26 ± 0.03 0.21 ± 0.02 0.14 ± 0.02 0.17 ± 0.01 0.50 ± 0.04 0.29 ± < 0.01 0.32 ± 0.06 0.3 ± 0.02 0.32 ± 0.03 0.43 ± < 0.01 

Pirenzipine 0.58 ± 0.05 0.47 ± < 0.01 0.44 ± 0.05 0.53 ± 0.02 1.44 ± 0.10 0.85 ± 0.04 0.87 ± 0.14 1.07 ± 0.02 0.43 ± 0.04 0.65 ± < 0.01 

Prometon - - - - - - < LLOQ - - - 

Prometryn < LLOQ - - < LLOQ - - - - - - 

Propamocarb < LLOQ < LLOQ - - - - - - - - 

Propranolol D D 0.79 ± 0.60 1.57 ± 0.01 D D D D D D 

Propazine D D - < LLOQ 0.18 ± 0.02 < LLOQ < LLOQ < LLOQ - < LLOQ 

Risperidone - - - - - - 0.09 ± 0.02 0.09 ± < 0.01 - - 

Rizatriptan - - - - - - 0.03 ± < 0.01 0.04 ± < 0.01 - - 

Roxithromycin 0.05 ± 0.01 < LLOQ - < LLOQ 0.14 ± 0.01 0.07 ± < 0.01 0.14 ± 0.02 0.16 ± 0.02 0.04 ± 0.01 0.07 ± < 0.01 

Salbutamol 0.52 ± 0.09 0.45 ± 0.01 0.19 ± 0.10 0.29 ± 0.02 1.60 ± 0.16 0.87 ± 0.01 1.23 ± 0.25 1.37 ± 0.09 0.62 ± 0.09 0.85 ± 0.01 

Salicylic acid D D D D D D D D D D 

Sertraline D D D D D D D D D D 

Simazine D D 0.26 ± 0.02 0.37 ± 0.01 D D < LLOQ 0.57 ± 0.03 0.24 ± 0.05 0.39 ± 0.01 

Spiramycin - - - - - - - < LLOQ D D 

Sulfamerazine - - D D - - - - - - 
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Table A1.16. continued           

Compound 
August September October November December 

Cationa Multiplexedb Cationa Multiplexedb Cationa Multiplexedb Cationa Multiplexedb Cationa Multiplexedb 

Sulfamethazine - - - - 0.08 ± 0.02 0.05 ± 0.01 < LLOQ < LLOQ 0.03 ± 0.01 0.05 ± 0.03 

Sulfamethoxazole D D D D 2.41 ± 0.10 1.71 ± 0.03 1.62 ± 0.20 1.69 ± 0.02 1.59 ± 0.10 1.99 ± 0.01 

Sulfamonomethoxine - - - - 0.5 ± 0.04 0.21 ± 0.02 0.3 ± 0.06 0.36 ± 0.07 0.32 ± 0.07 0.4 ± 0.03 

Sulfapyridine D D D D D D D D D D 

Tamsulosin 0.14 ± 0.01 0.11 ± 0.01 < LLOQ 0.05 ± < 0.01 0.31 ± 0.05 0.14 ± 0.01 0.21 ± 0.03 0.27 ± < 0.01 0.07 ± 0.01 0.13 ± 0.01 

Temazepam D D D D D D 4.88 ± 0.60 5.46 ± 0.09 D D 

Terbutryn D D - 0.36 ± 0.01 1.85 ± 0.10 -* -* -* D D 

Thiacloprid - - 0.02 ± < 0.01 0.02 ± < 0.01 - - - - - - 

Timolol 0.15 ± 0.01 0.13 ± < 0.01 0.05 ± 0.01 0.07 ± < 0.01 0.24 ± 0.03 0.12 ± < 0.01 0.17 ± 0.02 0.22 ± < 0.01 0.07 ± 0.01 0.11 ± 0.01 

Tramadol D D D D D D D D D D 

Trimethoprim D D D D D D D D D D 

Valsartan 0.24 ± 0.02 0.23 ± 0.08 0.21 ± 0.02 0.26 ± 0.02 0.48 ± 0.04 0.39 ± 0.02 0.35 ± 0.04 0.42 ± 0.04 0.42 ± 0.03 0.5 ± 0.01 

Venlafaxine D D D D D D D D D D 

Verapamil 0.4 ± 0.01 0.28 ± 0.01 0.06 ± 0.02 0.08 ± < 0.01 0.58 ± 0.08 0.22 ± 0.01 1.07 ± 0.20 1.17 ± 0.04 0.15 ± 0.05 0.34 ± < 0.01 

Warfarin 0.19 ± 0.03 0.20 ± 0.04 0.13 ± 0.02 0.14 ± 0.01 0.08 ± 0.01 0.07 ± < 0.01 0.11 ± 0.01 0.11 ± 0.02 0.06 ± 0.01 0.07 ± 0.01 
a n = 3; b n = 1; < LLOQ: concentration was below the LLOQ of the method; D: compounds that were not able to be quantified (R2 < 0.98) but a clear peak was visible; –: not detected;  
*: removed from analysis due to blank contamination 
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Table A1.17. Method performance data for 132 compounds in G. pluex. Refer to Miller et al. 
(2019) for additional method validation data [100]. 

Compound 
Range 
tested 
(ng g-1) 

Linearity 
(R2)  

(n   5) 

LOD 
(ng g-1) 

LLOQ 
(ng g-1) 

4-Fluoromethacationone* 0.5 - 150 0.600 5.2 15.6 

4-Methylethcathinone 2.5 - 150 0.982 1.2 3.7 

Acetamiprid 0.5 - 150 0.985 1.3 3.8 

Aclonifen* 0.5 - 150 0.419 10.7 32.2 

Alprazolam* 0.5 - 150 0.935 1.7 5.1 

Ametryn* 0.5 - 150 0.979 1.3 4.0 

Amlodipine* 0.5 - 150 0.970 1.4 4.3 

Antipyrine 0.5 - 150 0.996 1.1 3.4 

Atorvastatin* 0.5 - 150 0.915 1.9 5.6 

Atrazine 0.5 - 150 0.993 1.2 3.6 

Azithromycin* 0.5 - 150 0.660 4.2 12.7 

Azoxystrobin 0.5 - 150 0.981 1.3 4.0 

Benoxacor* 0.5 - 150 0.340 0.1 0.2 

Benzatropine* 2.5 - 150 0.933 1.5 4.5 

Benzoylecgonine 0.5 - 150 0.994 1.2 3.5 

Betaxolol* 1 - 150 0.917 1.7 5.1 

Bezafibrate* 7.5 - 150 0.907 1.5 4.5 

Bisoprolol 0.5 - 150 0.986 1.3 3.8 

Bupropion 0.5 - 150 0.981 1.3 4.0 

Buspirone 0.5 - 150 0.991 1.2 3.6 

Carazolol* 0.5 - 150 0.971 1.4 4.3 

Carbamazepine* 0.5 - 150 0.878 2.1 6.4 

Carboxine* 10 - 150 0.957 1.3 3.8 

Carfentrazone-ethyl* 2.5 - 150 0.796 2.2 6.6 

Carbamazepine-10,11-epoxide 0.5 - 150 0.996 1.1 3.4 

Celecoxib* 0.5 - 150 0.965 1.5 4.4 

Cilazapril 0.5 - 150 0.989 1.2 3.7 

Citalopram* 0.5 - 150 0.736 3.3 10.0 

Clarithromycin* 0.5 - 150 0.952 1.6 4.7 

Clodinafop-propargyl* 0.5 - 150 0.890 2.0 6.1 

Clofibric acid* 0.5 - 150 0.837 2.4 7.3 

Clopidogrel 0.5 - 150 0.984 1.3 3.9 

Clothianidin* 5 - 150 0.688 2.5 7.6 

Clozapine* 0.5 - 150 0.880 2.1 6.3 

Cocaine* 0.5 - 150 0.978 1.4 4.1 

Cyclouron* 0.5 - 150 0.937 1.7 5.1 

Diazepam 0.5 - 150 0.988 1.2 3.7 

Diclofenac* 0.5 - 150 0.910 1.9 5.7 
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Table A1.17. continued     

Compound 
Range 
tested 
(ng g-1) 

Linearity 
(R2)  

(n   5) 

LOD 
(ng g-1) 

LLOQ 
(ng g-1) 

Diflubenzuron* 0.5 - 150 0.860 2.3 6.8 

Dimethametryn* 0.5 - 150 0.880 2.1 6.3 

Dimethomorph* 0.5 - 150 0.963 1.5 4.5 

Diphenhydramine* 0.5 - 150 0.930 1.7 5.2 

Diuron (DCMU) * 5 - 150 0.435 4.8 14.5 

Enalapril* 0.5 - 150 0.881 2.1 6.3 

Famoxadone* 0.5 - 150 0.849 2.3 7.0 

Fenoxaprop-ethyl* 5 - 150 0.370 6.1 18.3 

Fenuron 0.5 - 50 0.994 1.1 3.4 

Fluocinonide* 7.5 - 150 0.948 1.3 4.0 

Fluoxetine* 0.5 - 150 0.976 1.4 4.1 

Flurochloridone* 1 - 150 0.836 2.2 6.6 

Flutamide 1 - 150 0.982 1.3 3.8 

Flutolanil* 1 - 150 0.860 2.1 6.2 

Fuberidazole* 0.5 - 150 0.871 2.2 6.5 

Hydrochlorothiazide* 0.5 - 150 0.813 2.6 7.9 

Imidacloprid* 0.5 - 150 0.847 2.4 7.1 

Indomethacin* 10 - 150 0.964 1.2 3.7 

Isocarbamid* 1 - 150 0.604 4.2 12.7 

Isradipine* 5 - 150 0.942 1.4 4.2 

Josamycin 0.5 - 150 0.983 1.3 3.9 

Ketamine 0.5 - 150 0.992 1.2 3.6 

Ketoconazole* 0.5 - 150 0.695 3.8 11.4 

Ketotifen* 0.5 - 150 0.887 2.1 6.2 

Levocabastine 0.5 - 150 0.981 1.3 4.0 

Lidocaine 1 - 150 0.997 1.1 3.3 

Lincomycin 0.5 - 150 0.996 1.1 3.4 

Lorazepam 0.5 - 150 0.986 1.3 3.8 

MDMA 0.5 - 150 0.993 1.2 3.5 

Meclizine* 0.5 - 150 0.507 7.3 21.9 

Medroxyprogesterone* 0.5 - 150 0.976 1.4 4.1 

Memantine* 0.5 - 150 0.961 1.5 4.5 

Mephedrone 0.5 - 150 0.997 1.1 3.4 

Mephosfolan* 0.5 - 150 0.859 2.3 6.8 

Methamphetamine 0.5 - 150 0.984 1.3 3.9 

Methcathinone* 0.5 - 150 0.973 1.4 4.2 

Methedrone* 2.5 - 150 0.909 1.6 4.9 

Methylphenidate 0.5 - 150 0.993 1.2 3.6 
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Table A1.17. continued     

Compound 
Range 
tested 
(ng g-1) 

Linearity 
(R2)  

(n   5) 

LOD 
(ng g-1) 

LLOQ 
(ng g-1) 

Metoprolol 0.5 - 150 0.981 1.3 4.0 

Morphine* 2.5 - 150 0.951 1.4 4.3 

Nadolol 0.5 - 150 0.991 1.2 3.7 

Nifedipine* 10 - 150 0.851 1.6 4.8 

Nitenpyram* 0.5 - 150 0.967 1.5 4.4 

Nordiazepam 0.5 - 150 0.983 1.3 3.9 

Nortriptyline 7.5 - 150 0.983 1.2 3.5 

Orphenadrine* 7.5 - 150 0.825 1.8 5.4 

Oxamyl 0.5 - 150 0.992 1.2 3.6 

Oxazepam 0.5 - 150 0.986 1.3 3.8 

Oxycarboxin* 0.5 - 150 0.836 2.4 7.3 

Oxycodone* 0.5 - 150 0.937 1.7 5.1 

Picoxystrobin* 0.5 - 150 0.969 1.4 4.3 

Piperophos* 0.5 - 150 0.893 2.0 6.0 

Pirenzipine 0.5 - 150 0.995 1.2 3.5 

Pretilachlor* 5 - 150 0.764 2.2 6.5 

Prometon 0.5 - 150 0.996 1.1 3.4 

Prometryn 0.5 - 150 0.988 1.2 3.7 

Propamocarb* 0.5 - 150 0.912 1.9 5.6 

Propranolol 0.5 - 150 0.981 1.3 4.0 

Propazine 1 - 150 0.989 1.2 3.6 

Pymetrozine* 0.5 - 150 0.951 1.6 4.7 

Pyracarbolid 1 - 150 0.980 1.3 3.9 

Pyraclostrobin* 5 - 150 0.934 1.4 4.3 

Pyraflufen-ethyl* 5 - 150 0.585 3.2 9.6 

Risperidone* 2.5 - 150 0.967 1.3 4.0 

Rizatriptan 0.5 - 150 0.984 1.3 3.9 

Ronidazole* 0.5 - 150 0.975 1.4 4.1 

Roxithromycin* 2.5 - 150 0.967 1.3 4.0 

Salbutamol* 0.5 - 150 0.971 1.4 4.2 

Simazine 0.5 - 150 0.985 1.3 3.9 

Spinosyn A* 1 - 150 0.961 1.4 4.3 

Spinosyn D* 5 - 150 0.936 1.4 4.3 

Spiramycin* 0.5 - 150 0.773 3.0 9.0 

Sulfadimethoxine 0.5 - 150 0.982 1.3 3.9 

Sulfamethazine 0.5 - 150 0.989 1.2 3.7 

Sulfamethoxazole 7.5 - 150 0.994 1.1 3.3 

Sulfamonomethoxine 0.5 - 150 0.992 1.2 3.6 
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Table A1.17. continued     

Compound 
Range 
tested 
(ng g-1) 

Linearity 
(R2)  

(n   5) 

LOD 
(ng g-1) 

LLOQ 
(ng g-1) 

Sulfapyridine 0.5 - 150 0.987 1.3 3.8 

Sulfathiazole* 0.5 - 150 0.966 1.5 4.4 

Sulfisoxazole 0.5 - 150 0.990 1.2 3.7 

Tacrine 0.5 - 150 0.988 1.3 3.8 

Tamsulosin 0.5 - 150 0.988 1.2 3.7 

Temazepam 0.5 - 150 0.990 1.2 3.7 

Terfenadine* 0.5 - 150 0.950 1.6 4.8 

Thiacloprid* 0.5 - 150 0.974 1.4 4.2 

Thiamethoxam* 0.5 - 150 0.947 1.6 4.8 

Thiazopyr* 0.5 - 150 0.851 2.3 7.0 

Timolol 0.5 - 150 0.991 1.2 3.6 

Tramadol* 0.5 - 150 0.922 1.8 5.4 

Trimethoprim* 0.5 - 150 0.978 1.4 4.1 

Valsartan* 5 - 150 0.976 1.2 3.7 

Venlafaxine* 0.5 - 150 0.973 1.4 4.2 

Verapamil 0.5 - 150 0.983 1.3 3.9 

Warfarin 0.5 - 150 0.986 1.3 3.8 

Ziprasidone* 0.5 - 150 0.935 1.7 5.1 

* LOD and LLOQs should be considered semi-quantitative due to poor linearity performance 

(R2  0.98). Refer to Miller et al. for additional method validation data [100] 
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Table A1.18. Mean concentration ± standard deviation (ng g-1) of contaminants found in each G. pulex collection throughout the 6-month study. 

Compound 
July August September October November December 

Deploy Mid Retrieve Mid Retrieve Extra Deploy Mid Retrieve Extra Deploy Retrieve Extra Deploy Mid Retrieve Extra Deploy Mid Retrieve 

Acetamiprid < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ - < LLOQ - - - - - - - - - < LLOQ - 
Amitriptyline D D D D D D D D D D D D D D D D D D D D 
Amlodipine 12 ± 2 15 ± 3 20 ± 10 14 ± 5 12 ± 5 10 ± 4 13 ± 4 13 ± 3 11 ± 3 12 ± 3 15 ± 2 13 ± 6 25 ± 10 13 ± 6 13 ± 2 12 ± 4 18 ± 10 14 ± 4 13 ± 1 11 ± 2 
Amphetamine D D D D D D D D D D D D D D D D D D D D 
Antipyrine 10 ± 4 6 ± 4 10 ± 1 < LLOQ < LLOQ - - 12 ± 6 16 ± 2 < LLOQ 5 ± 2 6 ± 1 5 ± 2 < LLOQ 10 ± 6 - 4 ± 2 D D D 
Azithromycin D D D D D D D D D D D D D D D D D D D D 
Azoxystrobin < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ - - - 
Benoxacor D D D D D D D D D D D D D D D D D D D D 
Benzatropine - 5 ± 2 9 ± 2 < LLOQ - - - - - < LLOQ - - < LLOQ - - - < LLOQ - - - 
Carbamazepine < LLOQ 10 ± 1 9 ± 0 9 ± 2 7 ± 1 < LLOQ < LLOQ 14 ± 7 15 ± 7 10 ± 2 9 ± 2 13 ± 0.5 8 ± 3 12 ± 10 7 ± 1 11 ± 5 11 ± 6 8 ± 1 17 ± 10 22 ± 10 
Carbamazepine-10,11-epoxide - < LLOQ < LLOQ - < LLOQ - - < LLOQ < LLOQ - < LLOQ < LLOQ < LLOQ - - - - - - - 
Citalopram 112 ± 8 127 ± 10 112 ± 20 101 ± 20 106 ± 9 99 ± 1 106 ± 4 100 ± 10 94 ± 10 104 ± 9 96 ± 3 104 ± 20 107 ± 20 87 ± 7 90 ± 10 80 ± 10 100 ± 10 D D D 
Clarithromycin 8 ± 2 12 ± 1 8 ± 0.05 7 ± 1 8 ± 3 9 ± 1 7 ± 2 9 ± 2 6 ± 1 7 ± 2 7 ± 1 8 ± 0.8 16 ± 5 10 ± 2 11 ± 1 9 ± 4 9 ± 1 11 ± 2 12 ± 1 9 ± 2 
Clopidogrel 6 ± 0.5 6 ± 1 6 ± 0.05 5 ± 2 5 ± 1 < LLOQ 5 ± 0 < LLOQ < LLOQ 6 ± 1 10 ± 1 6 ± 0.5 11 ± 2 7 ± 1 6 ± 1 6 ± 3 8 ± 1 8 ± 1 10 ± 2 7 ± 1 
Clothianidin 101 ± 4 39 ± 33 59 ± 4 9 ± 3 < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ D D D 
Clozapine < LLOQ 8 ± 4 10 ± 6 14 ± 5 14 ± 5 8 ± 1 9 ± 2 10 ± 4 < LLOQ 11 ± 3 15 ± 3 11 ± 7 28 ± 10 8 ± 3 11 ± 2 8 ± 4 9 ± 3 11 ± 2 9 ± 1 7 ± 2 
Cocaine - < LLOQ - - - - - - - < LLOQ - < LLOQ - - - - - - - - 
Cycloxyidim D D D D D D D D D D D D D D D D D D D D 
Diclofenac 11 ± 2 14 ± 2 14 ± 8 7 ± 2 10 ± 2 < LLOQ 9 ± 1 < LLOQ < LLOQ 16 ± 5 < LLOQ < LLOQ 14 ± 8 6 ± 1 < LLOQ < LLOQ 6 ± 2 D D D 
Diphenhydramine 14 ± 2 14 ± 3 20 ± 5 12 ± 3 14 ± 2 13 ± 1 10 ± 3 14 ± 3 11 ± 2 13 ± 4 10 ± 2 10 ± 0.4 15 ± 5 8 ± 1 10 ± 2 7 ± 3 13 ± 2 9 ± 3 14 ± 1 9 ± 1 
Fenoxaprop-ethyl D D D D D D D D D D D D D D D D D D D D 
Fluoxetine 33 ± 7 33 ± 7 49 ± 30 40 ± 10 45 ± 30 34 ± 3 29 ± 6 35 ± 20 29 ± 8 41 ± 7 34 ± 3 35 ± 20 64 ± 20 24 ± 10 26 ± 5 23 ± 8 31 ± 20 24 ± 3 22 ± 2 22 ± 4 
Flutamide < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ - < LLOQ < LLOQ - - < LLOQ < LLOQ < LLOQ - < LLOQ - - - - - 
Gemfibrozil D D D D D D D D D D D D D D D D D D D D 
Imidacloprid 49 ± 7 55 ± 10 51 ± 10 73 ± 5 69 ± 10 46 ± 4 72 ± 6 71 ± 8 66 ± 6 84 ± 7 57 ± 10 55 ± 4 58 ± 6 55 ± 10 48 ± 4 47 ± 7 60 ± 5 86 ± 10 72 ± 5 77 ± 10 
Isocarbamid D D D D D D D D D D D D D D D D D - - - 
Ketamine - - - - < LLOQ - - - < LLOQ < LLOQ < LLOQ - < LLOQ - - - < LLOQ < LLOQ < LLOQ < LLOQ 
Ketoconazole - - - - - - - - - - - - - - - - - 20 ± 4 20 ± 3 13 ± 2 
Lidocaine < LLOQ < LLOQ < LLOQ 9 ± 8 < LLOQ - 52 ± 9 < LLOQ < LLOQ 12 ± 8 < LLOQ < LLOQ < LLOQ 13 ± 10 < LLOQ 31 ± 20 4 ± 1 19 ± 10 7 ± 0.1 8 ± 3 
Lincomycin 6 ± 1 10 ± 7 4 ± 4 5 ± 2 7 ± 2 8 ± 2 < LLOQ 8 ± 4 5.0 ± 0.1 5 ± 3 7 ± 3 14 ± 0.1 6 ± 1 5 ± 2 7 ± 2 4 ± 2 7 ± 0.5 - - - 
Meclofenamic acid D D D D D D D D D D D D D D D D D D D D 
Methamphetamine < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 
Nicotine D D D D D D D D D D D D D D D D D - - - 
Norethisterone D D D D D D D D D D D D D D D D D D D D 
Nortriptyline 6 ± 1 8 ± 1 12 ± 6 12 ± 5 9 ± 4 6 ± 0.02 6 ± 1 7 ± 3 5 ± 1 6 ± 3 7 ± 1 7 ± 5 12 ± 4 5 ± 2 5 ± 1 5 ± 2 7 ± 3 D D D 
Orphenadrine D D D D D D D D D D D D D D D D D - - - 
Oxamyl - - - 10 ± 4 - 13 ± 1 14 ± 2 - - 4 ± 4 - - - 4 ± 3 - 14 ± 10 - 34 ± 20 < LLOQ 30 ± 2 
Oxazepam < LLOQ < LLOQ - < LLOQ < LLOQ - - < LLOQ < LLOQ - < LLOQ - < LLOQ - < LLOQ < LLOQ < LLOQ < LLOQ - - 
Piperophos - - - - - - - - - - - - - - - - - D D D 
Pretilachlor - - - - - - - - - - - - - - - - - D D D 
Propanolol 10 ± 2 13 ± 2 14 ± 3 11 ± 4 8 ± 1 7 ± 3 7 ± 2 8 ± 3 7 ± 1 9 ± 2 8 ± 2 5 ± 0.1 9 ± 4 6 ± 2 6 ± 1 6 ± 3 9 ± 3 9 ± 2 8 ± 1 7 ± 2 
Pyraflufen-ethyl D D D D D D D D D D D D D D D D D D D D 
Risperidone - 5 ± 3 < LLOQ < LLOQ - - - - - - < LLOQ - - - - < LLOQ - - - - 
Salicylic acid D D D D D D D D D D D D D D D D D D D D 
Sertraline D D D D D D D D D D D D D D D D D D D D 
Spiramycin D D D D D D D D D D D D D D D D D D D D 
Sulfadimethoxine < LLOQ < LLOQ - < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ - - - 
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Table A1.18. continued                     

Compound 
July August September October November December 

Deploy Mid Retrieve Mid Retrieve Extra Deploy Mid Retrieve Extra Deploy Retrieve Extra Deploy Mid Retrieve Extra Deploy Mid Retrieve 

Sulfamerazine D D D D D D D D D D D D D D D D D D D D 
Sulfamethoxazole 23 ± 20 25 ± 20 24 ± 30 14 ± 10 40 ± 30 14 ± 0.5 16 ± 6 5 ± 3 15 ± 20 9 ± 7 8 ± 5 7 ± 4 13 ± 3 12 ± 8 11 ± 6 24 ± 20 50 ± 20 13 ± 10 16 ± 20 6 ± 5 
Sulfapyridine < LLOQ < LLOQ < LLOQ 6 ± 3 8 ± 2 8 ± 1 6 ± 1 6 ± 2 7 ± 2 6 ± 3 < LLOQ 4 ± 1 < LLOQ 4 ± 2 < LLOQ < LLOQ 5 ± 3 4 ± 1 4 ± 2 4 ± 2 
Sulfathiazole 9 ± 1 10 ± 3 5 ± 0.2 40 ± 9 25 ± 20 37 ± 6 34 ± 6 9 ± 6 6 ± 5 46 ± 30 5 ± 1 6 ± 1 7 ± 4 45 ± 30 7 ± 2 30 ± 10 < LLOQ 18 ± 4 19 ± 9 16 ± 9 
Temazepam < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ - < LLOQ < LLOQ - < LLOQ - < LLOQ - < LLOQ < LLOQ < LLOQ - 
Thiacloprid - - < LLOQ - - - - < LLOQ < LLOQ - < LLOQ - - - - - - - - - 
Tramadol < LLOQ < LLOQ - < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ - < LLOQ - < LLOQ < LLOQ - < LLOQ - < LLOQ < LLOQ < LLOQ - 
Trimethoprim < LLOQ < LLOQ - - < LLOQ 6 ± 1 6 ± 1 < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ 5 ± 1 10 ± 1 4 ± 1 
Venlafaxine 6 ± 1 7 ± 1 6 ± 1 6 ± 3 < LLOQ 6 ± 0.4 5 ± 1 6 ± 1 6 ± 1 9 ± 0.4 8 ± 1 6 ± 0.1 13 ± 1 5 ± 1 7 ± 1 5 ± 1 6 ± 1 7 ± 0.3 6 ± 0.5 6 ± 0.5 
Verapamil - - - - - - - - - - - - - - - - - < LLOQ < LLOQ - 
Warfarin 24 ± 11 25 ± 3 15 ± 15 9 ± 9 13 ± 6 8 ± 5 11 ± 1 10 ± 2 9 ± 2 11 ± 4 < LLOQ < LLOQ 6 ± 2 < LLOQ < LLOQ < LLOQ 4 ± 2 D D D 

< LLOQ: concentration was below the LLOQ of the method; D: compounds that were not able to be quantified (R2 < 0.98) but a clear peak was visible; –: not detected. 
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Table A1.19. Values used to calculate the toxic and effect units as per Eqn. 5.4 and 5.5 in Chapter 5. 
References for values are indicated. 

Pesticide 
Toxic units 

EC50 (mg L-1) BCF EC50int 

Acetamiprid 27.5 [371] 22 [366] 605,880 

Atenolol 313 [371] 3 [366] 939,000 

Atrazine 26.3 [371] 10 [366] 263,000 

Azoxystrobin 0.3 [371] 17 [366] 4,403 

Bentazone 32 [371] 13 [366] 416,000 

Boscalid 5.3 [371] 240 [366] 1,279,200 

Clothianidin Refer to Table 5.2 

Cyprodinil 0.03 [371] 240 [366] 7,680 

Cyromazine 5.1 [371] 3 [366] 15,240 

Diazinon 7.3x10-11 [371] 171 [366] 1.2x10-5 

Diuron 0.09 [371] 23 [366] 2,093 

Epoxiconazole 5.3 [371] 70 [366] 371,000 

Fipronil 0.03 [371] 240 [366] 8,352 

Flufenacet 30.9 [371] 58 [366] 1,792,200 

Ibuprofen 34.1 [371] 3 [366] 102,300 

Imidacloprid Refer to Table 5.2 

Oxamyl Refer to Table 5.2 

Perfluorobutane sulfonate 2,183 [371] 3 [366] 6,549,000 

Perfluorooctane sulfonate 23.4 [371] 56 [366] 1,310,960 

Prometryn 9.7 [371] 48 [366] 465,600 

Propamocarb 423 [371] 6 [366] 2,538,000 

Propazine 11 [371] 12 [366] 132,000 

Propiconazole 4.8 [371] 146 [366] 700,800 

Propyzamide 5.6 [371] 87 [366] 487,200 

Simazine 1.1 [371] 5 [366] 5,500 

Terbutryn 2.6 [371] 72 [366] 191,520 

Thiacloprid 10.1 [371] 16 [366] 161,600 

Thiamethoxam 126 [371] 3 [366] 378,000 

Triallate 0.08 [371] 695 [366] 55,600 

Triclosan 0.05 [371] 368 [366] 18,105 

PPCPs 
Effect units 

LogDpH 7.4
a HtPC (mg L-1) PCcrit (mg L-1) 

Amitriptyline 2.95 - 4.8x10-5 [368] 

Amlodipine Refer to Table 5.2 

Amphetamine -0.62 0.02 4.3x10-7 [421] 

Antipyrine Refer to Table 5.2 

Atazanavir 4.61 0.2 4.9x10-10 [421] 

Atorvastatin 1.26 0.01 6.4x10-9 [421] 

Azithromycin 1.36 - 1.3x10-3 [368] 
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Table A1.19. continued    

PPCPs 
Effect units 

LogDpH 7.4
a HtPC (mg L-1) PCcrit (mg L-1) 

Benzatropine Refer to Table 5.2 

Benzoylecgonine -0.21 0.1 1.1x10-6 [373] 

Bezafibrate -0.11 - 8.9x10-2 [368] 

Bisoprolol 0.12 - 3.5x10-3 [368] 

Bupropion 2.88 - 1.2x10-4 [368] 

Buspirone 2.59 - 1.6x10-3 [368] 

Carbamazepine Refer to Table 5.2 

Carbamazepine-10,11-epoxide 6.09 0.4 9.5x10-11 [422] 

Celecoxib 3.24 - 2.6x10-2 [368] 

Cetirizine -0.55 - 4.2x10-1 [368] 

Citalopram Refer to Table 5.2 

Clarithromycin Refer to Table 5.2 

Clopidogrel Refer to Table 5.2 

Clopidol -0.06 5.3 4.4x10-5 [423] 

Clozapine Refer to Table 5.2 

Cocaine 1.21 0.05 5.0x10-8 [373] 

Diazepam 2.92 - 1.6x10-2 [368] 

Diclofenac Refer to Table 5.2 

Diphenhydramine Refer to Table 5.2 

Fluoxetine Refer to Table 5.2 

Flurbiprofen 0.68 5 1.2x10-5 [373] 

Furosemide -0.78 - 1.5x10-1 [368] 

Hydrochlorothiazide -0.01 - 3.6x10-1 [368] 

Irbesartan 1.24 - 5.0x10-5 [368] 

Ketamine 2.07 - 4.0x10-2 [368] 

Ketoconazole Refer to Table 5.2 

Lamotrigine 1.68 - 1.4 [368] 

Levocabastine 1.98 - 1.9x10-4 [368] 

Lidocaine Refer to Table 5.2 

Lincomycin Refer to Table 5.2 

Lorazepam 2.49 - 2.7x10-3 [368] 

MDMA -0.77 0.1 2.8x10-6 [373] 

Medroxyprogesterone 3.52 - 2.1x10-6 [368] 

Memantine 0.56 - 2.2x10-3 [368] 

Mephedrone 1.59 135 7.1x10-5 [424] 

Methamphetamine -0.57 0.1 2.0x10-6 [373] 

Methylphenidate 0.26 - 6.9x10-4 [368] 

Metoprolol -0.25 - 1.5x10-2 [368] 

Nadolol -0.86 0.01 3.2x10-7 [373] 
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Table A1.19. continued     

PPCPs 
Effect units 

LogDpH 7.4
a HtPC (mg L-1) PCcrit (mg L-1) 

Nicotine -0.37 0.01 7.1x10-8 [373] 

Nordiazepam 2.94 0.1 6.5x10-9 [373] 

Nortriptyline Refer to Table 5.2 

Orphenadrine 2.71 - 1.6x10-3 [368] 

Oxazepam 2.06 - 3.1x10-2 [368] 

Oxycodone 0.45 - 1.2x10-2 [368] 

Pirenzipine 0.03 50 3.6x10-4 [425] 

Propranolol Refer to Table 5.2 

Risperidone Refer to Table 5.2 

Rizatriptan 0.04 - 6.7x10-2 [368] 

Roxithromycin 2.8 - 3.2x10-1 [368] 

Salbutamol -1.52 - 2.8x10-2 [368] 

Sertraline 3.14 - 5.1x10-5 [368] 

Spiramycin 0.45 0.4 1.4x10-6 [373] 

Sulfadimethoxine -0.49 51 8.8x10-4 [426] 

Sulfamethazine 0.3 0.6 2.6x10-6 [373] 

Sulfamethoxazole Refer to Table 5.2 

Sulfamonomethoxine -1.31 58 4.0x10-3 [427] 

Sulfathiazole Refer to Table 5.2 

Tamsulosin 0.77 3.0x10-3 6.2x10-9 [373] 

Telmisartan 4.01 0.01 5.4x10-11 [373] 

Temazepam 2.11 0.02 4.4x10-9 [373] 

Terfenadine 3.66 0.01 1.6x10-10 [373] 

Timolol -0.35 - 2.0x10-3 [368] 

Tramadol 0.52 - 4.8x10-3 [368] 

Trimethoprim Refer to Table 5.2 

Valsartan -0.86 - 1.3x10-2 [368] 

Venlafaxine Refer to Table 5.2 

Verapamil 2.38 - 2.4x10-5 [368] 

Warfarin Refer to Table 5.2 

a Predicted from SMILES using Percepta PhysChem Profiler 
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Table A1.20. Average concentration ± standard deviation of 89 compounds quantified over the entire    
6-month study for each compound.  

Compounds 
HLB 

(ng disk-1) 
Anion 

(ng disk-1) 
Cation 

(ng disk-1) 
G. pulex 
(ng g-1) 

H2O 
(ng L-1) 

4-Methylethcathinone 0.05 ± 0.01 < LLOQ 0.13 ± 0.03 - - 

Acetamiprid 1.15 ± 0.40 2.24 ± 1.80 3.39 ± 1.00 < LLOQ 86 ± 20 

Amitriptyline 1.85 ± 0.30 0.47 ± 0.20 1.08 ± 0.30 D 32 ± 8 

Amlodipine < LLOQ 0.22 ± 0.10 0.92 ± 0.30 14 ± 5 - 

Amphetamine 0.61 ± 0.1 < LLOQ - D - 

Antipyrine 0.1 ± 0.1 0.05 ± 0.02 0.08 ± 0.03 9.1 ± 5.0 - 

Atorvastatin 0.27 ± 0.05 D 2.98 ± 1.00 - 35 ± 20 

Atrazine 0.85 ± 0.40 0.56 ± 0.30 0.78 ± 0.30 - 12 ± 2 

Azithromycin - 0.21 ± 0.05 D D 160 ± 40 

Azoxystrobin 0.1 ± 0.07 0.15 ± 0.20 0.11 ± 0.07 < LLOQ - 

Benzatropine - - - 7.3 ± 1.0 - 

Benzoylecgonine 0.4 ± 0.2 0.08 ± 0.04 0.34 ± 0.20 - 20 ± 7 

Bezafibrate 0.82 ± 0.20 0.63 ± 0.20 0.84 ± 0.40 - - 

Bisoprolol 1 ± 0.5 0.44 ± 0.20 1.11 ± 1.00 - 19 ± 5 

Bupropion 0.05 ± 0.02 < LLOQ < LLOQ - - 

Buspirone < LLOQ 0.07 ± 0.01 0.1 ± 0.02 - - 

Carbamazepine - D D 12.2 ± 7.0 333 ± 100 

Carbamazepine-10,11-epoxide 4.23 ± 2.00 2.06 ± 0.50 4.2 ± 2.0 < LLOQ 47 ± 9 

Celecoxib < LLOQ 0.06 ± 0.03 0.24 ± 0.09 - - 

Citalopram D 2.75 ± 2.00 D 100.2 ± 14.0 259 ± 60 

Clarithromycin D 0.96 ± 1.00 D 9.2 ± 3.0 121 ± 50 

Clopidogrel 1.51 ± 0.40 1.31 ± 1.00 1.9 ± 1.4 7.2 ± 2.0 29 ± 7 

Clothianidin < LLOQ - - 49.5 ± 40.0 - 

Clozapine D 1.21 ± 0.40 D 11.9 ± 6.0 21 ± 5 

Cocaine 0.22 ± 0.08 0.41 ± 0.60 0.29 ± 0.20 < LLOQ 22 ± 20 

Cyromazine - - 1.62 ± 0.20 - 30 ± 6 

Diazepam 0.10 ± 0.03 - 0.10 ± 0.02 - - 

Diclofenac D D D 10.5 ± 5.0 266 ± 40 

Diphenhydramine 2.25 ± 0.60 0.65 ± 0.40 D 11.8 ± 3.0 53 ± 100 

Fluoxetine 0.78 ± 0.30 0.27 ± 0.10 D 33.3 ± 14.0 15 ± 2 

Flurbiprofen 2.34 ± 0.50 - 2.41 ± 0.40 - - 

Hydrochlorothiazide 1.58 ± 0.40 0.85 ± 0.20 2.05 ± 0.80 - - 

Imidacloprid 4.54 ± 2.00 4.71 ± 0.20 3.73 ± 2.00 64 ± 13 66 ± 20 

Isocarbamid - 0.2 ± 0.09 - D - 

Ketamine D 1.97 ± 1.00 D < LLOQ 46 ± 10 

Ketoconazole D < LLOQ D 17.8 ± 4.0 - 

Levamisole 1.47 ± 0.80 0.93 ± 0.50 3.32 ± 1.00 - 53 ± 30 

Levocabastine - - 0.09 ± 0.01 - - 

Lidocaine D 2.09 ± 0.80 D 21.2 ± 17.0 100 ± 30 
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Table A1.20. continued      

Compounds 
HLB 

(ng disk-1) 
Anion 

(ng disk-1) 
Cation 

(ng disk-1) 
G. pulex 
(ng g-1) 

H2O 
(ng L-1) 

Lincomycin 0.15 ± 0.03 0.04 ± 0.01 0.10 ± 0.07 6.8 ± 2.0 - 

Lorazepam < LLOQ - 1.54 ± 0.40 - - 

MDMA 1.02 ± 0.60 0.21 ± 0.09 D - 26 ± 20 

Medroxyprogesterone 1.75 ± 0.80 0.75 ± 0.30 0.7 ± 0.14 - - 

Mefenamic acid D D D D 32 ± 10 

Memantine 0.96 ± 0.30 0.27 ± 0.10 2.5 ± 0.90 - 19 ± 3 

Mephedrone 0.02 ± 0.02 < LLOQ 0.3 ± 0.30 - < LLOQ 

Methamphetamine 0.75 ± 0.60 0.12 ± 0.05 D < LLOQ 20 ± 6 

Methylphenidate 0.1 ± 0.06 0.04 ± 0.01 0.13 ± 0.04 - - 

Metoprolol 0.2 ± 0.07 0.08 ± 0.04 0.33 ± 0.20 - 12 ± 1 

Nadolol < LLOQ - 0.04 ± 0.01 - - 

Nicotine 2.74 ± 0.50 1.92 ± 0.70 D D 240 ± 400 

Nordiazepam 0.34 ± 0.10 0.36 ± 0.20 0.43 ± 0.20 - - 

Nortriptyline 0.42 ± 0.10 0.14 ± 0.10 0.58 ± 0.30 7.5 ± 3.0 < LLOQ 

Orphenadrine 0.16 ± 0.04 0.05 ± 0.02 0.11 ± 0.05 < LLOQ - 

Oxamyl - - - 17.9 ± 13.0 - 

Oxazepam 0.8 ± 0.30 0.77 ± 0.40 4.48 ± 0.40 < LLOQ < LLOQ 

Oxycodone 0.28 ± 0.10 0.12 ± 0.04 0.3 ± 0.1 - - 

Pirenzipine 0.44 ± 0.20 0.09 ± 0.10 0.74 ± 0.40 - 14 ± 2 

Prometryn 0.2 ± 0.1 - < LLOQ - - 

Propamocarb 0.06 ± 0.01 - < LLOQ - < LLOQ 

Propranolol 4.65 ± 0.60 2.27 ± 0.40 0.98 ± 0.70 8.2 ± 2.0 50 ± 9 

Propazine 0.19 ± 0.05 < LLOQ 0.18 ± 0.02 - - 

Risperidone < LLOQ - 0.09 ± 0.03 6.6 ± 0.1 21 ± 8 

Rizatriptan - - 0.03 ± 0.01 - - 

Roxithromycin 0.10 ± 0.06 0.05 ± 0.02 0.10 ± 0.05 - - 

Salbutamol 0.34 ± 0.10 0.06 ± 0.04 0.82 ± 0.50 - 12 ± 1 

Salicylic acid D D D D 294 ± 200 

Sertraline 2.77 ± 0.40 1.14 ± 0.50 D D D 

Simazine 0.64 ± 0.05 0.22 ± 0.10 0.34 ± 0.10 - - 

Spiramycin D 0.22 ± 0.20 < LLOQ D - 

Sulfadimethoxine 0.05 ± 0.01 0.13 ± 0.04 - < LLOQ - 

Sulfamethazine < LLOQ 0.05 ± 0.01 0.05 ± 0.03 - - 

Sulfamethoxazole 2.88 ± 0.80 1.51 ± 0.50 1.86 ± 0.40 17 ± 14.0 34 ± 20 

Sulfamonomethoxine 0.59 ± 0.10 0.49 ± 0.20 0.36 ± 0.1 - < LLOQ 

Sulfapyridine D 1.97 ± 1.00 D 5.5 ± 2.0 104 ± 50 

Sulfathiazole - - - 20.8 ± 17.0 - 

Tamsulosin 0.13 ± 0.09 0.12 ± 0.10 0.16 ± 0.09 - - 

Temazepam 1.46 ± 0.60 1.18 ± 0.70 5.03 ± 0.60 < LLOQ 22 ± 5 
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Table A1.20. continued      

Compounds 
HLB 

(ng disk-1) 
Anion 

(ng disk-1) 
Cation 

(ng disk-1) 
G. pulex 
(ng g-1) 

H2O 
(ng L-1) 

Terbutryn 0.28 ± 0.06 0.52 ± 0.50 1.48 ± 0.80 - 14 ± 4 

Terfenadine - 0.22 ± 0.04 - - - 

Thiacloprid 0.03 ± 0.01 2.24 ± 2.00 0.02 ± 0.001 < LLOQ - 

Thiamethoxam 0.09 ± 0.01 < LLOQ - - - 

Timolol 0.13 ± 0.10 0.15 ± 0.20 0.13 ± 0.07 - - 

Tramadol D 0.47 ± 0.05 D < LLOQ 246 ± 50 

Trimethoprim D 3.36 ± 0.20 D 6.1 ± 2.0 95 ± 20 

Valsartan 0.55 ± 0.09 1.05 ± 1.00 0.35 ± 0.10 - - 

Venlafaxine D 2.31 ± 2.00 D 6.9 ± 2.0 178 ± 30 

Verapamil 0.29 ± 0.30 0.23 ± 0.10 0.44 ± 0.40 < LLOQ 17 ± 2 

Warfarin 0.14 ± 0.07 0.17 ± 0.03 0.11 ± 0.05 11.6 ± 7.0 < LLOQ 

< LLOQ: concentrations below LLOQ; D: compound detected but not quantifiable; - not detected. 

 


