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Drinking water quality 
Polar pesticides 
Environmental monitoring 
Management plan 

A B S T R A C T   

Emerging contaminants such as polar pesticides pose a potential risk to human health due to their presence in 
drinking water. However, their occurrence and fate in drinking water treatment plants is poorly understood. In 
this study we use passive sampling coupled to suspect screening and multivariate analysis to describe pesticide 
fate throughout the treatment stream of an operational drinking water treatment plant. ChemcatcherÒ passive 
sampling devices were deployed at sites (n = 6) positioned at all stages of the treatment stream during 
consecutive deployments (n = 20) over a twelve-month period. Sample extracts (n = 120) were analysed using 
high-resolution liquid chromatography-quadrupole-time-of-flight mass spectrometry and compounds identified 
against a commercially available database. A total of 58 pesticides and transformation products from different 
classes were detected. Statistical analysis of the qualitative screening data was performed to identify clusters of 
pesticides with similar fate during ozonation, granular activated carbon (GAC) filtration, and chlorination. The 
performance of each treatment process was investigated. Adsorption to GAC media was found to account for the 
greatest proportion of pesticide attenuation (average removal of 70% based on detection frequency), however, 
operational performance varied for certain pesticides during periods of episodic and sustained pollution. GAC 
breakthrough occurred for 21 compounds detected in the GAC filtrate. Eleven pesticides were found to occur in 
potable water following treatment. We developed a management plan containing controls, triggers, and re-
sponses, for five pesticides and a metabolite (atrazine, atrazine desethyl, DEET, dichlorobenzamide, metazachlor, 
and propyzamide) prioritised based on their current and future risk to treated water quality.   

1. Introduction 

Pesticides can enter the environment as a consequence of their use 
(Matsushita et al., 2018) leading to the contamination of environmental 
waters (Arsand et al., 2018; Gavrilescu, 2005; Stuart et al., 2012)). The 
chemical profile found can differ substantially and depends on variables 
including, land use, hydrology, geology and topography within the 
catchment (Kiefer et al., 2021; Van Metre et al., 2017). Due to the risk to 
human and environmental health, a priority is placed on identifying the 
constituents of micropollutant mixtures (e.g. pesticides) in environ-
mental waters (Casado et al., 2019; Jones et al., 2015). This is often 
undertaken at regional and national scales using a number of different 
monitoring methods (Mathon et al., 2022; Schreiner et al., 2016; 

Tsaboula et al., 2019). This risk is more acute during drinking water 
treatment where threshold concentrations are set for pesticides, and 
hence various treatment processes have been adopted to remove pesti-
cides (Dong et al., 2021; Elfikrie et al., 2020; EPA, 2011; Matsushita 
et al., 2018; Ormad et al., 2008; Reemtsma et al., 2016). 

In the UK and EU, the drinking water quality standard (DWQS) for 
individual pesticides and pesticide transformation products (TPs) is 0.1 
μg L− 1 (single pesticide), and 0.5 μg L− 1 for the sum of pesticides present 
(European Commission, 2020; Pietrzak et al., 2019). Supply of potable 
water is heavily regulated within a legislative framework defining a 
risk-based approach founded on the precautionary principle (Keirle and 
Hayes, 2007). Drinking water safety plans specifying critical limits for 
pesticides at control points throughout the water supply system are 
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compiled and maintained. Control measures must then be determined, 
validated, and monitored to ensure potable water is wholesome (van den 
Berg et al., 2019). Treatment alone cannot be relied upon to remove 
pesticides occurring in raw waters owing to the recalcitrance of many 
compounds during conventional and advanced treatment processes, for 
example metaldehyde, and the prohibitive capital and operational cost 
of implementing further treatment (Morton et al., 2020). Mitigation of 
pesticide pollution through catchment interventions to reduce pesticide 
migration from the point of application is a more economical alternative 
currently favoured by water utilities (UKWIR, 2015). 

Monitoring is performed to establish variation in pesticide occur-
rence and fate associated with event driven pollution and long-term 
trends (Schreiner et al., 2016). Monitoring typically comprises discrete 
spot sampling coupled to quantitative analysis of an a priori target 
measurement suite (Jones et al., 2015). Analysis of environmental 
samples can routinely detect trace concentrations of aqueous pesticides 
(ng L− 1 to μg L− 1) (Schäfer et al., 2019). These sampling and analytical 
methods have recognised limitations impeding their utility within 
pesticide monitoring (Reemtsma et al., 2016). Spot sampling only pro-
vides a “snap shot” at the time of sample collection, lacking the temporal 
resolution to accurately describe pesticide flux. Furthermore, a priori 
measurement suites neglect pesticides not included, despite the poten-
tial presence of such pesticides (Poulier et al., 2015). Increasing the 
resolution of spot sampling is prohibitively expensive, demanding 
considerable resource and expertise. Likewise, expanding the target 
measurement suite requires the adoption of additional sample extraction 
and enrichment steps, in addition to development of the instrumental 
method (Reemtsma et al., 2016). 

Comprehensive methods for pesticide monitoring that overcome 
these limitations are needed (Moschet et al., 2014). Consequently, 
passive sampling is increasingly used as an alternative, or to comple-
ment spot water sampling (Taylor et al., 2020a, 2020b). During passive 
sampling, freely dissolved pesticides are sequestered in the receiving 
phase of the passive sampling device (PSD) during in situ deployment in 
sampled waters. Passive sampling and its advantages are described 
elsewhere (Jones et al., 2015; Taylor et al., 2020b, 2019). Briefly, pas-
sive sampling can be used for quantitative and qualitative monitoring. 
Quantitative monitoring provides time-weighted average (TWA) con-
centrations calculated using compound specific sampling rates and the 
sampled mass of analyte. Qualitative monitoring can be used to deter-
mine the presence or absence of a compound in the sample matrix. Here, 
the abundance of the compound measured as the integrated peak area 
on the analytical instrument is used for this purpose (Gravell et al., 
2020). Chemcatcher® and polar organic chemical integrative sampler 
(POCIS) PSDs have previously been deployed in drinking water treat-
ment plants (Castle et al., 2019; Escher et al., 2011; Sultana et al., 2018). 

The desire for more comprehensive analytical methods has encour-
aged the qualitative application of PSDs in suspect and non-target 
screening approaches (Guibal et al., 2015; Pinasseau et al., 2019; 
Renaud et al., 2021; Rimayi et al., 2019; Taylor et al., 2021, 2020a). 
Qualitative screening can substantially expand the size of the mea-
surement suite (Taylor et al., 2021, 2020a). However, affinity, selec-
tivity and sensitivity should be confirmed for the PSD configuration and 
monitored pesticides prior to use in qualitative monitoring. High per-
formance liquid chromatography coupled to high-resolution mass 
spectrometry (LC–HRMS) allows for routine screening of environ-
mental samples (Castro et al., 2021; Gravell et al., 2020; Perkins et al., 
2021; Wiest et al., 2021). Suspect screening has been simplified 
following the availability of turn-key software and hardware packages, 
which allow for predefined suspect lists and automated post acquisition 
processing (Pinasseau et al., 2019; Rimayi et al., 2019; Taylor et al., 
2020a). 

In this study, Chemcatcher® PSDs were deployed at six sites over a 
twelve-month period (20 consecutive separate deployments) in a 
drinking water treatment plant (DWTP) in South East England. PSD 
extracts were analysed without a priori knowledge of pesticides present 

using a suspect screening approach to identify polar pesticides. A 
filtering procedure was manually applied to the workflow to increase 
confidence in pesticide identification. K-means clustering was applied to 
reduce data complexity and highlight similarities in fate within and 
between groups of pesticides during several drinking water treatment 
processes. 

Our approach, combining long-term passive sampling for polar 
pesticides and multivariate statistical analysis at representative sites in a 
DWTP process stream, has not been attempted previously. This research 
will enable water utilities to (1) select pesticides for mitigation through 
catchment interventions, (2) describe pesticide fate during treatment, 
(3) identify appropriate controls, triggers, and responses for water 
quality management plans, (4) improve the design of future monitoring 
campaigns in river catchments and DWTPs. 

2. Materials and methods 

2.1. Overview of the study DWTP 

The trial was undertaken at six points within a DWTP located in the 
Arun and Western Rother river catchment in South East England. A 
description of the type and position of processes within the treatment 
stream, along with site location is presented in Fig. 1. The locations of 
the six sites were chosen based on the rationale of Stackelberg et al. 
(2007) (i.e. to account for the introduction of raw waters and pesticide 
attenuation during treatment processes). 

The catchment supplying the DWTP has varied hydrology and 
pollution sources. Abstraction occurs from three raw water sources with 
distinct water quality and availability. Two of these sources are surface 
waters with abstraction occurring from two rivers within the catchment, 
whilst the final abstraction is groundwater, occurring from a wellfield on 
the DWTP site. A further description is provided in the supplementary 
material. Operating conditions of processes in the treatment stream (e.g. 
retention time and water treatment chemical dosing of ozone, chlorine, 
polyaluminium chloride, polyacrylamide, and sodium bisulphite) are 
optimised to achieve desired performance in response to water quality 
and are comparable to similar DWTP in the UK. 

2.2. Reagents and glassware 

Solvents were obtained from ThermoFisher Scientific (Lough-
borough, Leicestershire, UK). A Milli-Q® purification system (Merck, 
Burlington, USA) was used to produce the ultra-pure water (UPW) (>
18.0 MΩ•cm @ 25 ◦C) for use in all laboratory procedures. Formic acid 
was obtained from Sigma-Aldrich (Dorset, UK). Glassware was soaked 
overnight in a 5% Decon 90 solution (Decon Laboratories Ltd, Hove, UK) 
and rinsed with UPW followed by methanol (MeOH) prior to use. 

2.3. Chemcatcher® preparation 

A hydrophilic-lipophilic balanced 47 mm Horizon Atlantic™ SPE 
disk (HLB-L) (Biotage, Uppsala, Sweden) with a high affinity for analytes 
over a broad polarity range was used as receiving phase within the 
Atlantic version of the Chemcatcher® (TELabs, Tullow, Ireland), over-
lain with a circular 52 mm diameter polyethersulfone (PES) (Supor® 
200, 0.2 µm pore diameter, Pall Europe Ltd, Portsmouth, UK) diffusion 
membrane. Preparation of the Chemcatcher® used in this work is 
described elsewhere (Taylor et al., 2021, 2020a). Field and blank PSDs 
were prepared using the same procedure. Blank PSDs were included so 
contamination occurring during preparation and deployment of devices 
could be identified. 

2.4. DWTP deployment of PSDs 

Chemcatcher® PSDs were deployed at the six sampling sites (Fig. 1) 
for 20 consecutive deployments over a twelve-month period (March 

A.C. Taylor et al.                                                                                                                                                                                                                               



Water Research 222 (2022) 118865

3

Fig. 1. Sampling sites in the DWTP treatment stream and details of source waters and treatment processes. Coagulant; poly aluminium chloride (PACl), Flocculant; 
polyacrylamide, RGF; rapid gravity filter, GAC; granular activated carbon. 
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2019 to March 2020). Deployments lasted ~ 2–3 weeks, with an average 
duration of 2.5 weeks. Sampling occurred over a year to ensure the ef-
fects of seasonal variability on pesticide occurrence and abundance in 
raw waters and/or removal efficacy during treatment processes were 
captured, e.g. climatic conditions, pesticide usage, operational condi-
tions, and physiochemical status of the raw waters. At each site, two 
samplers were removed from their transport container and placed into 
the deployment enclosure (Fig. S1). 

The deployment enclosure contained a support plate mounting 
(Fig. S2) to which two samplers were secured with the sampling surface 
facing downwards. This was to ensure water exiting the inlet pipe at the 
bottom of the enclosure flowed over the sampling surface. The water 
sample line (containing an adjustable valve) was connected to the top of 
the inlet pipe of each deployment enclosure (Fig. S2). After deployment, 
Chemcatcher® samplers were removed from the deployment enclosure 
and transported to the laboratory in a cool box and stored at ~ 4 ◦C until 
extraction, which usually occurred on the same day. During each 
deployment and retrieval operation, two new PSDs were exposed to 
serve as field blanks. 

2.5. Chemcatcher® extraction 

Exposed and blank Chemcatcher® samplers were disassembled in 
the laboratory. The HLB disk and PES membrane were removed, and the 
latter discarded. The HLB-L disks were then dried (~ 24 h) on MeOH 
rinsed aluminium foil at room temperature, after which they were stored 
at − 18 ◦C, then thawed prior to extraction. Disks were extracted as per 
(Taylor et al., 2021, 2020a). Only one exposed and one blank were 
extracted. The other set of disks were used as back up samples. 

2.6. Instrumental analysis and filtering procedure 

Instrumental analysis of passive sampling extracts was performed 
with liquid chromatography coupled with time-of-flight mass spec-
trometry (LC-Q-TOF) details of which have been reported elsewhere 
(Taylor et al., 2020a) and are given in the SM. Instrument stability and 
mass accuracy was periodically checked through analysis of reference 
standards. HyStar software (rev. 3.2) and Target Analysis for Screening 
and Quantification (TASQ®) 1.4 software (Bruker Daltonics, Bremen, 
Germany), were used for data acquisition and interpretation, respec-
tively. The coupled hardware and software are commercially available 
and optimised for Bruker’s PesticideScreener™ (V2.1) database against 
which samples were screened. The full method has been described 
previously (Taylor et al., 2021, 2020a), with the exception that here the 
theoretical mass accuracy was ± 15 ppm. Any analytes present in the 
mobile phase were removed from the list of analytes found in the 
Chemcatcher® extracts. Analytes present in the field blank were also 
removed if the response was less than three times those of the field 
exposed samplers. Following filtering, a final list of identified pesticides 
was compiled. Details of the removal of pesticides detected in the mobile 
phase and in the field blanks are shown in Table S1. 

2.7. Multi-variate statistical analysis 

Microsoft Excel was used to calculate descriptive statistics of iden-
tified pesticides after transferring outputs from TASQ®. Multivariate 
analysis was performed in Agilent Mass Profiler Professional (MPP, 
B.14.9.1). Data was imported to MPP in a generic format. Pesticide 
abundance (defined as the integrated peak area of the analytical 
instrumental response) were interrogated using K-means clusters. Con-
centrations of the individual pesticides were not calculated as the 
compound specific sampling rate and the mass of analyte sampled were 
not known. Instead, the abundance of the compound measured as the 
integrated peak area on the analytical instrument was used as a surro-
gate for the pesticide concentration in sampled waters. This identified 
trends in fate for identified pesticides and characterised the efficacy of 

removal by treatment processes. Multivariate statistical analysis using 
K-means clustering enabled reduction of data dimensionality so clusters 
within the large data set could be visualised for groups of pesticides 
possessing similar fate throughout treatment processes. For non- 
detections a value of 0 was used, this substitution likely casues vari-
ance to be biased low. The workflow for the instrumental analysis, 
filtering and statistical treatment of data is presented in Fig. S3. 

3. Results and discussion 

3.1. Use of Chemcatcher® 

Sampling was performed at six sites over a twelve-month period. 
This comprised 20 consecutive deployments, totalling 240 deployed 
samplers. All samplers were retrieved, but only one sampler of each 
duplicate was analysed (120 analyses). Fouling on the PES membrane 
was limited to Site 1 (Fig. S2) and varied between deployments. The 
increased fouling at Site 1 was due to the greater turbidity and sus-
pended particulate matter present in raw water. It is possible that 
fouling of devices at this site acted to reduce transport of analytes across 
the PES membrane thus potentially suppressing uptake. As all de-
ployments occurred in uniform enclosures within the treatment stream, 
the dissimilarity in ambient hydrological conditions was expected to be 
low in this work, however, a difference in matrix composition was ex-
pected at each site as a consequence of DWTP treatment. These factors 
were thought to have had only minimal effect on device performance, 
with any variation substantially lower than that observed in surface 
waters, where large variation in ambient conditions is possible (Djomte 
et al., 2018; Taylor et al., 2021, 2020b). As the hydraulic retention time 
of the DWTP was less than 24 h and deployments occurred over ~ 2.5 
weeks, the delay time of travel of water through treatment processes was 
not expected to have a pronounced effect on passive sampling data. 

3.2. Pesticides identified in Chemcatcher® extracts 

Suspect screening identified 58 pesticide compounds (defined as 
actives and other compounds used in pesticide and biocide formula-
tions) (Table 1). Of these pesticides, ~50% have not been monitored 
before in this DWTP. Identified pesticides are those that were amenable 
to the sampling and instrumental methods used in this work and are not 
exhaustive of all the pesticides potentially present. Pesticides not 
amenable to the methods used here include acid herbicides and 
metaldehyde. 

The log Kow of identified pesticides ranged between − 1.83 and 5.9, 
with the exception of merphos (log Kow = 7.67), which was only 
detected twice. This is a similar range to that found by Ahrens et al. 
(2015) (− 1.9 to 5.3) using the POCIS passive sampler containing HLB 
receiving phase and Grodtke et al. (2021) (− 1.74 to 3.77) and Taylor 
et al. (2021) (− 1.0 to 5.9) both using the same configuration of Chem-
catcher® as in this work. 

There was a total of 647 detections within the 120 samples analysed. 
The limits of detection of the method used were unknown and will vary 
between analytes. This could have an influence on the number of de-
tections found amongst the different pesticide classes reported. Passive 
sampling generally has a lower detection limit compared to discrete 
sampling methods, due to in-situ preconcentration (Taylor et al., 2019, 
2020b). Fungicides and herbicides each accounted for 31% (18 com-
pounds) of detected pesticides. Insecticides and TPs each made up just 
16% (9 compounds), with plant growth regulators (PGR) (3 compounds) 
and repellents (1 compound) accounting for 5% and 2% of detected 
pesticides, respectively. 

Herbicides had the most detections (202, 31%), followed by TPs 
(140, 22%), fungicides (138, 21%), and repellents (118, 18%), with 
significantly fewer detections of insecticides (44, 7%) and only 6 de-
tections of PGRs (1%). If the mean detections per compound for each 
pesticide type is calculated, this is greatest for repellents, at 118, solely 
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Table 1 
List of pesticides detected in extracts from the Chemcatcher®, their type, instrumental parameters, and summary of detection at each site and in all samples (range of detections at each site is 0–20 and range of total 
detections (sum of the six sites) is 0–120). Key: Fun = fungicide; Her = herbicide; Ins = insecticide; PGR = plant growth regulator; Rep = repellent; TP = transformation product. CAS = chemical abstract number. RT =
retention time.  

Pesticide Type Composition CAS RT [min] Mass [m/z] Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Total No. of detections % Detection 

2-hydroxyterbuthylazine TP C9H18N5O1+ (66,753–07–9) 5.7 212.1506 3  2 3 1  9 8 
Atrazine Her C8H15ClN51+ (1912–24–9) 8.16 216.101  1 15 13 2 2 33 28 
Atrazine 2-Hydroxy TP C8H16N5O1+ (2163–68–0) 5.03 198.1349    1   1 1 
Atrazine-desethyl TP C6H11ClN51+ (6190–65–4) 5.73 188.0697  1 8 11 2 3 25 21 
Atrazine-desisopropyl TP C5H9ClN51+ (1007–28–9) 4.75 174.0541   2 2   4 3 
Azoxystrobin Fun C22H18N3O51+ (131,860–33–8) 9.02 404.1241 1  1    2 2 
Boscalid Fun C18H13Cl2N2O1+ (188,425–85–6) 9.4 343.0399 6  4 5 1  16 13 
Chlorotoluron Her C10H14ClN2O1+ (15,545–48–9) 7.98 213.0789   1    1 1 
Clomazone (Command) Her C12H15ClNO21+ (81,777–89–1) 8.89 240.0786 1 1 2 3   7 6 
Clothianidin Ins C6H9ClN5O2S1+ (210,880–92–5) 4.9 250.016 6 1 5 5 2  19 16 
Cycluron Her C11H23N2O1+ (2163–69–1) 8.47 199.1805    1   1 1 
Cyproconazole isomer 1 Fun C15H19ClN3O1+ (94,361–06–5) 9.69 292.1211 1  1 2   4 3 
Cyproconazole isomer 2 Fun C15H19ClN3O1+ (94,361–06–5) 10.01 292.1211 1  1 2   4 3 
DEET (Diethyltoluamide) Rep C12H18NO1+ (134–62–3) 8.2 192.1383 20 19 20 19 20 20 118 98 
Dichlorobenzamide TP C7H6Cl2NO1+ (2008–58–4) 4.48 189.9821 19 17 19 18 7 2 82 68 
Dichlorvos Ins C4H8Cl2O4P1+ (62–73–7) 7 220.9532   2 2   4 3 
Dimethomorph isomer 1 Fun C21H23ClNO41+ (110,488–70–5) 9.22 388.131   1 1   2 2 
Dimethomorph isomer 2 Fun C21H23ClNO41+ (110,488–70–5) 9.59 388.131   1 1   2 2 
Dimethylanilin (N.N-) TP C8H12N1+ (121–69–7) 6.04 122.0964 2      2 2 
Diuron Her C9H11Cl2N2O1+ (330–54–1) 8.55 233.0243 1  2 3 1  7 6 
Epoxiconazole Fun C17H14ClFN3O1+ (133,855–98–8) 10.26 330.0804 5  7 4 2  18 15 
Esbiothrin Ins C19H26NO31+ (584–79–2) 12.33 320.222  1     1 1 
Ethoxyquin Fun C14H20NO1+ (91–53–2) 10.11 218.1539 2 2     4 3 
Fluopicolide Fun C14H9Cl3F3N2O1+ (239,110–15–7) 9.5 382.9727  1  3   4 3 
Fluopyram Fun C16H12ClF6N2O1+ (658,066–35–4) 9.86 397.0537 2  1 4   7 6 
Flutriafol Fun C16H14F2N3O1+ (76,674–21–0) 8.12 302.1099    1   1 1 
Fluxapyroxad Fun C18H13F5N3O1+ (907,204–31–3) 9.61 382.0973 6 2 6 6 1  21 18 
Foramsulfuron Her C17H21N6O7S1+ 173,159–57–4 7.37 453.1187 2 1 2 1 2 2 10 8 
Griseofulvin Fun C17H18ClO61+ (126–07–8) 8.04 353.0786 2  3 4   9 8 
Hymexazol Fun C4H6NO21+ (10,004–44–1) 1.3 100.0393 1 2  1 1 6 11 9 
Imidacloprid Her C9H11ClN5O21+ (138,261–41–3) 4.76 256.0596 4 2 9 10 2  27 23 
Isomethiozin Her C12H21N4OS1+ (57,052–04–7) 11 269.1431  1    1 2 2 
Maleic Hydrazide PGR C4H5N2O21+ (123–33–1) 1.7 113.0346 1      1 1 
Melamine TP C3H7N61+ (108–78–1) 1.45 127.0727   1 1 1 3 6 5 
Merphos PGR C12H28PS31+ (150–50–5) 0 299.1085   1 1   2 2 
Metazachlor Her C11H13ClNO1+ (67,129–08–2) 8.11 210.068 6 5 8 7 6 5 37 31 
Metobromuron Her C9H12BrN2O21+ (3060–89–7) 8.15 259.0077 1  1 1   3 3 
Metolachlor Her C15H23ClNO21+ (51,218–45–2) 10.29 284.1412 2 1 1 1   5 4 
Metribuzin Her C8H15N4OS1+ (21,087–64–9) 7.07 215.0961    1   1 1 
N-2–4-Dimethylphenylformamide TP C9H12NO1+ (60,397–77–5) 6.67 150.0913      1 1 1 
Nicotine Ins C10H15N21+ (54–11–5) 2.41 163.123 1  1 1 1  4 3 
Nitenpyram Ins C11H16ClN4O21+ 150,824–47–8 3.9 271.0956 1 2 1 1 1  6 5 
Oxadixyl Fun C14H19N2O41+ (77,732–09–3) 6.29 279.1339    1   1 1 
Pirimicarb Ins C11H19N4O21+ (23,103–98–2) 7.77 239.1503 1    1  2 2 
Propazine Her C9H17ClN51+ 139–40–2 9.16 230.1167 1 1 1 6   9 8 
Propiconazole isomer 1 Fun C15H18Cl2N3O21+ (60,207–90–1) 10.93 342.0771    2   2 2 
Propiconazole isomer 2 Fun C15H18Cl2N3O21+ (60,207–90–1) 11.05 342.0771    2   2 2 
Propyzamide Her C12H12Cl2NO1+ (23,950–58–5) 9.69 256.029 6 3 4 6 2 1 22 18 
Prothioconazole desthio TP C14H16Cl2N3O1+ (120,983–64–4) 10.43 312.0665 1  3 6   10 8 
Pyrethrin: Jasmolin I Ins C21H31O31+ (4466–14–2) 13.35 331.2268    1   1 1 
Quinmerac Her C11H9ClNO21+ (90,717–03–6) 4.75 222.0316 1  2 1   4 3 
Schradan Ins C8H25N4O3P21+ (152–16–9) 5.36 287.1396   1    1 1 
Sebuthylazine Her C9H17ClN51+ (7286–69–3) 9.09 230.1167 1 1 1 6   9 8 
Simazine Her C7H13ClN51+ (122–34–9) 7.07 202.0854   5 9 1  15 13 
Tebuconazole Fun C16H23ClN3O1+ (107,534–96–3) 10.87 308.1524 6 3 9 8 2  28 23 
Tebufenozide Ins C18H21N2O21+ (112,410–23–8) 10.45 297.1598 1 1 2 2   6 5 
Terbuthylazine Her C9H17ClN51+ (5915–41–3) 9.36 230.1167 1 1 1 6   9 8 
Uniconazole PGR C15H19ClN3O1+ (83,657–22–1) 10.46 292.1211    2   2 2 
Sum detections      116 70 158 198 59 46 647   
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due to DEET, which is often found to be ubiquitous in various envi-
ronmental compartments (Merel and Snyder, 2016; Taylor et al., 2021). 
TPs had the next highest mean detections per compound at 16, followed 
by herbicides (11), fungicides (8), insecticides (5) and PGRs (2). Only 
DEET and dichlorobenzamide had a detection frequency > 50%, with 
the next highest detection frequency being the herbicide metazachlor at 
31%. 

Reduced detection frequency between sites 1 and 2, 4 and 5, and 5 
and 6 was observed, and an increase in abundance between sites 2 and 3 
can be attributed to groundwater entering the process stream here. 
However, an increase in detection frequency between sites 3 and 4 is not 
a result of any inputs. Site 4 had the largest values amongst all sites for 
total detections (198) and number of pesticides (48 compounds). 

3.3. Treatment processes employed in the DWTP 

Pesticide attenuation during drinking water treatment occurs 
through removal (e.g. adsorption to carbonaceous sorbents, reverse 
osmosis and nanofiltration), and transformation via chemical oxidation 
(e.g. ozonation and chlorination) and photodegradation (e.g. ultravio-
let) (EPA, 2011; Miklos et al., 2018; Taylor et al., 2020b) (See SM). 
Removal most commonly occurs through adsorption to activated carbon 
sorbents deployed in granular form in filter beds (Ahmad et al., 2010). 

Table S2 presents a review of treatment process performance for a 
selection of polar pesticides. Comparison of process performance be-
tween studies must be done cautiously as lab-based investigations are 
often not representative of an operational DWTP (e.g. unrealistically 
high oxidant dose; 18 mg Cl2 L− 1 (see Table S2)). Likewise, the config-
uration and operation of processes can differ significantly between 
DWTPs (Nam et al., 2014). 

Here, we focus on the fate of pesticides through the treatment stream 
during each unit process (clarification, rapid gravity filtration (RGF), 
ozonation, granular activated carbon and disinfection by chlorination) 
(Fig. 1). A summary of pesticide detection at each site is presented in 
Table 2 and described in the following sections. 

3.3.1. Abstraction of raw waters (Site 1) 
Abstracted waters enter the DWTP where they are sampled at Site 1 

prior to undergoing clarification. Thirty-four pesticides were present at 
Site 1, with a total of 116 detections. Most of the pesticides present at 
Site 1 were herbicides and fungicides used on oil seed rape and cereals, 
in addition to insecticides and repellents with both diffuse and point 
sources. Two pesticides detected at Site 1 were not seen at subsequent 

sites, namely, dimethylaniline and maleic hydrazide, which are a TP and 
a PGR, respectively. These were present in < 10% of samples at Site 1. 

3.3.2. Clarification (Site 2) 
Three clarifiers were operated in parallel with Site 2 located directly 

after clarification. Of the 34 pesticides present at Site 1, nine were absent 
at Site 2 but occurred later in the treatment stream, potentially from the 
introduction of water from borehole abstraction. Clarification removal 
efficacy over a wide range (0 – 75%) was also observed by Stackelberg 
et al. (2007). It was likely that attenuation was partly responsible for the 
reductions in detection frequency, and number of pesticides, observed 
between sites 1 and 2 in this work. Huerta-Fontela et al. (2011) observed 
that moderately hydrophobic micropollutants with a Log Kow > 2.5 
could sorb to particles during clarification. Nam et al. (2014) found 
between 9 and 100% removal for micropollutants during clarification, 
with the removal of micropollutants with a Log Kow > 2.5 increasing 
with turbidity. Here, we found that removal during clarification was not 
correlated to Log Kow and solubility, although we found removal 
occurred over a similar range to Nam et al. (2014). Understanding the 
mechanisms driving attenuation during clarification here is a low pri-
ority as subsequent treatment steps contribute to a greater proportion of 
attenuation of pesticides present in potable water. 

3.3.3. RGF filtration and groundwater dilution (Site 3) 
Groundwater enters the treatment stream in a filter channel prior to 

the RGFs where it is mixed with the supernatant water from the clari-
fiers. The mixing process is uneven, meaning the composition of water in 
the RGFs favours the clarifier supernatant composed of surface water 
towards RGF A, and groundwater towards RGF F, located at the opposite 
end of the filter gallery (Fig. 1). Only two pesticides had their final 
detection in the treatment stream at Site 2, whereas nine pesticides 
appeared for the first time at Site 3. Simazine, a known groundwater 
contaminant, is detected for the first time at Site 3, whilst the frequency 
of atrazine detection (75%) was significantly greater than at previous 
sites, where it was only detected in a single sample. Atrazine- 
desisopropyl, a TP of both simazine and atrazine formed in soil (Uni-
versity of Hertfordshire, 2015) was detected for the first time at Site 3. 
Similarly, atrazine-desethyl, an atrazine TP also formed in soil (Uni-
versity of Hertfordshire, 2015), displays a similar relationship to its 
parent compound at Site 3 with significantly increased detection fre-
quency. Our findings suggest that ground water abstraction is the major 
source of these pesticides in the DWTP. Such pesticide presence in 
groundwater is well documented (Kiefer et al., 2021, 2019; Soulier et al., 
2016). 

It is not possible to distinguish between attenuation due to removal 
in the RGFs or dilution with groundwater for pesticides present at Site 2 
at higher abundance than Site 3. However, RGF filtration is not per-
formed for pesticide removal and limited removal is anticipated for most 
pesticides. The removal efficacy between sites 2 and 3 was - 126%, 
determined by the change in the total number of detections and - 74%, 
determined by the change in the total number of pesticides present. Our 
observations support the hypothesis that removal in the RGFs is negli-
gible, with the apparent negative removal rates caused by pesticides 
entering the treatment stream in groundwater, leading to supplemen-
tation of pesticides already present, and/or the introduction of pesti-
cides not found in raw surface waters. 

3.3.4. Ozonation (Site 4) 
Ozonation has been used as both a disinfectant, and for pre- 

treatment of process water prior to absorption; as practiced at this 
DWTP. There were 48 pesticides after ozonation, eight more than the 
previous site. The mean removal through ozonation was - 25%, based on 
the number of detections at sites 3 and 4, and – 20%, based on the 
number of pesticides, with negative removal occurring for many com-
pounds. This compares to removal of between 18 and 100% in a variety 
of laboratory and field trails investigating ozone doses of between 0.5 

Table 2 
Summary of pesticide detection and removal at sites 1 to 6 located in the 
treatment stream of a DWTP, as measured through monitoring with the Chem-
catcher®. For locations of sites within the plant see Fig. 1. Site 1 (raw water 
intake); Site 2 (post-clarification); Site 3 (post-rapid gravity filter); Site 4 (post- 
ozonation); Site 5 (post-granular activated carbon); Site 6 (post-chlorination).  

Pesticide Site 
1 

Site 
2 

Site 3 Site 
4 

Site 
5 

Site 
6 

Totals 

Pesticide count 34 23 40 48 21 11 58 
Detection count 116 70 158 198 59 46 647 
No. pesticides 

absent previous 
site 

– 5 22 11 1 2 – 

No. pesticides 
present previous 
site 

– 18 18 37 20 9 – 

No. pesticides first 
detection 

34 5 9 9 0 1 – 

No. pesticides final 
detection 

2 2 3 28 12 11 – 

Reduction% no. 
detections 

– 40 − 126 − 25 70 22 – 

Removal% no. 
pesticides 

– 32 − 74 − 20 56 48 –  
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and 4.3 mg O3 L− 1. Dong et al. (2021) found that tebuconazole and 
imidacloprid removal in a full scale DWTP with a residual dose of 0.5 to 
1.5 mg O3 L− 1, was ~ 20%, and slightly greater for azoxystrobin at 30%. 
This is a similar dose to the DWTP studied in this work (~ 1 mg L− 1), 
where mean removal of tebuconazole and imidacloprid was 11% and - 
11%, respectively. The lower efficacy observed in this work may result 
from the effect of ozonation in promoting adsorption. This is performed 
to increase removal by GAC media but may also promote uptake to PSDs 
as the same mechanisms drive both phenomena. This effect of ozonation 
on compound specific uptake into the sampler requires further study and 
was beyond the remit of this study. 

3.3.5. GAC adsorption (Site 5) 
Site 5 is located after the GAC adsorbers. Forty-eight pesticides were 

detected at Site 4, whereas 21 pesticides were detected at Site 5 
(Table 2). Twenty-eight pesticides were removed entirely in the GAC 
adsorbers. There was one instance (primicarb, one detection) where a 
pesticide present at Site 5 was absent at Site 4, indicating that desorption 
from GAC media may be the source. The mean GAC removal efficacy was 
70%, based on the total number of detections at Site 4 (198) and Site 5 
(59), whereas removal efficacy was 56% based on pesticides present at 
each site. The frequency of GAC breakthrough (defined as the number of 
detections at Site 4 divided by 100 then multiplied by the number of 
detections at Site 5 for each pesticide) varied between 100% and 0%, 
with DEET and foramsulfuron each occurring on one more occasion at 
Site 5. Negative removals may result from in situ formation of TPs 
following degradation of a parent compound, unrepresentative sam-
pling, or due to analytical artefacts (Tröger et al., 2018), however, 
desorption from GAC media is the suspected cause here. GAC break-
through frequency varied between 11% (simazine) and 86% (metaza-
chlor) for the remainder of pesticides. Stackelberg et al. (2007) found 
that ~ 50% of the removal of micropollutants in the treatment stream of 
a DWTP was attributable to GAC, however, the contact time of 1.5–3 
min investigated is unusually short and is not analogous to the DWTP in 
this study, which has a current target contact time of 10 min. 

3.3.6. Final disinfection and transfer (Site 6) 
The final treatment process was disinfection through chlorination 

(dosed in the form of hypochlorite; NaOCl) leaving a residual for dis-
tribution (~ 1.2 mg L− 1). Chlorination occurred in two contact tanks 
immediately after an out-of-area transfer of treated groundwater water 
joins the treatment stream. Site 5 was located before the transfer and 
Site 6 was located after treated water exits the contact tank, before 
entering distribution. Twenty-one pesticides were detected at Site 5, 
whereas eleven pesticides were detected at Site 6. Twelve pesticides 
were removed entirely during disinfection. There was one instance 
(isomethiozin, one detection) where a pesticide present at Site 6 was 
absent at Site 5, possibly indicating that the transfer is the source of the 
detection at Site 6. The detection frequency of pesticides detected at Site 
6 ranged from 5% (three pesticides) to 100% for DEET. Removal efficacy 
was 22% (number of detections at sites 5 and 6), or 48% (number of 
pesticides at sites 5 and 6). Pesticides detected at Site 6 included six 
herbicides, four TPs, one repellent, and one fungicide (Table 1). No in-
secticides were present after disinfection. 

3.4. Pesticide fate through the treatment stream and risk in treated water 

Monitoring of the process stream of DWTPs and benchtop studies 
have found that a majority of pesticide attenuation is attributable to 
chemical oxidation and adsorption with activated carbon adsorbents 
(Dong et al., 2021; Matsushita et al., 2018; Ormad et al., 2008; Stack-
elberg et al., 2007). Stackelberg et al. (2007) found that hydrophilic 
micropollutants could persist through the treatment stream at detectable 
concentrations, with percentage removal in treated waters ranging from 
25 to 100%. Similarly, Matsushita et al. (2018) found a negative cor-
relation between hydrophilicity and removal by activated carbon. 

Pesticide fate at sites 3, 4, 5 and 6 is thought to be of greatest 
importance to understanding the risk (here, defined as the likelihood of 
an individual pesticide exceeding the DWQS of 0.1 μg L− 1) posed by 
pesticides. This is because, these sites are located after pesticides have 
entered the treatment stream and also include the treatment processes 
responsible for most pesticide attenuation. The 23 pesticides occurring 
at either Site 5 or Site 6 (Table 2) are likewise thought to pose the 
greatest risk as detection at these sites indicates either GAC break-
through, formation during disinfection, or introduction in the transfer 
entering the treatment stream after the GAC adsorbers. 

Fig. 2 presents clustering of the 23 pesticides based on similarities in 
fate at sites 3, 4, 5 and 6, representing ozonation, GAC filtration and 
disinfection processes. Six pesticide clusters (Clusters 0 – 5) are deter-
mined according to K-means clustering of the normalised (Log2) average 
peak abundance at each site, measured through passive sampling 
coupled to screening. A differential distance metric was used. K-means 
partitions clusters of data points according to the closest random 
centroid (number of centroids equals number of clusters selected), fol-
lowed by iteration where the centroid of each cluster is set to the mean 
value of data points within the cluster. Iteration continues until the 
distance separating clusters from the cluster centroids is minimised. This 
allows for similarities in variation at progressive sites within qualitative 
datasets to be identified. Table S3 presents the pesticides present in each 
cluster alongside associated values for removal efficacy. These are 
calculated based on detection frequency, normalised abundance, the 
sum of raw abundance and the average of raw abundance of pesticides in 
samples where positive detections are made. 

3.4.1. Cluster 0 
Cluster 0 contains one pesticide (epoxiconazole), which is 

completely removed during treatment, with ozonation, GAC filtration 
and chlorination, each contributing to removal. If the number of de-
tections at subsequent sites is used to calculate attenuation, ozonation 
(43%) and GAC filtration (50%) are each responsible for a similar per-
centage of removal. However, if the sum of abundance at each site is 
used, GAC filtration is responsible for the majority of attenuation (82%), 
with additional attenuation during chlorination effectively removing 
any epoxiconazole in GAC filtrate. 

3.4.2. Cluster 1 
Cluster 1 contains four pesticides, of which one (foramsulfuron) is 

detected at Site 6. Pesticides in this cluster show little response to GAC, 
displaying zero, or in the case of foramsulfuron and pirimicarb negative 
removal, indicating the source of some of these detections at Site 5 is 
desorption from the GAC media. Foramsulfuron is the only cluster 1 
pesticide detected at Site 6. Removal of foramsulfuron is 38% based on 
the average raw abundance in samples where it is detected at sites 4 and 
5, and – 24% based on the sum of raw abundance at these sites, indi-
cating that the GAC still reduces the concentration of foramsulfuron 
during episodic increases. All pesticides in cluster 1 occur infrequently, 
at very low abundances, and are thought to pose little risk (likelihood of 
exceeding the DWQS 0.1 μg L− 1) in the treatment stream, despite the 
apparent ineffectiveness of GAC for their removal. 

3.4.3. Cluster 2 
Cluster 2 contains five pesticides, one of which (atrazine-desethyl) is 

detected at Site 6. Pesticides in this cluster are characterised by negative 
removals during ozonation, possibly due to the effect this has on 
increasing uptake to PSDs. There is significant removal during GAC 
filtration, followed by complete removal during chlorination for all but 
atrazine-desethyl. GAC removal efficacy for atrazine-desethyl based on 
detection frequency, normalised abundance, and the sum of raw abun-
dance, show good agreement at 82, 83, and 81%, respectively. This is 
slightly better than the 60% efficacy observed by Ormad et al. (2008). 

However, if the average raw abundance in samples where atrazine- 
desethyl is detected at sites 4 and 5 is used to calculate removal, this 
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is slightly negative (- 2%). Inspection of the deployment specific 
detection data at sites 4 and 5 for atrazine-desethyl reveal that the first 
of the two detections at Site 5 followed five deployments of raised 
abundance at Site 4. The second detection at Site 5 occurred following a 
gap of a deployment, where atrazine-desethyl was absent at Sites 4, after 
resumed raised abundance at Site 4, again lead to GAC breakthrough. 
This indicates that GAC removal efficacy for atrazine-desethly drops 
after sustained presence in the treatment stream, possibly due to satu-
ration of GAC media. It should be noted that removal in GAC adsorbers is 
concentration dependant (Cosgrove et al., 2019; Patiño et al., 2015). On 
occasions GAC breakthrough occurred the abundance at Site 4 had been 
sustained and stable (~ 10,000 instrument peak area). If the abundance 
at Site 4 increased in this situation, it is probable that removal efficacy 
would likewise increase until GAC media again became saturated. Un-
like other pesticides in cluster 2, negative removal is observed for 
atrazine-desethyl between sites 5 and 6. Deployment specific detection 
data suggests this is likely attributable to the presence of 
atrazine-desethyl in the out-of-area transfer entering the stream between 
these sites, supplementing GAC breakthrough. 

3.4.4. Cluster 3 
Cluster 3 contains seven pesticides, three of which (DEET, metaza-

chlor, and propyzamide) are detected at Site 6. Negative removal during 
ozonation was observed for most pesticides in this group, with a few 
exceptions for DEET, metazachlor and diuron depending on the calcu-
lation method. The mean ozonation removal efficacies for cluster 3 
pesticides are - 23, - 32, - 63, and - 36%, based on detection frequency, 
normalised abundance, the sum of raw abundance, and the average raw 
abundance, respectively. Like cluster 2, this is likely due to ozonation 
promoting uptake to the PSD, a possibility supported by the larger 
change observed in the sum of raw abundance between sites 4 and 5 for 
pesticides in clusters 2 and 3. The fate of pesticides in cluster 3 are 
divergent during GAC filtration. For example, GAC breakthrough of 
clothianidin occurs on two occasions. 

The first of these happened following three deployments of clothia-
nidin presence at the GAC inlet, over which the abundance was falling 
from an initial peak. The second occurred after a gap where clothianidin 
was absent at the inlet for the next deployment, with its resumed pres-
ence at the GAC inlet, again leading to breakthrough. GAC breakthrough 
of clothianidin and atrazine-desethyl happened during the same de-
ployments and the source of both pesticides in the treatment stream is 
the groundwater abstraction. GAC breakthrough of clothianidin is 
thought to result from reduced adsorption to, and desorption from, 
saturated media leading to incomplete removal and supplementation of 
clothianidin at the GAC inlet at the tail end of a sustained episode of 
pollution. During the initial peak of the pollution episode, the GAC 
effectively removes clothianidin, however as the inlet concentration 
falls, so does removal efficacy until desorption results in higher abun-
dance at the outlet, which we observed in the deployment specific data. 

Boscalid and 2-hydroxyterbuthylazine each display similar fate to 
clothianidin. Diuron did not display the same behaviour however, as it 
occurred at Site 5 during a deployment where it was absent at Site 4 and 
had been for a sustained period. It is possible that this is a false positive, 
because diuron was detected in field blanks, possibly due to contami-
nation, and underwent blank subtraction (see Table S1). Despite this, 
chlorination effectively removed all pesticides in cluster 3 except DEET, 
metazachlor, and propyzamide. 

Propyzamide and metazachlor displayed partial GAC breakthrough 
during episodic pollution. Propyzamide was only detected at Site 5 
during the initial peak of pollution events when abundance at the GAC 
inlet was greatest, resulting in incomplete removal. The abundance of 
propyzamide at Site 5 increased with abundance at the GAC inlet, as did 
the removal efficacy of the GAC. Chlorination had good removal efficacy 
for propyzamide however, removing 89% of the sum raw abundance 
between sites 5 and 6. The removal efficacy between sites 3 and 6 was 
high for propyzamide at 75, 76, or 83% based on detection frequency, 
normalised abundance and the sum of raw abundance, respectively. 
Metazachlor fate is similar to propyzamide in that GAC breakthrough 

Fig. 2. K-means clustering at sites 3, 4, 5 and 6 of pesticides present at Site 5 or 6, calculated based on mean normalised abundance using a differential distance 
metric (50 iterations). Six clusters (coloured Cluster 0 – 5) alongside a mean line for each cluster (black) are presented. 
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occurs during the initial peak of a pollution episode, however break-
through is maintained throughout sustained periods of pollution, and 
similar to clothianidin appears to be influenced by the degree of satu-
ration of GAC media. Metazachlor removal efficacy during GAC was 
66–70% based on abundance at sites 4 and 5, which is comparable to 
Biela et al. (2020), who observed GAC removal efficacy between 58 and 
86%. Metazachlor is also amenable to removal during chlorination to a 
lesser degree, however GAC adsorption is the main mechanism for 
attenuation in the DWTP. Metazachlor is thought to pose a risk (likeli-
hood of exceeding the DWQS of 0.1 μg L− 1) to water quality throughout 
sustained pollution events, with this risk greatest during the initial, and 
any subsequent, peaks in pollution. 

DEET is ubiquitously observed in environmental waters (Merel and 
Snyder, 2016) and has been observed in DWTPs at high concentrations 
(844 ng L− 1) (Wang et al., 2022). Here it displays incomplete removal 
between sites 3 and 6, with zero removal based on detection frequency 
and 69% removal if abundance (based on the instrumental response) is 
used. This second figure is similar to those reported previously by 
Stackelberg et al. (2007); 25–75%, Ling et al. (2017); 40–70%, and 
Tröger et al. (2021); 88–98%. 

3.4.5. Cluster 4 
Cluster 4 contains two pesticides (atrazine and dichlorobenzamide). 

Ozonation has little effect on the fate of these pesticides, however, sig-
nificant removal occurs during GAC filtration. Cluster 4 pesticides occur 
in > 50% of samples at the GAC inlet. GAC removal efficacy is higher for 
atrazine (85–86%) than dichlorobenzamide (61–79%) if calculated 
using detection frequency, normalised abundance or sum raw abun-
dance at sites 4 and 5. GAC breakthrough of atrazine occurred after 
periods of sustained raised abundance at the GAC inlet, whilst dichlor-
obenzamide breakthrough was more regular. However, the magnitude 
of dichlorobenzamide breakthrough increased during periods of sus-
tained raised abundance at the GAC inlet. Dichlorobenzamide under-
went attenuation during chlorination which was broadly similar in 
magnitude to that observed during GAC filtration. Atrazine underwent 
less attenuation between sites 5 and 6, possibly due to supplementation 
from the transfer entering the treatment stream, and/or, resistance to 
chlorination. 

3.4.6. Cluster 5 
Cluster 5 contains four pesticides, which all occur infrequently at low 

abundance. Cluster 5 pesticides occur at sites downstream of those from 
which they are absent. Such negative removal may be caused by 
desorption from the GAC media or introduction to the treatment stream 
in the transfer. Ultimately, it is not thought cluster 5 pesticides pose a 
risk (likelihood of exceeding the DWQS of 0.1 μg L− 1) to water quality at 
the DWTP and there is no need to confirm the sources of these pesticides 
in the treatment stream at present. These pesticides are not thought to 
pose a risk because of their infrequent detection and the low abundance 
(instrumental response) when detections do occur. Additionally, these 
pesticides have not demonstrated the ability to breakthrough the main 
barrier to treatment (GAC adsorbers). 

3.5. Managing the current and future risk to water quality in the DWTP 

Eleven pesticides were detected in treated drinking waters, totalling 
46 detections (Table 2). This represents 19% of pesticides detected in the 
DWTP. Elfikrie et al. (2020) found 9 pesticides in raw water, 4 of these 
were detected in treated waters at a DWTP. Removal efficiencies for 
these compounds (imidacloprid, propiconazole, buprofezin and tebu-
conazole) ranged between 77 and 88%, indicating good attenuation 
through treatment. We observed similar removal throughout treatment 
for most of the pesticides present at Site 6, with the exception of DEET 
and metazachlor. For the six pesticides thought to pose the greatest risk 
(likelihood of exceeding the DWQS of 0.1 μg L− 1), we have devised 
example critical control points, triggers and responses to manage risks to 

water quality at the DWTP (Table 3). The rationale for inclusion of these 
six pesticides was made based on the description of pesticide fate in the 
treatment stream for individual and clusters of pesticides provided in 
Section 3.4. Pesticides that showed breakthrough of the main treatment 
barrier and were resistant to chlorination were thought to pose the 
greatest risk. This example has been informed by the results of passive 
sampling and can be expanded to other pesticides detected in the DWTP 
(e.g. compounds that could breakthrough the GAC but were not present 
at Site 6). 

The proposed controls and triggers (Table 3) can all be accommo-
dated within the current and enhanced monitoring programme (spot 
water sampling and targeted analysis) of the water utility. Triggers are 
based on the presence and fate of pesticides determined from passive 
sampling and are set at appropriate concentrations approaching the 
legislated threshold concentration (DWQS of 0.1 μg L− 1). Triggers direct 
which responses should be undertaken in future by the water utility 
(enhanced monitoring and risk assessments), and how these should be 
interpreted, to ensure the necessary information is available to manage 
each risk as it develops. The controls, triggers and responses have been 
designed so the Water Utility can use existing tools (spot sampling and 
targeted analysis) and procedures (risk assessments) to manage the risks 
identified using passive sampling. 

Currently, of the eleven pesticides detected in the treated drinking 
water, only four (atrazine, atrazine-desethyl, metazachlor, and propy-
zamide) are routinely monitored by the water utility as part of their 
current monitoring programme. This illustrates the usefulness of using 
passive sampling coupled to suspect screening to enhance the under-
standing of pesticide risk and inform operational monitoring within the 
water industry. The approach taken in this work could be repeated in 
other DWTPs to produce controls, triggers, and responses to manage 
risks to water quality (likelihood of any pesticide exceeding the DWQS 
of 0.1 μg L− 1). A similar approach has been used within catchment 
monitoring for pesticides by Taylor et al. (2021) and likewise shows how 
passive sampling can provide new insights compared to relying on spot 
water sampling alone. 

4. Conclusions  

• Chemcatcher® with an HLB receiving phase in combination with 
high-resolution suspect screening was used to provide the first long- 
term characterisation of polar pesticide fate through an operational 
DWTP.  

• Fifty-eight polar pesticides from a range of classes were detected at 
various points throughout the treatment works.  

• The multivariate statistical approach allowed pesticide fate 
throughout the treatment stream to be interpreted within the com-
plex qualitative passive sampling data set. 

• Using K-means analysis, pesticides with a similar fate during ozon-
ation, GAC filtration, and chlorination could be identified and 
formed into 6 clusters.  

• This monitoring approach can be used to inform water quality 
management plans that contain controls, triggers, and responses for 
pesticides assessed to pose the greatest current and future risk to 
water quality.  

• The study shows how passive sampling coupled to screening can 
enhance the understanding of pesticide fate within DWTPs.  

• The work-flow could be expanded to include other classes of 
emerging contaminants, such as pharmaceuticals and personal care 
products, to help to understand the fate of these compounds in 
DWTPs. 
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Table 3 
Management plan for risks to treated water quality resulting from pesticides 
detected at Site 6, including proposed, controls, triggers and responses.  

Risk Control Trigger Response  

Metazachlor  Enhanced 
monitoring   

1. Month is; May, 
June, September, 
October, 
November, 
December, or 
January 
2. Detected in 
surface water or 
groundwater spot 
samples > 0.02 µg 
L− 1 
3. Detected at the 
GAC outlet in spot 
samples > 0.02 µg 
L− 1 
4. Detected in spot 
samples at the GAC 
inlet or outlet, or in 
treated water, >
0.04 µg L− 1 
5. Day five of daily 
sampling at the 
GAC inlet and 
outlet, and in 
treated water 
6. Risk assessment 
indicates 
increasing trend in 
treated water that 
may exceed 0.06 µg 
L− 1 or detected in 
spot samples at the 
GAC inlet or outlet, 
or in treated water, 
> 0.06 µg L− 1 
7. Detected in spot 
samples at the GAC 
inlet or outlet, or in 
treated water does 
not reduce 
8. Day five of daily 
sampling at surface 
water abstraction 
and in combined 
boreholes 
9. Concentration <
0.06 µg L− 1 for two 
consecutive days in 
spot samples at the 
GAC inlet or outlet, 
or in treated water 
10. Concentration 
< 0.06 µg L− 1 for 
three consecutive 
days in spot 
samples at the GAC 
inlet or outlet, or in 
treated water 
11. Concentration 
< 0.06 µg L− 1 for 
five consecutive 
days in spot 
samples at the GAC 
inlet or outlet, or in 
treated water 
12. Concentration 
at the GAC inlet 
and outlet, and in 
treated water 
continue to fall   

1. Weekly spot 
sampling at surface 
water abstraction 
and in combined 
boreholes 
2. Weekly spot 
sampling at the 
GAC outlet 
3. Biweekly spot 
sampling at the 
GAC inlet and 
outlet, and in 
treated water 
4. Daily spot 
sampling at the 
GAC inlet and 
outlet, and in 
treated water 
5. Perform an 
assessment of GAC 
removal efficacy 
and trends in the 
concentration in 
treated water 
6. Adjust 
abstractions from 
surface waters and 
groundwater 
according to 
concentration in 
most recent spot 
sample and 
maximise flow out 
of area transfer 
7. Daily spot 
sampling at surface 
water abstraction 
and in combined 
boreholes 
8. Perform daily 
assessment of 
occurrence in 
source waters, GAC 
removal efficacy, 
and trends in the 
concentration in 
treated water 
9. Stop daily spot 
sampling at surface 
water abstraction 
and in combined 
boreholes 
10. Stop daily 
assessment of 
occurrence in 
source waters, GAC 
removal efficacy, 
and trends in the 
concentration in 
treated water 
11. Perform 
assessment of 
occurrence in 
source waters, GAC 
removal efficacy, 
and trends in the 
concentration in 
treated water to 
see if abstractions 
and flow of out of 
area transfer can 
be adjusted  

Table 3 (continued ) 

Risk Control Trigger Response 

12. Cease 
responses once 
trigger thresholds 
are no longer met 

Propyzamide Enhanced 
monitoring 

1. Month is; 
August, September, 
October, 
November, 
December, 
January, February, 
or March 
2. Detected in 
surface water or 
groundwater spot 
samples > 0.02 µg 
L-1 

1. Weekly spot 
sampling at surface 
water abstraction 
and in combined 
boreholes 
2. Follow controls 
and triggers for 
metazachlor from 
2 onwards  

Atrazine and atrazine- 
desethyl  

Monitoring 
(current 
programme)   

1. Continuous 
2. Detected in 
surface water or 
groundwater spot 
samples > 0.05 µg 
L− 1 
3. Detected in 
surface water or 
groundwater spot 
samples > 0.06 µg 
L− 1 
4. Detected in spot 
samples at the GAC 
outlet > 0.06 µg 
L− 1 
5. Detected in spot 
samples at the GAC 
outlet > 0.075 µg 
L− 1 
6. Risk assessment 
indicates 
increasing trend in 
treated water that 
may exceed 0.06 µg 
L− 1 or detected in 
spot samples at the 
GAC outlet, or in 
treated water, >
0.09 µg L− 1 
7. Concentration in 
treated begins to 
fall  

1. Monthly spot 
sampling at surface 
water abstraction 
and in combined 
boreholes 
2. Biweekly spot 
sampling at surface 
water abstraction 
and in combined 
boreholes 
3. Weekly spot 
sampling at the 
GAC inlet and 
outlet 
4. Perform an 
assessment of GAC 
removal efficacy 
and begin weekly 
spot sampling of 
treated water 
5. Perform an 
assessment of GAC 
removal efficacy 
and trends in the 
concentration in 
treated water 
6. Adjust 
abstractions from 
surface waters and 
groundwater 
according to 
concentration in 
most recent spot 
sample and 
maximise flow out 
of area transfer 
7. Cease responses 
once trigger 
thresholds are no 
longer met 

DEET and 
dichlorobenzamide 

Enhanced 
monitoring 
(no 
monitoring 
currently) 

1. Continuous 
2. Concentration in 
treated > 0.05 µg 
L− 1 
3. Concentration in 
treated > 0.05 µg 
L− 1 in three 
consecutive 
samples  

1. Spot sampling of 
treated water four 
times annually 
2. Monthly spot 
sampling of treated 
water 
3. Follow controls 
and triggers for 
metazachlor from 
2 onwards  
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