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Abbreviations

Aqueous concentration (CWgontaminants of emerging concern (CECs), deployment time
(t), diffusion membrane (DM), diffusive layer (DL), dissolved organic carbon (DOC), drinking
water quality standards (DWQS), drinking water treatment (DWTP), Effect driven analysis
(EDA), endocrineiskupting compounds (EDCs), environmental quality standard (EQS),
ethylenevinyl acetate (EVA), gas chromatographgss spectrometry (GES), high
performance liquid chromatographpandem mass spectrometry (HRMS/MS), high
performance liquid chromatogrdyy-ultraviolet (HPL@YV), hydrophobudipophilic
balanced (HLB), hydrophobic organic compounds (HOCsjldogity polyethylene (LDPE),

limit of detection (LOD), limit of quantification (LOQ), liquid chromatographgs
spectrometry (L@AS), liquid chromadgraphyquadrupoletime-of-flight (LCg-ToF), liquid
chromatographytandem mass spectrometry (IMS/MS), Linear solvation energy
relationship (LSER), membraarclosed sorptive coating (MESCO), mode of action (MoA),
natural organic matter (NOM),-actanolwater distribution coefficient (DOW),-octanot

water partition coefficient (KOW), organic carbaoster partition coefficient (KOC),
polyaromatic hydrocarbons (PAHSs), passive flow monitors (PFMs), passive sampling device
(PSD), polybrominated diphenylettser (PBDEs), polychlorinated biphenyl (PCB),
polydimethylsiloxane  (PDMS), performance reference compounds (PRCs),
polyethersulphone (PES), polymethyl methacrylate (PMMA), polar organic chemical
integrative sampler (POCIS), polysulphone (PSU), polytetrafittyiene (PTFE),
polyoxymethylene (POM), persistent organic pollutant (POP), quantitative structural
activity relationship (QSAR), rapid gravity filtration (RGF), samatsr partition
coefficient (KSW), sampling rate (RS), solidse extraction (SPEspended particulate
matter (SPM), sempermeable membrane device (SPMD), splichse microextraction
(SPME), silicone rubber (SR), stir bar sorptive extraction (SBSE), target Analysis fo
Screening and Quantification (TASQ®), tmegghted average (TWA}ransformation
product (TP), UK Water Industry Research (UKWIR);ultewater (UPW), wastewater
treatment works (WWTW), water boundary layer (WBL), Water Framework Directive
62C503 gl GSNJ alFSie LI Iy séampa3bybrogdniedyw) a dz

4-isoxazolepropionic acid (AMPA).
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Abstract

Polar pesticide pollution impacts environmental waters globalBading to reductions in water
quality and potential risks to human and environmental health. This is widely acknowledged to be
a growing problem howeverelatively little is knowrabout polarpesticide fate Polar pesticides
regularly occur at trace caentratiors however, these camhange dynamically due to the
stochastic nature of pesticide pollutiofiraditional methods for sampling and analyaie widely
acknowledged to bell suited for use inpesticide monitoring programmesDiscrete sampling
meth2 R4 fF O]l GSYLERNIf NBaztdziazyszs 2yte& LINRJARA
Routine instrumental methods for pesticide analysislargted to pesticides in the predetermined
analytical suite. A novel strategy combining temporally rementative sampling anda
comprehensive analytical suits needed. Water utilities require a method thatcharacterises
pesticide fateduring transport from the catchment origins of pollutidhrough the treatment

stream of drinking water treatmenglants

i) We develop a novel method using passive sampimgpled to suspect screening and
multivariate analysi®f qualitative screening dataChemcatcher® passive sampling
devices were deployed (14 days) over ami@nth period atthree sites in South Eas
England to validate the method. A data interpretation and handling strategy was

developedto characterise pesticide fate and prioritise pesticide risk.

ii) We used this noveionitoring strategy to perform lorgerm monitoring at eight
representative sitegn a catchment used as a source of raw water for a drinking water
treatment plant. Pesticide fate was described for 128 pesticides in the catch@ant.
analysis prioritised 61 pesticidéa/e desigred a seasonal monitoring programnasad

aworkflow for incorporatingour methodinto existing regulatory monitoring.

iii) We used this novel monitoring strategydescribe pesticide fatat six siteshroughout
the treatment stream of an operational drinking water treatment plaie developed
a management plan containing controls, triggers, and respomlsesix pesticides

prioritised based on their current and future risk to treated water quality.

This work ha furtheredthe understanding of pesticide fate at the catchment seaid throughout
the treatment streamfor numerous polar pesticides, most of which were not included in previous

monitoring programmes.
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ChapterOne Research background, rationale, aims and objectives

1. Introduction

1.1Background to the research
Publicperceptionsof pesticidesare typically negativeand there isgrowingsocietalawarenessof
risksthey pose. This is due to the discovery of actual or suspect detrimental ecological éffgcts
DDTor neonicotinoid$ [1,2], and prominent disagreementsconcening the validity of science
justifying pesticideauthorisaton and associated safetie.g. glyphosate]3]. Historically this has
led to an increase in organic agriculture amdore recently has contributedio the availability of

versions of consumer pesticide products substituting the active ingredient gk harmful

alternatives, such as in the example of the herbicide proddoundup presented iRigure 1

> e

F.c 2T

Figurel. Two formulations of Roundup branded herbicide, one containing glyphosate (7,2 ¢
GKDOO ' yR (KkS22DKENKS &b $ 8 ¢Ld, wiv)OeS dctivengrédierksR o cn 3



Despite his, the layman would struggle to definghat constitutes a pesticideandmay be umware
that they are applied t099% ofthe land area used for agriculturevorldwide [4]. Thewidespread
adoption of pesticidesin the mid-20th century contributed to increasedagticultural production
0aDNBSyY w e, 2afontzside Feytibséruse and improved crop varieties andfarming
practices hasfacilitated population growthfrom 1.5 billion in 19000 6 billion in 20005].

Pesticides are designed to disrupt life proasand the demonstratablebenefits they provide
must be evduated againstany risks. This has resulted irvarious pesticideshaving approval
withdrawn, followed bysubstitutionbanned activesvith novelalternatives In the UK this process
isadministeredwithin a mature regulatorgnvironment with UKgovenmentalagenciesapproving
active substancesind authorisingformulations applications application method, permitted
users and disposal requiremens based onconsideration of the riskdo humars and the
environment This risk is determinethirough evaluation oubmissions fronapplicans, detailing

intendeduses andanyimpacts of usg6].

Worldwide trends in psticideusageare increasingwith a 15- 20 fold increase since the 1960s,
however, globally 35% of potential yields are still lost to pe$f§. In future, rising population and
consumption is predicted tdouble worldwide demand for food by 20%8]. Key to maintaining
current productivity and reducing yield loss attributable to pestsis continued innovatiorio
ensure a wide range of pest control options are availablecdmbat novel pest species and
developed resistancg9]. With awareness and understanding of thissk posed bypesticides
growing at the same timeasrelianceon their use stakeholderssuch asfarmers, NGOs water
utilities and pesticide manufacturers are increasingly advocatinip support of their interests
concerningpesticide use and availability(e.g. agricultural productivity,water quality, product
availability or reducing use)Pesticides are one of the major causes of poor potable water quality
globally[10]. UK Water Industry Research (UKWhRYe recently highlightethe drinking water
quality researcimeededif we are toachieve 100% compliancettvdrinking water quality standards

by 2050 This includes gaps in the current knowledge surrounding pesticide pollution and

uncertainty around the degree of risk associated with specific pestifidds

1.2Research problem
Monitoring of aqueous polar pesticides throughout the environment has failed to adequately
describe pesticide occurrence and fate. Comprehensive monitoring within surface waters and the
treatment stream of water supply wosk(WSW)s needed to accurately describe the risk polar

pesticidesposeto drinking water qualityNew methods for sampling, instrumental analysis, and



data interpretation are needed to understand therisks These methods must improve on discrete
sampling methods and priorimeasurement suites traditionally used within pesticide monitoring.
An improved understanding of pesticide risk is neetiednablewater utilitiesto manage the risk

to potable water gality through targeted catchment intervention® reduce pesticide pollution

and optimise process operation within WSWIKWIRhave set out several areas in which passive
sampling could contribute to an increased understanding of water quality withim#ter industry,

such as through long term trend monitoring, locating sources of pollution and more robust

integrative dataas opposed to spot samplifigy2].

The Chemcatcher® passive sampling device (PSD) couplayéd screening hagpotential to
provide novel insight through time integrative sampling aqdalitative screening of polar
pesticides in waterThis novel approach has never been applied within f@mm monitoring at
sites located from catchment to tajn the pastquantitative monitoring has been performdalit

no previous research hasarried outan assessment of pesticide risk using passive sampling and

qualitative analysis.

1.3 Significance of research
This study is significabecause ifurthersthe practical andheoretical understanding of pesticide
fate, and demonstrates a nhovel method coupling passive samplitaygetscreeningAdditionally,
previousresearchusing passive sampliftas focused on catchment monitoriraply. Through
incorporation of longterm monitoring in the catchment andt a downstream WSW, this research
will describe pesticide occurrence and fate with a completeriBasis missingfrom pastpassive

samplingresearch.Tablel presents the rationale for the significance of this research.



Tablel. Factors contributing to the significancetbfs researchand stakeholders benefiting from

its findings.

Practicakignificance Stakeholders
Demonstrates the applicability of passive sampling coupladrget screeningas a Academia, regulators, utilities,
novel strategy to increase the comprehensiveness of monitoring data. and NGOs.

) Performs longerm time integrative monitoring in the catchment and WSW for the Academia, regulators, and
©first time. utilities.

Demonstrates how passive sampling can be incorporated into routine monitoring ir .
3. Regulators and utilities.
future, including within théNorld Health Organisation water sajeplanframework

Provides novel insight to water quality managers, so strategies for future monitorin -
4. Utilities.
pollution reduction, and WSW process design and operation can be developed.

Theoreticabignificance Stakeholders

Academia, regulators, utilities,

1. Develops novel strategies for data handling and interpretation to access pesticide |
and NGOs.

Describes pesticide fate with monitoring data that is temporally and spatially
2. ) Academia and utilities.
continuous.

3 Evaluation with discrete sampling methods coupled to quantitative analysis, and Ut
. tilities.
geospatial data, used at present by water quality managers.

Development of a workflow to prioritise pesticides risk with passive sampling coupl )
) o ) o o Academia, regulators, and
4. totargetscreening andncorporate this into routine monitoring to maximise the it
utilities.
understanding of pesticide occurrence and fate.

1.4Thesis structure
This thesis containseven chapters. Chapteione forms an introduction to the background,
rationale, aims, and objectives of this research, in addition to thesis struettdecontributions

towards research

Chaptertwo contains a literature review o#épplications for passive sampling of hydrophobic
organic contaminants in watelt includes a summary of thiaeory ofnonpolarpassive sampling

types of device, and maithe applicationsChapter two also discusses the current challenges
preventing further adoption of passive sampling and is includedregbolar passive sampling is
discussed in Chapter three. This was done to introduce the concept of passive sampling, and

because the mechanisms in nonpolar passive sampling are different and the theory is more

4



developed (for nonpolar passive samplinghapterthree contains a literature review dfends in

the use of passive sampling for monitoring polar pesticides in water. This chapter expands on the
research problem by outlining current understanding of the environmental fate of polar pesticides,
pedicide monitoring strategies and their strengths and weaknes$kstheory of passive sampling

for polar organic compoundss introducel, and the main applicatiors of passive sampling to

monitor polar pesticides in wateare summarised and critiqued

Chapter four presents anovel method for coupling passive sampling targeted screening and
multivariate statistical analysis for pesticide assessment, based on monitdrihgea sites on the
main channel of a riven South East England@hischapteris presented as atand-alone methods
paper. Chapterfive presents the findings of catchment monitoriray eight representative sites
throughout a river catchmerih South East Englanih addition to evaluation of databtainedwith
spot samplingand GIS analysi§he novel methodis usedto conduct a catchment pesticide
assessment. Pesticide fate is described in the catchpaamt pesticides are prioritised according
to risk, and future monitoring and mitigation strategie® autlined. Aworkflow for incorporating
passive sampling into thexisting regulatory monitoringof water utilities and catchment
management in terms of the World Health OrganisatiofWwWHO) water safety plan(WSP)
framework, is alsoproposed. This chapter is presented astand-alone research papeChapter
sixpresents the findings ahonitoringwith passive samplinthroughout the treatment stream of
a WSW This chapter includea qualitative assessment of process efficaayd description of
pesticide fate including comparison with spot sampling performed during regulatory and
operatioral monitoring by the water utility Treatment processes arevaluated,and highrisk
pesticides are identified. A water quality management plan containing, controls, triggers, and
responseis developed based on the passive sampling programme to neatii@gfuture risk of
pesticides in the WSW. This chapter is presented as a stiomeé research papeChapter seven
makes conclusions from the findings of this research and sets out diredtorigture work to
develop the application of passive sampling couplesiuspectscreeningn the water industryand
for pesticide risk assessmemiore widely Finallythe outcomes of this research and contributions
to the understanding of pesticide aagence and fate from catchment to tap are highlighted.
Chapters two, three, four, and fiugere published in peer reviewed journalShapter six will be
submitted for publicatiorin a condensed format a later date Details of publication are presented
in Table 2



Table2. Thesis structurgoublished papers included in thesis chaptarsl contributiors made tathe research

Section of thesis

Preface

Contents

Thesis introduction

Literature reviews
of passive sampling
of environmental

waters

Methods paper

Chapter

number

Component

Background to research

Research
significance
Thesis structure

Conception and planning
Literature search

Writing first draft
Proofingauthors
Conception and planning
Literature search

Writing first draft
Proofingauthors
Conception and planning
Field work

Lab work

Dataanalysis and presentation
Writing first draft

Proofindauthors

problem an

Author contribution

Written

X

X X X X X X X X X X

X X X

Contribution of others¥

Written

GF&GM

GF&GM

GF&GM
GF&GM

GF&GM&BV
GF&GM

GF&GM
GF&GM

GF&GM&AG

Practical

AG analysis

Published papers

Title & DOI papers

Applications for Passive Sampling
of Hydrophobic Organic

Contaminants in Water A

Review, DOI:

10.1080/10408347.2019.1675043

Trends in the use of passive
sampling for monitoring polar
pesticides in water, DOI:
10.1016/j.teac.2020.e00096

Use of Chem.catch®passive
sampler with highresolution mass
spectrometry and multvariate
analysis for targeted screening of
emerging pesticides in water, DOI
10.1039/D0OAY01193B

Journal

Critical Reviews in

Analytical Chemistry

Trends in
Environmental

Analytical Chemistry

Analytical Methods



Section of thesis

Research paper

(catchmen)

Research paper
(drinking water

treatment work9

Conclusions and
recommendations

for further work

*10thercontributiorslisted in order of precedenc&f=Prof Gary Fones, GM = Prof Graham Mills, AG = Dr Anthony Gravell, MK

Chapter

number

7

Component

Conception and planning

Field work

Lab work

Data analysis and presentation
Writing first draft
Proofingauthors

Conception and planning
Field work

Lab work
Data analysis and presentation
Writing first draft

Proofingauthors

Conception and planning

Writing

Author contribution

Written

X

X X X X

X X X

x

X

Practical

Contribution of others¥

Written
GF&GM

GF&GM&AG&ME
GF&GM

GF&GM&AG&ME

GF&GM

Practical

AG analysis

MK - site
access
AG- analysis

Published papers

Title & DOI papers

Passive samﬁling with suspect
screening of polar pesticides and
multivariate analysis in river
catchments: Informing
environmental risk assessments
and designing future monitoring
programmes, DOI:
10.1016/j.scitotenv.2021.147519

Pesticide fate during drinking
water treatment determined
through passive sampling

combined with targeted screening

and multivariate statistical analysis

Journal

Science of the Total

Environment

TBC

= Dr Mark Kerwick, BV = Dr Branislav Vrana



1.5Aims and objectives
The aim of thisPhD project was to improve the understanding ofolar pesticide fate in river
catchments and WS¥®¥o assess the risk posed to drinking water quality by polar pesticifpscific

objectives of the research were:

i) Develop strategies for handling and interpretagiof qualitative passive
sampling/screening data.

ii) Describe pesticide occurrence and fate in a river catchment and a \WW#Woreater
spatial, temporal, and seasonal coherence than previous research.

iii) Locateand describeatchment sources of pesticide poliom, and spatiotemporal trends
in pollutionprofiles and risk

iv) Develop a protocol for catchment pesticide risk assessment using qualitative monitoring
data.

v) Develop a protocol for assessment of WSW process treatment efficacy using qualitative
monitoring daa.

vi) Prioritise pesticides for additional monitoring based on risk and design a seasonal
monitoring programtaking into account fate within the catchment and WSW.

vii) Formalisea workflow for the adoption of passive sampling into catchment pesticide
assessmenand routine monitoring.

viii) Evaluate theutility of passive sampling coupled to screenatgngside discrete sampling,
andGIS analysis of pesticide usage data

ix) Disseminaténformationto water body managers so catchment interventions and process

operation carbenefit from the findings of this research.



ChapterTwa Applications for passive sampling of hydrophobic organic
contaminants in water Areview

Abstract
We comprehensively review the current statéthe-art of environmental monitoring for

hydrophobic organic contaminants in aqueous matrices using passive sampling devices. Principles
of the theory of passive sampling are presented. Strgedor passive sampler design and
operation, limitations in performance and data qualiégsurance and qualigontrol are reviewed.
Advances in applications of available passive sampling devices are extensively critiqued. Future
trends and current challeges facing practitioners and barriers to further adoption of the devices

are discussed.

2. Hydrophobic organic compounds the environment
Hydrophobic organic compoundslOCs) are present throughout all environmental compartments
and may be preserin the aquatic environment at trace concentrations (ngtd. pg L1). The risk
posed by certain HOCs (e.g. polyaromatic hydrocarbons (PAHS), polybrominated diphenylethers
(PBIES), polychlorinated biphenyls (PCBs)) is well established and these compounds are included
Ay GKS LINA2NRGe LRffdzityd tAada 2F GKS 9! Qa
persistent organic pollutant (POP) list of the Stockholm Camwefil3¢15]. Typically, monitoring
programs for priority pollutants consist of discrete grab (bottle or spot) samples chemically
analysedor compliance with threshold concentrations. Aeving limits of quantification (LOQ) for
all priority HOCs can be expensive, requiring collection of large volumes of water and several sample
ASLI NFGA2YyT O2yOSYyuN) GA2Y FYR FylLf@GAOLIt &adGs
of the aqudic analyte concentration at the moment a sample is taken, which may not accurately
reflect the risk posed to human or aquatic organigtg]. HOC concentrations in the environment
vary dynamically, undergoing mass fluxes between environmental compartments in response to
long-range transport and regular and episodic pollutifewvouringaccumulation in sediment and
biotic phases. The righosed by aquatic HOCs to biota may be magnified by microplastic vectors
that are now known to be present in waters globally and interact with biota via a number of
pathways[17].

Severalstrategies have been suggested to better assess exposure risk from aquatic HOCs. These

strategies include, frequent grab samples or automated sampling, monitoring in biota and
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sediment. Each of these strategies has advantages and weaknesses. Frequesargpding or
automated sampling is often unworkable due to restrictions in sampling at remote locations. In
addition, unrealistically high volumes of water have to be processed in order to reach sufficiently
low method limits of quantification for compliaaanonitoring. HOC concentrations in whole water

do not directly reflect their chemical activity and associated risk to aquatic organisms. Sediment
monitoring is less useful when HOC concentrations in overlying waters and sediments are not in
equilibrium orthe composition of sediments varies over the sampled area. This complicates the
comparability of spatial or temporal data. Likewise, chemical monitoring using analysis of aquatic
biota is complicated by the large inherent variability in HOC concentraté@ated to many factors
including exposure pathways, organism lipid content, age, gender and trophic position. Moreover,
sampler preparation can involve complex analyte extraction and concentration steps. Another
approach is the usef passivesamplers. fiese devices can provide additional information on freely
dissolved aquatic HOCs and provide timeighted average (TWA) or equilibrium concentrations.
Passive sampling overcomes many of the shortcomings of grab, sediment and biota monitoring,
caused by wdable and poorly defined monitoring matrix composition issues. Materials used in
passive sampler construction have constant composition anddedihed diffusion and partition
properties. This allows sampling, quantification and the potential to compl®€ concentrations

in time, space and across environmental compartments in a reproducible way.

Passive sampling relies am-situ accumulation of analytes within a receiving phase during an
exposure in the sampled medium. Since the last comprehensiven@fiaquatic passive sampling

(all pollutant classes) in 2005 by Vrana et[&8], knowledge of passive sampling of HOCs has
advanced, with >300 additional publications since the time of thidipation. This review briefly
introduces the principles of passive sampling, then presents the new applications of passive

sampling for HOCs between 202819

2.1Principles of passive sampling of HOCs
Passive sampling refers to any technigue through which analytes present in a bulk phase of the
sampled medium are transferred and retained in a receiving phase, where flux of analytes between
phases is driven only by differences in chemical potefit®l If the receiving phase remains in the
bulk phase the spontaneous flux of analytes will continue between phases until the difference in
chemical potential disappears i.e. thermodynamic equilibrium is reached. The receivisw) plag
be an adsorbent or absorbent solid, a solvent or a chemical reagent, which can be lose or stabilized

on or in a supporting matrix. Typically, the receiving phase of PSDs for HOCs is either a hydrophobic
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solvent or an absorbent nepolar elastomer[20]. Adsorbent receiving phases are used less

frequently[21].

Partitioning of HOCs between phases typically follows first order kinetics. This can be described by
a onecompartment mathematical model, where the analyte concentration in the receiving phase

G at a known exposure tim@), is proportional to the analgt concentration in the bulk phasg,,

and the uptakek;, and dissipatiork, constants. Accumulation of analyte in the receiving phase
occurs in kinetic followed by equilibrium regimes. The first order model can be described by

equation (1):

00 0 —p Q (1)

PSDs can be operated in either the kinetic or equilibrium regime. Different devices exposed
at the same location for an equal time, may not produce comparable results for all HOCs.
Before exposure, it is important éhdesign and operation of the PSDs are considered
alongside the characteristics of HOCs present in sampled waters. This will ensure the
design of the monitoring program provides the most appropriate results to answer the

experimental questiorfi22].

Concentration receiving phase

tin teq

v

Exposure time

Figure2. Analyte accumulationegimes in passive sampling.
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2.1.1 Equilibrium passive sampling
Equilibrium PSDs are exposed $oifficient time for the concentration of analyte in receiving and
bulk phases to reach thermodynamic equilibriuin a theoretical system where the analyte
concentration in the bulk phase is constant and is not depleted by accumulation in the receiving
phase, once equilibrium is reached the concentration of analyte in the receiving phase will not
change and the aquatic concentration of HOCs can be derived using receivingyattespartition
coefficients Ksw) [23¢27]. The time taken to attain this theoretit equilibrium is referred to here
asteq. Environmental concentrations of HOCs are dynamic. The suitability of PSDs operated in the
equilibrium regime will depend on the magnitude and arbitrariness of analyte concentration
variability in the bulk phase anthe response time of the PSD. This must be shorter than said
variations in concentration. Environmentally significant concentrations of certain HOCs in agueous
media are often trace (ng'Lto pg L) and relatively stable and in these circumstances,sPSD
operating in the equilibrium regime are appropriaf@8]. When PSDs are operated in the

equilibrium regimeequation (1) can be altered to equation (2):

6 6 — 60 2

2.1.2 Kinetic passive samplers
Kinetic passive samplers are designed and operated so that accumulation of target HOCs is time
integrative and responsive to concentration changes in the sampled water (kinetic regime). In the
kinetic regime, initial accumulation in the receiving phasknisar (if G, is constant), as the HOC
dissipation rate (: k2) from the sampler is negligible compared to the uptake ra@gkq) [20].
Increases in analyte concentration in the receiving phase and the dissipation rate are proportional.
Accumulation of analyte is integrative until the theoretical time at which the magnitude of the
dissipation rate is no longer negligible in relation k@ tuptake rate, referred to here ag. After
exposure timet;n, accumulation is curvilinear approaching an asymptote at thermodynamic
equilibrium Gko= Gy ki) at exposure timéeq. The kinetic regime ends &, (equilibrium). Kinetic
PSDs are opeted betweent, andtii» in the linear uptake stage of the kinetic reginizuring this
stage the uptake rate is linearly proportional to the concentration in the bulk phase and sampling

is time-integrative[20]. Hereequation (1)can be reduced to equation (3):

6 6 6 Qo (3)

12



Kinetic PSDs are used to measure TWA concentrations of analytes in the aqueous phase. In this cas
equation (3)can be rearranged in order make the analyte mass in the receiving ghgsat the

end of the exposuret) the subject:

0 0 0'Yo 4)

HereRs represents the sampling rate (unit volume of water sampled per unit time). If the analyte
mass in the receiving phase is measured and the sampling rate is known it is possible to calculate

the average analyte concentratio@r{vs) over exposure timet) byrearrangingequation (4):

o — (5)

In order todetermine TWA analyte concentrations in the bulk phaseRhg required. The sampling

rate is a product of the overall mass transfer coefficient and sampler surfac&atda0]. In case

of water boundary layer controlled HOC uptake, the mass transfer coefflgenaffected by water

flow velocity and turbulence. In such cases site specific sampling rates can be derived from the
release rate of performance reference compounds (PRCs) covering the hydrophobicity range of
analysedcompounds[29,30] Models are available that relate water boundary layer controlled
sampling rates with molar ma§31]. For compounds slowly diffusing in the membrane or receiving
phase material, diffusion in those media may be rieiting. Knowledge of diffusion cdifients

of analyzed HOC in those media is therefore important for assessment of the main barrier

controlling the uptakd32].

2.1.3 Passive samplelesign
An ideal passive sampler design is inexpensive with a simple construction, easy to prepare, deploy,
retrieve andanalyse and has selectivity and sensitivity for a wide range of analg&js In practice,
passive sampler design is optimized according to several objectives and no device is suitable for all
applications. Devices are either single or dual phase. Single phase polymer PSDs form the simples
designs. Here polymer formulation andréace area to volume ratios can be selected to alter
sampler performancé34]. Polymers such as polyoxymethylene (POM)faveuredfor sampling
in the equilibrium regime because of their high resistat@enass transfer in the polymer (low
polymer diffusion coefficient §))) and low Ksw. This compares to the use of ledensity

polyethylene (LDPE) or silicone rubber (SR), which results in a faster (apparent) equilibrium in POM

13



(surface layer only). Migretn of HOCs within the POM polymer cr@egtion can bias this
apparent equilibrium with increasing storage time of retrieved samy#s36] Dual phase passive
samplers such as the ChemcatcReontain a receiving phase and a diffusion membrane (DM). The
DM effectively extends the kinetic regime Hgwing diffusion between the aqueous and receiving
phaseq37]. In the sempermeable membrane device (SPMD), the DM retains the liquid receiving
phase (triolein). Polymewater partition coefficients increase with the hydropbioity of HOCs. For

very hydrophobic compounds (&g < 5.5) equilibrium cannot be attained even with deployment
times in excess of several montf#8]. Where equilibrium is unlikely within the exposure time, the
extent of equilibration must be quantifie@0]. Passive sampler design considerations differ when
quantitative TWA concentrations (kinetic regime) are desired. Ideally these designs should have a
D, that does not limit uptakedemonstrate isotropic exchange of PRCs and have a sufficiently high
Kswand Rs so thatt» is longer than the exposure timeVis (after extraction) needs to be > LOQ of

the analytical method. The design of deployment apparatus may also influence sampler
performance. Novel PSDs for HOCs in aquatic matrices continue to be devi@epki] However,

as researchers and legislators try to incorporate passive sampling into frameworks for regulatory
monitoring, existing designs for which performance, applications and-guerparabiity of data

are well established are likely to be preferred

2.1.4 Calibration of pssive sampler
Calibration of PSDs is necessary in order to rélate G, by determiningR andKsw, as required for
the calculation according to equations5l Calibration of PSDs for HOCs in agueous matrices may
be undertakerin-situby measuring isotropic exchange of PRCs. Less accurate alternate approaches
may involve calibration prior to exposure in simulated conditions, or the formation of empirical
[31], mechanistid41], linear solvation energy relationship (LSER) or quantitative structural
activity relationship (QSAR)3] models. The development of models enables the calculation of the
relationship between molecular structural features and substance specific mass transfer
coefficients and partition coefficientsThe influence of exposure specific uptake limiting factors
mean that theoretical uptake kinetics derived from first principles or observations disagree with
those realized in practicgl8]. As sich, calibration approaches which seek to capture analyte and
exposure specific variation in uptake are genertiyoured[33]. Calibration of PSDs requires prior
knowledge of the environmental conditions during deployment in order to accurately replicate
them inthe laboratory. Experiments must be carefully designed to account for depletion of HOCs
in the agueous phase due to transfer to the receiving phase and sorption to surfaces in the

calibration system31]. Laboratory exposures usually consist of either a {fllos@ugh system
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containing freshly spiked water or a closed system where the spiked water is replenished at set
intervals. Despite differences inxgerimental design, variation in deriveg and K between
studies uncovered no method bias. Practitioners have identified and actioned the responses
necessary to reduce this variation as part of the wider coalescence towards improving data quality
assurace[44] (seesection 2.4). Perhaps the best approach is through use of PRCs, which has now
been extensively demonstrated for various P9B8,45] PRCs are stable isotopabelled
compounds absent in the sampled phase and added to the receiving phase prior to exposure. The
mass of these compounds remaining in the PSD can be used to correct for uptakienitibe

factors and infer theR; and the extent of equilibratioi30]. Often PRCs are isotopically labelled
analogues of target HOCs. However, PRCs can be other suitable labelled analogues or HOCs (n
present at the exposure sitdB8,46,47] The dissipation rate is dependent on analitg, less
hydrophobic analytes may dissipate entirely, whilst compounds with Kighvalues may not
dissipate sufficiently to calculat& values during a deploymeriB0]. Booij and Smede[30]
developed the now consensus method (unweighted fioear leastsquare regresion) to
extrapolate the data obtained from the use of PRCs to estirRasmd the extent of equilibration.

This improved on previous methods by reducing the analytical bias found by the use of individual
PRCs.

2.1.5 Uptake ratelimitingenvironmental factors

Ratelimiting environmental factors affecting the uptake of HOCs to PSDs can be divided into those
which influence mass transfer resistance by the presence of an intermediary phase at the sampler
water boundary (e.g. biofouling or wet boundary layer (WBL)) and the influence the
physiochemical condition of the agueous phase (e.g. temperature) may have on mass tiatjsfer

It isthe exposure and compound specific effects of these factors that necessitate the calibration of
PSDg[48]. For example, an increase in temperature causes an increase [4#9]. For very
hydrophobic HOCs, raf@miting factors at the samplewater boundary have the greatest influence

on Rsand for HOCs with a lot., temperature is likely to beate-limiting [20].

2.1.6 Fouling
Natural waters contain a variety of microbial flora and fauna able to colonize virgin surfaces,
including PSDES0]. Once colonized a biofilm may form, further incorporating higher organisms
(e.g. annelids and crustaceans), colloids and other deposited particles from the water column as it

develops. Formation and community structure of fouling films is dependerihe composition of

15



sampled waters. Factors include number of microorganisms with potential to form biofilms and the
concurrent presence and abundance of substrates for cell metab¢b4in Other factorsinclude

the ease of colonization of the surface of the PSD for cell/particle attachment, competition and
predation between members of the biofilm and the presence of any added biocidal compounds
within the PSDO51,52] Accordingly, the thickness and composition of fouling films are never
uniform. The formation of biofilms between aqueous and receiving phases may increase resistance
to mass transfer of HOCs. It is therefore necessary to quantify (with PROStalimiting effect
attributable to fouling during exposuref53¢55]. A review of biofilm formation on aquatic
microplastics introduces the possibility that certain KO@ay be metabolized within biofilniS1].

The potential for metabolism of HOCs may differ between aqueous njigéljaTheoretically, such
metabolism could obfuscate PRC correction by suppressing HOC accumulation in the receiving
phase or altering the dissipation rate of biodegradable PRCs such g5T)biTcertain PAHESS].

For instance, if the rate of metabolism creates a functionally greater difference in chemical
potential at the biofilmsampler boundary than generated through PRC transport/elimination
through biofilm and WBL phases alone, the dissipatate would increase. Whilst neither effect

has been confirmed to date, Allan and Jens§g®] observed anisotropic exchandgavouring
dissipation of PRCs in heavily fouled PSDs and decr&agulto a factor of 27 for certain PAHSs,
when compared to caleployed unfouled devices. This was attributed to the high refractory carbon
content of suspendegbarticulate matter (SPM), thought to predominate in the fouling film. This
favouredmass transfer from the sampler to the fouling layer and was not thought to result from
bacterial metabolism. It should be emphasized that the use of PRCs to correce fioflttence of
fouling has been demonstratg®2], and remains appropriate. However, in the rare cases where
extreme fouling causes anisotropic exchange, the PRC dissipation profile may not indicate this bias
[59].

Sampling of material contained on heavily fouled PSDs with SPME (coated with same polymer as
the fouled PSD) for the presemof PRCs and HOCs could indicate whether fouling has caused a
bias. Determining whether metabolism of sampled HOCs has taken place in the biofilm may be
difficult. Readmittance of isotope labelled transformation products of PRCs such as DDD (formed
by miaobial metabolism of DDT in sedimented material) to LDPE PSDs, has been demonstrated by
Tcaciuc et al[57]. Comparison of fouled and unfouled PSD extracts in toxicological analysis may
help identify the metabolism of sampled HOCs through thesenee/absence of triggered

toxicological endpoints, without prior knowledge or need to identify HOCs
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2.1.7 Coupling passive sampling to toxicological and qualitative chemical analysis
To determine the risk posed to biota by pollutant mixtures, tools to redheecomplexity of the
sampled matrix and to identify adverse effects are required (effect assessitéijt)Targeted
analysis only focuses on regulated HOCs or those with known or suspected presence/toxicity. This
approach neglects the majority of the potentially thousands of chemicals prdédit Effect
assessment workflows vary and may consist of separation, enrichment, dilution, biotesting, analyte
fractionation and confirmation steps. Workflow design must be carefully formulated to avoid
discrimination of compounds and ideally biotesting, gtmlconfirmation as well as fractionation
or dilution will be iterative and tiered, such as in effect driven analysis (RPN EDA the first
tier will identify the mode(s) of toxic action (MoA) with each iteration/tier further resolving the
contribution of HOCs exerting the same MoA in mixtures. Biotesting identifies MoA throughea rang
of bioassays. These aie vitro or in vivo bioanalytical tests eliciting an observable biological
response when a toxicological endpoint is triggelfé@]. Fractionation of HOCs is generally
achieved through chromatographic separatig®3]. Analyte confirmation is variously target,

suspect or unknown, with primary, ancillary or no quantitation.

Passive sampling in effect assessment of HOCs is n§64eng], likewise qualitative screening of

PSD extracts is developifb,7375]. A review by Brack et d61] highlighted the potential fo
lylrfteara 2F SEGNI OGEA FNRY t{54 2LISN}IGSR Ay
the bioaccumulation profile of HOCs. Limitations presented, included long equilibrium times in
water and the limited extract available for analysis. Restictof kinetic PSDs to qualitative
assessments was recommended due to incongruent HOC profiles among receiving, aqueous anc
biotic phases. Variability in data obtained from passive sampling has been demonstrated to result
from differences in the& valuesused[30], and interlaboratory inconsistency in analysis and
calculation method$76]. Consi@ring this variability, incorporation of passive sampling into effect
assessment workflows should be deliberate. This is to ensure no bias is introduced and if
toxicological and/or qualitative chemical analysis of PSD extracts is undertaken, limitatibns an
uncertainty should be determined and reported. Passive dosing with PSDs has been suggested in
place of spiking with an extract (whole or fraction), because it eliminates the effect of extraction
solvents on the biological system. However, the throughpiuthe system may be reducd@l].
Claessens et db8] found passive sampling coupled to passive dosing proved a complimentary tool

in a toxicological study and suggested the inclusion of several PSD designs with a broad selectivity

of HOCs, to make any characsation as representative possible
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2.2Types of passive sampling devices for HOCs
PSDs for HOCs in aquatic matrices can be broadly split betweengivagle polymeric PSDs (e.g.
LDPE, polyethersulphon®ES), POM, SPME, SR) and-ghaée devices such as the SPMD and
Chemcatche® Among PSDs for HOCs the extant literature on the SPMD remains the most
extensive. However, the application of single phase polymeric PSDs has expanded since the first
comprehansive study into the application of LDPE by Adams d¢7d].and the establishment of
criteria for polymer selection by Rusina et [@8]. Among singl@hase polymeric PSDs the most
publications have been on LDPE and SR with a variety of studies on sampler performance and
numerous field applications. Factors influencing the increased popularity of gihgke polymeric
PSDsinclude their simple construction and low cost when compared to the SPMD and
Chemcatche® Since the last review by Vrana et[&B] other PSDs such as the Chemcat@weard
solidphase microextretion (SPME) have seen a number of publications on sampler performance
and calibration with a comparatively limited number on other applications. Whilst the use of several
other PSDs has fallen outfafvour, notably the membrane enclosed sorptive coat{iiMESCO), the
ceramic dosimeter and solvefitled dialysis membranes. It is likely that in the future singase
polymeric PSDs will remain popular and SPME will be increasingly adopted as has been seen in othe

areas of sample separation and environmannonitoring.Figure 3shows a range of PSDs used for

HOCs. Figures of merit of the available hydrophobic passive samplers are summariaield3n

Figure3. PSDgogether with deployment apparatus used for monitoriagueous HOO®) semi
permeable membrane device, (b) sgmermeable membrane device in deployment canister, (c)

Chemcatche® (d) solidphasemicroextraction devices, (e) silicone rubB&D®n deployment rig.
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Table3. Comparison of design, performance and availability of PSDs used for monitoring HOCs.

Passive
sampling
device

SPMD

Silicone
rubber

LDPE

Specification

Standard- 106 x 2.54 cm
LDPE lay flat tube
(thickness 765 um)
containing 1 mL triolein
(sampling area/triolein
ratio = 460 crimL?).
Miniaturized devices or
devices with alternate
membrane and/or
internal receiving phses
are sometimes used.

Single phase PSD
comprised of multiple
sheets (approx. 0.5 mm
thick) with a combined
sampling area of 360

600 cnf.

Single phase PSD
comprised of multiple
sheets (approx. 0.1 mm
thick) with acombined
sampling area of 324
cny.

Practical aspects

Versatility

Not reusable.
Deployment in
protective cage

to avoid
damage during
deployment.
Degradation of
sequestered
analytes may
occur if PSD is
exposed to
sunlight.

Can be reused it

cleaned.
Multiple sheets
can be
combined to
form one
device.

Nonreusable
sheets can be
damaged, use
in aquatic,
sediment and
atmospheric
phases well
described.

Preparation and
extraction

Complicated sample
cleanup; dialysis,
accelerated solvent
extraction, micrevave
assisted extraction
ultrasonic extraction.
(solvents:n-hexane n-
hexaneDCM,h-hexane
acetone, toluene,
cyclohexane or
cyclopentane).

Oligomers must be

removed before use this
takes time and solvent.

Soxhlet extraction
(solvents: methanel

acetonitrile, 1:2 v/v or

methanol).

Preparation and

extraction easier than

SPMD with similar
sensitivity and
selectivity.

Uptake and
selectivity*  Analyte
(logKow)
PAHs
WBL PCBs
controlled
(3-10)
OCPs
PBDEs
PAHs
PCBs
V;’Bh . OCPs
C°r(‘£)e PBDESs
Musks
4-NP
Triclosan
OPFRs
PAHs
WBL PCBs
controlled
7 OCPs
PBDEs

19

Performance
R
Lo
(L dtcrm?) Ghow
~0.040.40 2.285.70
~0.090.40 3.897.85
~0.170.30 2.945.70
- 4.485.69
0.00F
0.032 3.036.24
0.006
0.015 3.637.12
0.150 2.286.27
- 4.295.29
- 4.295.37
- 4.62
- 3.89
- 3.056.36
0.1710 2.747.84
~0.1:0.4 4.197.77
~0.150.22 2.85.59
- 4.2-7.6

teq
(days)

7-<28

Weeks
months

7-< 56

LOQ (ng Commercial

LY

0.03

0.01

0.02

0.001

0.001

0.002

40-1500
570
4
10

0.2

Availability

ly available

Yes
constructed
devices and
component
parts carbe

purchased
from several
suppliers.

No- Polymer

formulation
may differ
between
suppliers.

No- Polymer

formulation
may differ
between
suppliers.

Cost

$$$

$$

$

Ref

[23,49,
79c82]

[24,26,
31,38,8
3¢86]

[49,81,
84,87
91]



Practical aspects

Passive
sampling Specification Versatility
device
Reusable
PTFE housing 47 mmeC  (housing only).
receiving disk (600 pL) Multiple
Chemcatche®  and 450 pln-octanol, devices may be
overlain with LDPE DM, needed to
sampling area = 17 ém achieve low
LOQ.
1 cmlong, 7, 30 or 100
>Y GKAOl &2 (dgigsaebﬁa
fibre (typically PDMS) ge may
; occur over
SPME which may be recessed time. due to
in a sheath. Other SPME '
thermal
may be rods of larger )
: . desorption).
dimension.
Deployed
Long strips (approx. directly in the
0.0550.5 mm thick), water column,
POM .
length tailored to no cages or
deployment needs. housing
needed.

Preparation and
extraction

Ultrasonic bath (5 min)
using acetone (5 mL)
followed by 5 min in

50:50 (v/v) ethyl
acetate: 2,2,4
trimethylpentane (5
mL).

Thermal desorption
(head space), this can b
automated and requires

no solvent. Matrix

effects common and
LOQ is higher than othe
PSDs. No extract
retained so reanalysis
not possible.

Cleaned by sequential
extractionin n-hexane
followed by methanol
for 2 h with extraction in
1:1 acetonen-hexane,
or other solvent such as
DCM. Extraction can be
aided by sonication and
may need to be
repeated to enhance
recovery. Analyte

migration in stored PSD:

can bias results. Very
clean extracts due to

low Dp.

Uptake and
selectivity*
(logKow)

WBL
controlled,n-
octanol
added to
increase
internal
diffusion
(3.57)

SPME sheath
can be
altered to
control
uptake
(2-7, PDMS)

Diffusion
(polymer)
controlled

(37

Analyte

PAHs
PCBs
PBDES

OCPs

PAHs

PCBs

PAHs

PCBs

OCPs

Performance Availability
R teq LOQ (ng Commercial
L d cm? Logkew days Lt ly available %t Re
Y y
0.009 3.665.4
0.1-83
0325  (logDsw) < pg14 .
d Yes- Housing,
0.190.89 - days DM and
linear o [48,81,
for most receiving $$ 92c95]
0.150.58 - combou 0.041 phases can be
ndz) purchased.
0.440.81 - 0.2-40
0.0056.6
mLay 332513 - Yes Can be
purchased, [34,35,
>1-63 used widely  $$  91,96,9
in sample 7
separation.
5'686'f8 4.097.05 300-8000 P
(mL db)
- 3.235.15 >0.011
g (1>1il o Yes
month 0.00 Conditioned 5 [35,84,
>0.00%
- 4.446.2 polymer 91,98;
fggr:a;: 0.08 strips can be 3% 101]
n dg) purchased.
- 3.67-5.66 -

*typical range over which device is usédhbreviations:DCM, dichloromethanel,, polymer diffusion coefficientiog Dsw, log distribution coefficient samplavater; logKsw, log partition coefficient samplewater;

LOQ, limit of quantification;-8P, 4nonlyphenol; OCPs, organochlorine pesticides; OPFRs, organophosphorus flamenteté&dals, polycyclic aromatic hydrocarbons; PBDEs, polybrominated diphenyl ethers; PCBs,

polychlorinated biphenyls; PDMS, polydimethylsiloxane; PSD, passive samplingtdgvio® to equilibration; WBL, water boundary layer.

20



2.2.1 Semipermeable membrane devices
SPMDs were first described in 1990 by Huckins gil@i2]. SPMDs consist of a sealed lay fldtgtu
of thin walled nonmporous LDPE containing a thin film of liquid receiving phase. Triolein is
conventionally used as receiving phase, as itis the major storage lipid found in most organisms and
it has low permeability through LDPE membranes. Other adgms of triolein include the
similarity in magnitude, and good correlation of, triolewater and n-octanolwater partition
coefficients, and low triolekDPE interfacial tension. N@orous LDPE was selected as the
diffusive barrier because; the struagtiof its polymer chains permit dissolution and uptake of the
bioavailable fraction of dissolved and vapor phase HOCs, it is stable in the presence of organic
solvents, it is relatively resistant to physical damage and it is widely avdil&ldg The SPMD was
intended to be biomimetic of HOC accumulation in biota. This was not demonstrated, however, as
true equilibrium within a PSD is never attained for all HOCs pr¢38hand because of variability
of accumulation in biot4104]. Subsequently, the LDPE was found to contribute significantly to
uptake capacity105]. The major milestone in the development of the SPMD was the development
of PRC$29,105] This demonstrated that the ratiémiting step in the uptake of very hydrophobic
HOCs into the SPMD occurred at the water boundary layer. In addition, uptake was isotropic,
allowing site specifiaptake rates in response to differing environmental factors to be accurately
interpreted though differential dissipation of PR[Z86]. This approach has since been agqblto
other aquatic passive samplers. Since 2005 there have been > 150 publications on the SPMD on
variety of applications, more than any other passive sampler of HOCs. Recently, updated
experimentalKs,maw Values for a range of HOCs were publisfi®8], which show a lineakspmaw-
Kow relationship incontra G G2 GKS LI NI o62fA0 NBfFGA2YyaKAL)
/| 2y OSy G NI A 2[80H Smedes QHzietoinended that in combination with revised
Kspmaw, @ different model approach should be used for obtaining accurate agueous concentrations

from passive sampling measured with SPMD.

2.2.2 Silicone ruber devices
SR devices derive from a number of sorptive extraction techniques (e-gassiorptive extraction
(SBSE), SPME, rods, tubes and sheets) based on silicone pdio1¢rdhe popularity of this
sampler grew with confirmation of the suitability of SR polymers for sampling, solvent extraction
and analysis through thermal desorption coupled to cold injection and GC/MS arj@BjsidOCs
have fast diffusion coefficients in this materi@2]. Polymerwater partition coefficients and
models relating sampig rates to compound propertig®5,31,34,87] field testing[35] and the
suitability and quality of PRC30] have all been evaluated.
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Diffusion coefficients within SR are typicallg.3 orders of magnitude greater than in LOBE].

This fact elevated the use of SR in passive sampling of HOCs ahead of a range of other polymers. S
PSDs typically consist of strips or sheets of silicone elastomers, such as pdiytiilzetane
(PDMS), however, samplers based on rods or SBSE are alsq108etl11]. Cleaning and
preparation is required prior to deployment to remove artefacts (aligomers) within the SR
polymers, that, if not carefully removed, may cause instrumental interference during an@gkis

Since 2005, there havmen > 80 publication on SR PSDs of HOCs in aquatic matrices. Their adoption
by more practitioners is being facilitated through an annual proficiency testing (QUASINIEME)

2.2.3 Lowdensity polyethylee devices
The development of LDPE PSDs began when Booij[@0&l suggested using the LDPE membrane
from a SPMD as a single phase device, i.e. withoutriateriolein. This was followed by initial field
studies by Miuller at a[90]. However, it was not until more extensive field performance studies
were undertaken in 200777] that the use of LDPEgathered momentum. Since 2005 > 80
publications have utilized LDPE PSDs for measuring HOCs in aqueous matrices. A number of thes
studies combined passive sampling of aqueous phases with other phases such as the atmosphere
to determine mass fluxes of HOBstween environmental compartments. LDPE comprises long
linear polymer chains with short and long branches at approximate intervals of 25 and 50 monomer
units respectively. This results in a crystallinity 0f5886[113]. LDPE diffusion coefficients are
lower than SR and higher than P@32,78] LDPE polymers contain less potential artefacts than SR
and are more widely available at lower cost. Absorption of H@I@sn LDPE follows the same
process as that in other single phase polymeric devices (e.g. SR), with uptake proportionatto LDPE

water partition coefficient§113].

2.2.4 Chemcatche®

The Chemcatcher® PSD was developed by Kingstoal. [114]. Unlike dher PSDs the
Chemcatcher® consists of a reusable tpaet PTFE body (base plate, retaining ring and transport

f AR0U GKAOK K2dzaSa I O2YYSNDAlItfte&e F@LAflofS
receiving phase overlain with a DM. The choice of ikeeg phase and DM is made on the basis of
which have the required selectivity and sensitivity for the analyte(s) being monitored. Since the
original development of the Chemcatck®rthe design of the device has undergone several
iterations. The receivinghase in earlier designs sat within a recess. More recent designs have

removed this recess to increase uptake rates for HOCs (and other analytes) by reducing the length
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of the effective diffusional path between bulk and receiving ph§$#5]. Since 2005 improvements
have been made to sampler performance. These included the combination;efec€iving phase
and LDPE DM to monitor HOCs, and the addition-oftanol to the interstitial space between
receiving phase and DM to reduicgernal resistance to mass transfer within the defi@2]. PRCs

to determine the influence of ratdimiting interactions at the membraneater boundary]48,94]
have been used as well as comparative field trials alongside other BED®espite tlis, the
application of the norpolar Chemcatch&PSD since 2005 has been modest at > 25 publications.
One of the limitations is its small surface area (17)c®ince the sampler body has a set dimension,
upscaling of the device to larger surface areads possible. In order to reach required limits of
guantification (analytes in the range of pg)Lmultiple devices can be exposed in parallel and

sampler extracts combined into a pool. Such an approach is more costly than the use of SR or LDPE

2.2.5 Solidphase microextraction
SPME was developed by Pawliszyn and Arhl6] as a sensitive, solvent free, economical and
easily automatable sample preparation technique. The distinction betweesitensampling and
passive sampling with SPME is not always clear. This review onlgersnapplications of SPME
where the aqueous matrix is sampled directly (i.e. without, the addition of internal standards or
buffers, filtering or agitation of the sampled matrix). Reviews obita sampling117,118] analysis
of water [119], geometry and coating$120], and future directions[121,122] provide an
introduction to the diversity of SPME designs apglecations. SPME PSDs are formed typically of
a narrow glass fiber with a thin polymeric (liquid or solid) coating. Uptake capacity is determined
by the polymerwater partition coefficient and fiber thickness (related to polymer mass applied on
the fiber). Due to the limited polymer mass only a very small mass of analyte is sampled. Typically,
extraction is nordepletive of the analyte in the sampled medium and equilibrium can be achieved
in a relatively short time (within hours). If it is desirable toend integration times (for instance
when measuring TWA concentrations of HOCs), polymers with a higher capacity or thicker polymer
coating can be selected. Another strategy to extend the integrative sampling period is to have the
SPME fiber recessed withim a sheath (such as a needle). This strategy has the added advantage
of protecting the fiber during deployments and if the sheath has a narrow enough opening, entry
of analytes into the diffusion channel within the sheath will be independent of water. #mother
problem encountered with SPME is the interference of macromolecules when sampling complex
matrices (such as contaminated water). This can be overcome with the addition of a selective
membrane to exclude molecules based on size. This has theefuadvantage of extending the

integrative period and provides the opportunity to fill the diffusion channel beneath the membrane
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with a liquid with a higher transfer coefficient than the sampled medium thereby decreasing
transfer along the diffusional chael further. When adopting these approaches, it is important
efforts to extend the integration time do not sacrifice measurement sensitivity, and that field
handling and deployment is practica9]. Since 2005 there have been > 25 publications on SPME
PSDs of HOCs. Most of these have investigated the performance of the device in a range of field
applications including the use of PRTA3][124]. In future, the application of SPME PSDs is likely

to increase, particularly if déses for field application can be made simpler to use (by-@&querts),

more reliable and easily coupled to automated analytical methods. These advances have already

been seen in the application of SPME in clinical, food and forensic sg26ils

2.2.6 Other polymeric devices
Non-polar polymers havédeen shown to be effective single phase PSDs for HOCs , with most
research since 2005 investigating LDPE and SR . Other polymers have been investigated (mainly fc
niche applications) and include polyurethane (PU), ethylene vinyl acetate (EVA), polymethyl
methacrylate (PMMA), nylon, PES and mixed polymers (e.g. PDMS/hydrotipoplilic balanced
(HLB) sorbents). However, of the > 30 publications since 2005 most publications have investigated
POM. POM PSDs are used when it is desirable to deploy the saigraep in sediments and
overlying waterd126]. POM PSDs are made typically of 0.055 mm thick strips (various lengths),
which are deployed as an equilibrium PSD over exposures of at least 4 ReekBPOM are low
and uptake is membrane controlled, as the resistance to mass transfer in the polymer is greater
than in the WBL. True equilibrium is not reached in POM PSDs during typical exposures, owing to
low Dy, instead an apparent equilibrium in thergace layer occurf/8]. In future, usage of POM is
likely to be restricted due to difficulty in interpreting data due to its functionally biphasic uptake
kinetics. Monephasic mixed polymers arlikely to become more popular, as the multiple affinity

for analytes extends the range of hydrophobicity over which devices can odéfate7]
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2.3 Applications of passive sampling for monitoring HOCs
All peer reviewed publications where passive sampling of HOCs in agueous matrices was
investigated between the publication of the édal review by Vranat al., [18] in 2005 and 2019
are reviewed Figure 4 presents number of publications by year for the main types of PEis
number of publications showséreasing trends in the use of single phase polymeric PSDs such as
LDPE and silicone rubbéevices.SMPD andChemcatchetPSDs vary in popularity year year
whilst trends in their useremain relatively stable An overview of each application is prositl

Delineation of the extant literature identified the following main applications:

i) Monitoring of process efficacy
i) Monitoring discharges andispersal of pollutants

iii) Chemical speciation, distribution and degradation

iv) Monitoring spatial and temporal trends
V) Toxicity and toxicological monitoring
vi) Calibration and sampler performance

vii) Monitoring alongside biota

viii)  Comparison of passive sampling devices

In this review, classification of the application was based on the main subject of a given study.
TablesA-9 review applications differentiated by the PSD together with the HOCs monitored and the
matrix sampled. A short description of each application iergiand citation(s) providedrablelO
presents research and reviews of studies comparing the performance of different passive sampling

devices or methods.
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Figure4. Number of publications per year (202819 in part) that described the usepssive

sampling for measuring HOCs in water.

2.3.1 Monitoring of process efficacy
PSDs have been used to monitor various processes designed to reduce HOC concentrations in wate
(17 applications). This included several unusual processes where conventiosajeaplgrab or
spot sampling) may not have adequately captured said reduction. Namely, inference of sorption of
terpenes to carbonaceous geosorbefit28,129] sediment remediation strategig¢$30¢132], and
a bioretention cell for stormwater treatmentl33]. Passive sampling coupled to target chemical
analysis and toxicological analysis was used to investigate operational multistage treatment process
for petroleum wastewater and drinking watdid34¢138]. Most studies investigated municipal

wastewater treatment. Here, passive sampling wasdi® monitor concentrations of HOCs before
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and after primary, secondary and advanced treatment processes, including alongside biota, active
sampling and numerical simulatiorj$39¢145]. These studies were all united by analysis of a
predefined Ist of target analytes and/or MoA. One study investigated a potable wastewater reuse
scheme incorporating physical, chemical and biological treatment procg85gsHere, several
versions of the Chemcatch®with selectivity for analytes ranging over a broad hydrophobicity
were used to screen against > 1000 organic chemicals and to assign toxicity through several
bioassays. An effedtased screening approach jmrticularly suited to wastewater treatment
processes where input water composition and the performance of biological processes (driven by
unique microbial communities) are temporally and spatial div§tgdé]. Legislation such as the EU
Urban Wastewater Treatamt Directive recognizes this diversity through site specific discharge
permits, stipulating compliance with threshold values for oxygen demand, suspended solids and
nutrients [147]. This approach neglects emerging pollutants in wastewater such as the HOC
nonylphenol[148]. A review of emerging pollutants in wastewater by Petrie e{&46] highlights

the restrictions posed by grab sampling (snap shot only)flamdproportional composite sampling
(logistics and chemical stability) and proposes passive sampling as a possible alternative monitoring

method.

2.3.2 Monitoring of discharges and dispersal of pollutants
Waters receiving discharges containing HOCs have been monitored widely with PSDs (29
applications). Many of these studies have monitored the dispersal of produced water from offshore
oil and gas installations, including alongside bifitd9¢155]. Other discharges monitored, resulted
from paper mills (dioxins and endocrine disrupting compasl (EDCs)1156,157] wastewater
GNBIFGYSyd O6GNROf 20F NbIysS &R58166)Ssindlt@s (YakadllZBR =  t
and human settlements in Antarctica (PAHS7]. Dispersal of pollutants resulting fromtavties
in the water column included, salvage operations (PAH$B], oil spills (PAHS)169] and
pisciculture (PCBs and pesticidgsy0,171] Dispersal through atmospheric deposition was also
monitored at varying distancdsom oil sands operations (PAH&Y2]. Passive sampling was shown
to be a suitable tool for monitoring pollutant discharges and their subsequent dispersal. Data
obtained through passive sampling was fiduto be more representative than grab sampling,
particularly where discharges were discontinuous, the composition was variable and/or the
dynamics of dispersal (e.g. river hydrology) and distance from source complicated timing of grab

sampling.
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2.3.3 Chemicabpeciation, distribution and degradation
Due to the limitations of grab samples coupled to remote analysis, PSDs are often favored for this
application (28 applications). PSDs have been used to investigate the distribution of HOCs between
particulate, disolved and colloidal phases in rivgt§3,174] PSDs have been deployed at depth
gradients in the water column to elucidate the vertical distribution of HOCs, including the effects
of photodgyradation of HOCs within SPM[A§5¢182]. Remobilization of HOCs from sediment to
agueous phases has been tested in field and laboratory expo$li&3185]. The influence of
matrix complexity (organic matter) on dissolved HOC concentrations was investigated in lab
exposureqd186]. PSDs were deployed in coastal waters and used to predict the concentrations of
HOCs in other environmental compartments through equilibrium mofle$y,188] PSDs have
been exposed in sediments, pore waters, waters and the overlying atmosphere (gaseous and
aerosol) to determine activity gradients across environmental compartmé@d&a;197]. In future,
passive sampling is likely to be applied to other emerging questiomsecoing the distribution of
chemicals between environmental compartments. For example, PSDs deployed in the equilibrium
regime can be used to understand the partitioning and-tieds of HOCs absorbed to microplastics
[198].

2.3.4 Monitoring spatial and temporal trends
Spatial and temporal trends in HOC concentrations have been investigated in many different
aquatic matrices (59 applicationsTemporal investigations have occurred over time periods
(several years) as prolonged as the impoundment of the Three Gorges Dam (CBg201].
Other studies have investigated the ability of methods such as grab sampling and passive sampling
to integrate sporadic fluxes in HOC concatibhs within river catchmentg82,202;219]
Monitoring of spatial trends have occurred at distitatations and different levels of resolution,
ranging from a raft expedition across an ocgaf0]to the distribution of HOCs in surface waters
at different altitudes in a mountain rand@21]. PSDs deployed in the kinetic regime are typically
favored for applications investigating temporal variation, due to their ability to integrate variations
in concentration. Equilibrium and kinetic samplers have both been applied in a number ofl spatia
investigations. Current regulatory monitoring programs (surveillance mode), which routinely
monitor spatial and temporal trends in concentrations of priority pollutants currently exclude
passive sampling. However, the Environmental Quality Standardstidae2013/39/EU[222]

recognizes the potential for future application of passive sampling and promatethod
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development. Efforts to demonstrate the utility of passive sampling are underway, such as the
creation of a strategic global network of passive sampling stations (AQARS project)84,223]

As methods become more robust and are adopted by more laboratories, the justification for the

establishment of environmental quality standard (EQS) for freely dissolved concentrations (as

measured by PSDs) in compliance monitoring will incrésese sectior.4) [22].

2.3.5 Toxicity and toxicological monitoring
PSDs have been shown to be an adaptable tool for assebsimgxicity of HOCs in aquatic matrices
(50 applications). A great diversity in study design is observed with applications ranging from the
use of SPME as a biomimetic extraction procedure applied to simulated oi[2p|225]to using
Chemcatchétto monitor the exometabolome of fish under different husbandry conditif2#26].
Studies have also used sampler extracts in effieed assessment, such as EDA with iterative
fractionation coupled to bioassays (e.g. microtox, AhR agonist, Vtox) to determine HOC toxicity.
Recognition oflte need to quantify the toxicity of HOC mixtures is increasing. The working group
on the Water Framework Directive (Chemicals) have proposed the adoption of holistic monitoring
incorporating analytical and effect assessment and the establishment of EQ&diaps of
substances exerting the same M@227]. The EU SOLUTIONS project investigated the suitability of
passive sampling and spot sampling to toxicologically profile a European river and found each
method to be complimentary{66]. Standardization and expanded use of passive sampling in

toxicological monitoring is likely in the futuf228].

2.3.6 Calibration and sampler performance
Before a PSD can be used in environmental monitoring it is necessary to qualify sampler
performance with numerous laboratory and field studies have been undertaken to this end (98
applications). The relidlity of data obtained from passive sampling is contingent on accurate
values for analyte specific coefficients describing kinetics and partitioning in bulk and receiving
phases. Equilibrium polymavater partition coefficients have been determined throudtgED
exposures in reference media and-solvent solutiong26,87,229] Polymer diffusion coefficients
have been investigated though film stacking experiments aqubsures that overcome the rate
limiting effect of the WBL24,32,23@232]. In addition, several theoretical models have been
developed which attempt to predict these values (b&f and D) from first principled42,233;
235]. Building on these fundamentals, other studies investigated the influence of polymer selection

[78], formulation [107], thicknesg101] and PSD geometrji 15] on performance. Ratdimiting
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environmental factors such as temperatuf236,237] fouling[52,54,55,59,214and flow velocity
[236,238]and the suitability and data quality of PRC correcfBfj have been extensively reported.
Several intedaboratory studies have demonstrated between laboratory variability greater than
within laboratory variation, with still greater degrees of variation at lower concentrations. This has
been attributed to analytical and calculation errdi®,239] The uncertainty of results obtained
from passive sampling are approximately a factor of 8], and efforts tomprove data quality

assurance and control are ongoing.

2.3.7 Monitoring alongside biota
PSDs have been deployed alongside trophically diverse biota species to assess bioaccumulation an
biomagnification of HOCs (29 applications), including the development deisiptl,240;242]
Studied biota included, bivalves, fish, crustaceans, insects,lidsnand seagrass. Captive and
resident biota have been used with approaches ranging from analysis of caged mussel tissues and
co-deployed PSDE49¢152,154] to PSDs deployed on the surfamfefish[243]. Extrapolation of
concentrations in biotic phases is best described for biota at lower trophic levels with ingeasin
uncertainty at higher positions. Analysis of PSD extracts is considerably simpler than biota tissues
or lipids, likewise passive sampling eliminates the need to collect or introduce representative biota.
Biota monitoring is permissible in the Water Framogk Directive if spot sampling cannot achieve
the required sensitivity and EQs has replaced EQ&.r for several priority substance222].
Given the inherent limitations of biota monitoring, passive séngp may represent an
improvement in method reliability244]. Updated guidance acknowledges this and permits the
development of methods using passisampling as part of a tiered approach, to prioritize biota
monitoring at subsequent tierR45] e.g. the tiered sampling approach proposed by Miége et al.
[44].
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Table4. Applicationsof the semipermeable membrane device

Environment  Analytes Description Ref

Monitoring of process efficacy

Drinking water PAHs Long and shortterm monitoring at various stages of drinking water treatment through a range of chemical analysis ¢ [134¢136]
treatment bioassays.
Wastewater EDCs; PAHs; PBDEs; SPMDs deployed alongside biota and PSDs (artificial mussels, active samipliag¢al simulations, fish, DGTs and [139¢145]
treatment PCBs; POCIS,) at various stages in primary, secondary and advanced wastewater treatment processes to measure proce
pesticides; synthetic efficacy through the concentration (freely dissolved and particulate phase) of a range of HOCs inckiéiifgctls of
Ydza | Q& factors such as of temporal fluctuation in influent quality and climatic conditions.
Petroleum PAHs; TPHs SPMDs used to monitor the efficacy of a range of processes (activated carbon, activatedssititgejte and zeolite) in ~ [137,138]
wastewater petroleum wastewaters through chemical analysis and ecotoxicological assessment.
treatment
Monitoring of discharges and dispersal of pollutants
Wastewater PCBs; pesticides; SPMDs deployed, including alongside POCIS, at various locations in raw and receiving waters to identify sources, [161¢164]
treatment a2y GKSGAO Y characterize concentrations and profiles and to describe the fate of wastewater associated HOCs at downstream Ic
triclocarban
Wetlands PAHs {ta5a RSLIX28SR ft2y3aARS NBaARSyld 622R FNB3I GF RLRE S [172]
collected tadpoles were analyzed to monitor the atmospheric deposition of PAHs in water bodies at varying distanc
oil sand miningperations.
Oil and gas PAHs Deployments of SPMDs in impacted marine waters, including alongside POCIS and biota (fish, oysters, scallops ar [149¢154]
produced water mussels) to monitor the freely diss@ld concentration, dispersal and bioaccumulation of HOCs associated with produ
water and research and methodological gaps for passive sampling within Norwegian produced water monitoring gu
Paper mill Dioxins; EDCs SPMDs deployed at sites upstream and downstream of the effluent outfalls of paper mills on the AndroscogrSRiye [156,157]
wastewater and the Biobio River (Chile), to monitor HOCs produced during the bleaching of paper and pulp, through chemical
and bioassays of SPMD extracts respectively.
Oil spill (marine PAHs SPMDs deployed at three locations underneath ice flows overdasiyeriod following a 7000 L oil slick (fresh crude oil [169]
waters) in the Barents Sea, to study oiatrsport and oil, water, ice interactions.
Coastal waters PAHs SPMDsnd DGTs deployed at sites in near the Costa Concordia shipwreck (Italy) to monitor the release and disper: [168]
(salvage) PAHs and trace metals over each stage of theygds salvage operation.
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Environment
Pisciculture

Analytes

PCBs; pesticides

Description Ref
SPMD were deployed at sites upstream and downstream of a salmon spawning site on the Credit River (Canada) t [170]
determine whether the death and decay of salmon after spang causes the release to the aqueous phase of
bioaccumulated nofpolar compounds at detectable concentrations.

Chemical speciation, distribution and degradation

River waters

River, lake, coastal

and marine waters

Coastal waters

Calibration tank

Calibration tank

PAHs; PBDEs; PCBs

EDCs; PAHs; PBDEs;
PCBs; pesticides;
AeyGKSGAOD v
Dioxins; PAHs; PCBs

PAHs

PAHs

SMPDs used alongside methods including grab sampling and statistical analysis of land use to attribute phase spe: [173,174]
(freely dissolved, apparently dissolved and particulate phase) sources, occurrence, concentrations and fate of HOC

river catchmens.

SPMDs, including alongside other PSDs such as POCIS ahdeskDvere deployed at depth intervals in the water [175¢178]
column at various sites to establish the vertical distribution in the bioavailability, concentration and-gégtadation

(within SPMDs) of eange of HOCs.

SPMDs deployed near activities causing disturbance of sediments (trawling and sediment relocation) to determine [183,184]
whether said actiies facilitate transfer of HOCs from the sediment to aqueous phase.

The bioavailability of HOCs was tested in a closed system by dep88MBs an®aphnia magnat a range of different  [186]
organic matter concentrations.

The effect oNereisdiversicolobioturbation on the remobilization of PAHs from the sediment to aqueous phase was [185]
determined through measuring release fluxes and mass transfer coefficients with SPMDs in laboratory exposures.

Monitoring spatial and temporal trends

River waters

Coastal waters

Impounded
reservoir
Marine waters

Dioxins; PAHs; PBDEs;
PCBs; pesticides;
AeYyGKSGAO v
Dioxins; halogenated
organic chemicals;
PAHSs; PCBs; pesticides
PAHs; PCBs; pesticides

PAHs; PBDEs; BCB
pesticides

SPMDs deployed, including alongside other methods and PSDs (grab sampling, POCIS and DGT), at various locat [82,202,2
number of rivers to measure the spatial and temporal variation in occurrence and concentration of a range of HOCs 12¢218]
through chemical analysand bioassays.

SPMDs deployed, including alongside other PSDs (Chemd®tBY@CIS and SR) and grab samglincpastal waters to [246¢252]
measure the spatial anmporal variation in occurrence and concentration of various HOCs.

PRC spiked SPMDs deployed, in the Three Gorges Dam (China) over the impoundment of the reservoir and after [199¢201]
impoundment to measure the spatial and temporal variation in HOC concentration.

SPMDs, grab samples and fish bile collection used to monitor a range of HOCs during the Norwegian Tangaroa ba [220]
expedition in the Pacific in 2006.

32



Environment  Analytes

Lake waters t/ . aT aeyidk
triclosan

Ground and surface Dioxins; PAHs; PCBs;
waters pesticides

Toxicity and toxicological monitoring

Drinking water Dioxins; PAHs; PCBs;
treatment pesticides
River waters Dioxins; PAHs; PCBs;

pesticides; PPCPs

River Waters Dioxins; EDCs; PAHSs;
PCBs; pesticides;
triclosan

Lake water Dioxins; EDCs; PAHSs;
pesticides

Groundwater PAHs; PCBs; pesticides

Coastal waters PAHs

Description Ref
SPMDs alone and alongside POCIS were deployed at lake sites to monitimathaglable concentration of a range of [253,254]
HOCs, this was compared to results obtained from grab samples or assessed in relation to limnology and pollution

of sampled waters.

Monitoring of temporal and spatial variation in HOC concentration with SPMDs, alone and alongside POCIS, in kar. [255,256]
systems.

Toxicity assessment of water with extracts from SPMDs deployed at different stages of drinking water treatment us [71,257,2
microtox, AhR agonist, cytotoxic and genotoxic bioassays. 58]
Ecotoxicological risk assessment using a variety of methods such as active sampling, passive sampling (SPMD ani [259¢263]
Vtox, biota monitoring (mussel and fish tissue), to monitor for a variety of HOCs and biomarkers of exposure in vari

rivers.

Toxicological assessment of various rivers through chemical analysis (quantitative and screening) and varioys bioa [67,69,70,
of/with PSD extracts (SPMD and POCIS), biota and composite sampling, including bioassay driven chemical analy: 72,264,
observation of mortality and fertility. 266]
SPMDs including alongside biota (caged carp, resident fish and Common toad larvae), deployed in several natural [267¢269]
impounded lakes to evaluate commtrations and toxicity potential of HOCs through combination of chemical analysis,

bioassays, and observation of mortality and fertility.

SPMDs used to monitor HOCs in groundwater to determine natural background concentrations and any secondary [270]
contamination and the associated toxicity of each.

SPMDs deployed alone and alongside mussels and analyzed chemically and with several bioassays thenonitor [271,272]
concentrations of a range of environmental toxicants

Calibration and passive sampler performance

Calibration tank Alkylphenols; PAHS;
pesticides; UV filters

Marine, river and PAHs; PCBs; pesticides
lake waters

Uptake rates and kinetics for PRC spiked and uns@kR¥MDs and other PSDs (SR, POCIS and altered SPMDs) are  [54,55,85,
determined in various exposures with known analyte concentration for a range on HOCs, including the influence of 273¢278]
of factors such as water velocity, DOM, pH, alkalinity, water hardness, faulthghembrane and receiving phase

composition.

In situcalibration of PRC spiked SPMDs in a range of waters and for various exposures to determine the uptake rat [52,236,2
range of HOCs, including through deployment alongside biota (crayfish), with addition of antifouling agents, under ¢ 79¢281]
water velocities ad the development of predictive models.
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Environment  Analytes

Calibration tank, PAHs; pesticides
river and lake

waters
Modelled data PAHs; pesticides
Riverwaters PAHSs; PBDEs; PCBs;

pesticides
Calibration tank PAHSs; PCBs; pesticides

Monitoring alongside biota

Coastal waters Dioxins; EDCs; PAHSs;
PCBs
pesticides

Calibration tank PAHs

Lake and river PAHs; PBDEs; pesticide
waters triclosan

Coastal waters PAHs; PCBs; pesticides
Marine waters PAHs; pesticides

Description
Investigations of the performance of variations of the SPMD with altered membranes and/or receiving phase.

A mechanistic model developed and applied to two previous studies. The effestunfie of sampled water on the
equilibration rate constant and laboratory field extrapolation errors are discussed.

A method for the fast isolation of HOCs from exposed SPMDs using hexane as an extraction solvent was tested fol
samplers deployed in various aquatic ecosystems.

Calculation of new, and recalculation of reported, polymer water partition coefficients for SPMD and SR, through
cosolvent, lipid and aqueous exposures in baggperiments, to facilitate conversion of equivalent analyte concentratic
between phases with only partition coefficients.

Monitoring with SPMD and biota (mussels, oysters, Atlantic cod) for a range of HOCs inveatestalvith a range of
climates and varying uses (e.g. shipyards, marinas, harbors, estuaries, estuarine lagoons), including concurrent se
monitoring.

SPMDs exposed alongside biota (Atlantic cod and Daphnia magna) to known analytes in an exposure system to de
correlation of analyte accumulation in biotic and sampler receiving phases.

Monitoring with SPMD and trophically diverse biota (various fish) for a range of HOCs in lake waters to determine
concentations and in sampled waters and at different trophic levels (biomagnification)

Nine studies published in the decade prior to 2006 where mussels and SPMDs used to monitor HOCs weed gealua
investigate differences and similarities between the sampling methods including development of a model to compai
concentration ratios and comments on method reliability.

PSDs including SPMDs, POCIS, and DGT deployed alongside biota (mufisk)stamabonitor a range of HOCs that may
bioaccumulate in seafood flesh.

Ref
[282¢284]
[285]
[286]

(23]

[287¢292]

[293,294]
[240,295%;

298]
[104]

[299,300]

Abbreviations (Table 4.0): BTEX, benzene, toluene, ethyl benzene and xylene; CFIS, constant flow integrative sampler; cVMS, cyclic volatile methp§iidxdiffusive gradient in thin
films; DOM, dissolved organic matter; FRs, flame retardants; GC, gas chromatography; HCBD, hexachlorobutadiene; tdBidty highyethylene; HPLC, highrformance liquid
chromatography; LC, liquid chromatography; M$ss spectrometry; OPEs, organophosphate esters; PA, polyacrylate; PAN, polyacrylonitrile; PC, polycarbonate; PFA®sa)kgblyfluo
substances; POCIS, polar organic chemical integrative sampler; PS, polystyrene; PPCPs, pharmaceuticals and peredoets;d?e ppolyurethane; PVC, polyvinyl chloride; ToF-adiime

flight; TPHs, total petroleum hydrocarbons.
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Tableb5. Applicationsof the silicone rubber passive sampling device

Environment  Analytes Description Ref

Monitoring of discharges and dispersal of pollutants

Wastewater PCBs SR deployed at outfalls and at downstream locations in receiving waters, including alongside other PSDs (LDPE) tc [160,165]
the occurrence, concentration and fate of a range of HOCs found in treated wastewater through targeted and qualit
chemical analyis.

Calibration tank PAHs; PCBs SR and naked Empore 1ddisks were deployed to monitor simulated discharges from the offshore oil and gas indust [155]
during three exposures of fourteen days, each corresponding to one of three discharge scenarios (continuous,
discontinuous and short abrupt).

Coastal wates Dioxins Active sampling and SR and POM PSDs were deployed in pore water and the overlying water column at sites in Fr [126]
(Norway) to determine the freely dissolved equilibrium concentration of dioxins originating from a historic Mg smelte

Chemical speciation, distribution and degradation

Coastal waters PAHs; PCBs SR deployed in the water column at a numbepaoihts along the Belgium coast to monitor the freely dissolved [187]
concentration of a range of HOCs. Equilibrium models used to predict concentrations in sediment, suspended parti
matter and biotic phases.

Coastal waters PAHSs; PCBs; pesticides SR exposed alongside resilelams and caged mussels in mangroves (Singapore) and were measured alongside  [188]
A28y GKSGAO Y sedimentsto determine the distribution of HOCs between environmental compartments.
triclosan

Monitoring spatial andemporal trends

River waters PAHSs; PCBs; pesticides SR alongside SpeedBEDs were used to monitor the spatial and temporal variation in sources, occurrence, [203¢
phthalates concentrations and fate of a range of HOCs within various river catchments. 207,219]
Coastal waters PAHSs; PCBs; SR and other PSDs (LDPE, Chemc&elmer SPMD) were deployed in various exposures at coastal sites to investigat [73,249,3
pesticides temporal and spatial trends in the concentration of a rangesofiet HOCs and to screen for the occurrence of HOCs a 01]
use of detection frequency to inform a fugacity model.
Various (global) Vaious Proposals for the global aquatic passive sampling network (AQARS) employing SR and LDPE PSDs to monitor HO [223]

strategically important locations.
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Environment  Analytes Description Ref

Toxicity and toxicological monitoring

River waters EDCs; PAHSs; PCBs; SR and other PSDs (LDPE, P@i@®ns, POCIfSest) and biota (mussels), deployed in various rivers and sampler extre [228,30%;
pesticides used in chemical and toxicological analyses and bioassays, including in EDA using HPLC fractionalization coupled 307]
bioassaysis a way of profiling antindrogenic activity.

Coastal waters PAHSs; PCBs; pesticides SRncluding alongside POCIS deployed in field exposures and sampler extracts and grab samples underwent chen [86,302,3
toxicological analysis to assess water quality, including in EDA using HPLC fractionalization coupleékéS_and 08¢310]
bioassays (photosystethactivity, microalgae).

Marine waters Toxicological only SR used to sample marine waters and then passively dose an ecotoxicological teshraggbart of the development of [68]
an approach to aquatic toxicity monitoring.

Produced water (oil PAHs LDPE and SR exposed to a sample of produced water to determine the concentration oivifOsIdsequent use of [311]

and gas) sampler extracts and diluted produced water samples in zebrafish bioassays.

Calibration and sampler performance

River waters HCBD; PAHs; PBDEs; SR alone and alongside other PSDs (SPMDs, LDPE and POM) underwent various exposures in rivers to monitor a [24,38,59,
PCBs; pesticides HOCs to evaluate the effect of PSD selection, design and deployment strategy on performance. To determine the i 101,239,3
of SPM on the surfacof SR PSDs on the reliabilityresitu sampling rates calculated with PRCs, additionally polymer  12]
water partition coefficients derived from laboratory exposures and film stacking experiments were validated.
Calibration tank Biotoxins; BTEX; EDCs; SR alone and alongside other PSDs (POM, LDPE and SPMD) exposed to known HOC concentrations in various la [25,31,31
HCBD; PAHs; PDBEs; exposures (in tanks and flow through systems). To evalsampler performance, including factors such as polymer 3¢

PCBs; pesticides; formulation, polymer selection, polymer surface area, salinity, temperature, water velocity, PRC accuracy, accuracy 317,34,85,
triclosan; 2nonlyphenol passive flow monitors, composition of sampled phase and the different betwesnrditical and experimentally derived  87,101,10
partition coefficients. 7,237,238,
276]
Film stacking Various Film stacking experiments were undertaken to measure diffusion coefficients within SR and LDPE polymers to intel [32,230,2
and understand mass transfer resistance within each polymer during passive sampling of waters including develop 31,233]
a QSAR model.
Methods PAHSs; remoMaof Novel methods for sampler preparation, cleaning, extraction evaluated for SR sheets and rods [318,319]
oligomers
Calibration tank Various SRwater partition coefficients were determined for various HOCs through cosolvent methods (watédma) and [26,229]

compared to lodow-
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Environment

Calibration tank

Coastal and river
waters

Analytes

Description Ref

PAHSs; PCBs; pesticides Calculation of new, and recalculation of reported, polymer water partition coefficients for SPMD and SR, through  [23]

PAHs; PCBs

Monitoring alongside biota

Sediments and
overlying waters

River waters

Coastal waters

Calibration tank

PCBs

PAHs; PCBs;

pesticides

PAHs; PCBs

PAHs

cosolvent, lipid and aqueous exposures in batch experiments, to facilitate conversion of equivalent analyte concent
between phases witlonly partition coefficients.

Performance of deuterated andC labelled PRCs during equilibrium monitoring of fresh and marine waters was [320]
investigated through field exposures of LDPE and SR.

SR and LDPE deployed in various lake andsiadments and overlying waters alongside biota to monitor the [241,321]
concentration of a range of HOCs and assess the bioaccumulation prediction capacity of each device for biota at a

trophic levels.

SR deployed in rivers alongside resident macroinvertebrates and attached to captured fish (flathead catfish) to mee [243,322]
water concentrations anéxposure of biota through chemical analysis of PSD extracts and biota tissues for a range «

HOCs.

SR alone and alongside other methods (DGT, sediment and grab samples) deployed with biota (miisselgrass) in  [232,323]
coastal waters to monitor concentrations and bioaccumulation of HOCs.

Partition equilibrium and extraction rates for freely dissolved PAHs and SR and blackworms were determined to be [324]
understand the principles dfioconcentration of HOCs in aquatic organisms.
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Table6. Applicationsof the low-density polyethylene passive sampling device

Environment Analytes

Monitoring of process efficacy

Calibration tank

Limonene; pesticides;
pinene

Description

LDPE calibrated for HOCs and exposed in three phase systems (LDPE, water and sorbent), to infer analyte uptake
carbonaceous geosorbents and virgin and regenerated activated carbon.

Monitoring of discharges and dispersal of pollutants

Wastewater

Lake waters

Antarctic lakes

PCBs; PFASs

PAHs

PAHs

LDPE deployed at outfalls and at upstream and downstream locations in receiving waters (rivers), including alongside
PSDs (SR) and in the overlying atmosphere to monitor the occurrence, concentration and fate of HOCs rfeatedl in t
wastewater.

LDPE deployed in water and the overlying atmosphere at locations around the lower Great Lakes (USA) to monitor the
dissolved and gaseous concentration of PAH and determine thend&iof proximity to sources (population centers and
wastewater treatment works effluent) and impact of vectors (river discharges and precipitation) on measured concentr:
LDPE deployed in seven lakes in Antarctica to track human footprints through PAH concentrations.

Chemical speciation, distribution and degradation

River waters

Marine waters

Lake waters

Coastal waters

Coastal waters

Marine waters

PBDEs; PCBs

PAHs; PBDEs; PCBs;
pesticides

FRs; PBDEs; PCBs;
pesticices

Dioxins

FRs; PAHs; PBDEs;
pesticides; PPCPs
PBDEs

LDPE deployed in various environmental compartments including air, water sediment, and pore wstiedytthe
partitioning and mass fluxes of various HOCs between compartments.

LDPE, POM and SPME deployed along depth gradients and in sediments and overlying waters to investigate the vertic
distribution and mass flux between environment compartments of HOCs.

LDPE deployed in water and the overlying atmosphere at sites in the Great Lakes (USA and Canada), to determine the
variation in concentration, partitioning and mass fluxes of a range of HOCs between the air and water compartments.
LDPE deployed at five sites in the water column and overlying atmosphere in Newark Batp (d&#jor concentrations of
dioxins and mass fluxes between air and aqueous phases.

Avariety of methods were used to investigate the vertical distribution of a range of HOCs in coastal waters, including g
samples and LDPE deployed along depth gradients and in sediments.

LDPE passive and active sampling devices were deployed on an east west transect of the tropical Atlantic Ocean in th
column and overlying atmosphere to monitor the spatial distribution in concentration and mass fluxes betwaad ai
aqueous phases.
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Environment Analytes Description Ref

Monitoring spatial and temporal trends

River waters PAHs; PBDEs; PCBs LDPE deployed, including alongside other methods (SPMD, POCIS and High volume grab sampling), to measure spat [208¢211]
pesticides temporal trends in HOC sources, occurrence and concentration.
Wetland waters Pesticides LDPE deployed in surface waters and the overlying atmosphere to determine the altitudinal variation in the concentrati [221]
organochlorine pesticides in mountain ranges in southern Brazil.
Marine, costal OPEs LDPE deployed on deep water moorings at a number of locations in the Fram Strait (Canada) and in several surface w [326]
and lake waters in lakes and coastal waters of the Canadian Arctic to monitor concentrations of a range of organophosphate esters (OF
Various (global)  Various Proposals for the global aquatic passive sampling network (AQARS) employing $Rd LDPE PSDs to monitor HOCs at  [84,223]

strategically important locations.

Toxicity and toxicological monitoring

Coastal waters PAHs; pesticides; LDPE exposed in several coastal waters and sampler extracts (without and after iterative fractionalization) were usead i [64,327]
phthalates; synthetic bioassays and analyzed chemically, to determine and attribute associated toxicity for a range of HOCs.
Ydza | Qa
River waters EDCsPAHs LDPE, SR and POCIS exposed in a number of rivers and sampler extracts were chemically analyzed and used in a rat [303,328]
bioassays including in effect driven analysis (HPLC fractionalization coupled to bioassays) to profile toxicity in saenpled
Produced water  PAHs LDPE and SR exposed to produced water to determine the HOC concentrations and subsequent use of sampler extra: [311]
(oil and gas) diluted produced water samples in several zebrafish bioassays.

Calibration and sampler performance

Coastal, lake and PAHSs; PCBs; The performance of LDPE alone and alongside other PSDs (SR, SPMD and SPME), and influence of factors such as t [312,32%;

river waters pesticides deuterated and*C labelled PRCs, PSD design and deployment methodology, and PRC correction, was tested in a ran( 333]
exposures.

Modelled data Various Two mechanistic models to predict partition coefficients for HOCs between LDPE and aqueous phases developed usir [42]

available in the extant literature.
Calibration tank ~ PAHS; PBDEs; PCBs Model to account for norequilibrium exposure conditions developed based on HOC, uptake rate constants, elimination [334]
pesticides constants and water polymer partition coefficients in batch experiments.
Modelled data PAHs; PCBs A QSAR model was developed to predict theugdifin coefficient for various HOCs in LDPE PSDs. [335]
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Environment Analytes
Calibration tank Dioxins; PAHs; PBDE

and field PCBs;

exposures pesticides

Film stacking PAHs; PBDEs; PCBs
Wastewaters cVMS

Calibration tank Biotoxins; PAHSs;
PCBs; pesticides;

Monitoring alongside biota

Coastal waters Dioxins; FRs; PAHs;
PBDEs; PCBs;
pesticides

River and lake PAHSs; PCBs

waters

Description Ref

The performance of a range of PSDs (LDPE, SR, PU, PMMA, POM and SPMDs) to monitor HOCs based on polymer ¢ [77,88,10
thickness. Tested in laboratory experiments and selected PSDs wergestited in field exposures, including the developmer 1,336,337

of predictive models. ]
Film stacking experiments measuring resistance to mass tra3fein(SR and LDPE. [32,231]
In-situ calibration of LDPE spiked with PRCs, for cVMS, during exposure in wastewater effluent. [338]

LDPE alone and alongside other PSDs (SR and HDPE) were exposed to known HOC concentrations in laboratory exp [87,89,23
tanks and flow through systems) to evaluate sampler performance, and the influence of factors such as flow velocity, p 8,315,317
selection an thickness, PRC accuracy, temperature and salinity, including the development of a predictive model. ,339%¢341]

LDPE including alongside PSDs (POCIS, SPME and DGT) and biota (gulf killifish, mussels and shellfish) deployed in ¢ [342¢346]
waters to evaluate the application of each method to monitor HOCs and predict concentrations in biota.

LDPE alone and alongside SRieployed with biota in a range of surface waters and sediments to monitor cond¢emtsaof  [241,321,
a range of HOCs and access the bioaccumulation prediction capacity of each device for sampled biota at various trapt 347]
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Table7. Applications of the Chemcatcher® passive sampléavice

Environment Analytes

Monitoring of process efficacy

Wastewaters Database of 1250 organic
chemicals

Monitoring spatial and temporal trends

River waters PAHSs; pesticides

Toxicity and toxicological monitoring

River waters EDCs

Calibration tank  Endogenous fish
metabolites

Calibration and sampler performance

Calibration tank PAHs; PBDEs; PCBs;
pesticides

Calibration tank ~ Nonylphenolethoxylates;

and field nonylphenol
exposures
River waters PAHSs; pesticides

Description Ref

Bioassays and qualitative chemical analysisN®3creening) coupled to spot and Chemcat@i{earious receiving [65]
phases), used to test the efficacy of the processes in a direct potable reuse wastewater recycling system in Antar

Chemcatche®(Ggand SDBXC receiving phases) deployed on several riversaaatised with quantitative and [21,74]
qualitative methods to measure spatial and temporal trends in the presence and concentrations of a range of HO
including comparison to grab samples.

Chemcatche®(Gg receiving phase) deployed in rivers and sampler extracts analyzed for toxicity with lumineacenc [348]
recombinant receptor reporter gene bioassays.

Chemcatche®(Ggand SDBERPS receiving phases) tiaed to monitor metabolites excreted by two fish species to [226]
characterize the influence of fish husbandry conditions on the fish exometabolome.

Chemcatche®alone and alongside other PSDs (MESCO, SPMD, SR rods and strips) exposed to known analyte  [45,9%;
concentrations in a range of laboratory experiments to determiamgler performance and the influence of factors 95,115]
such as, composition of the sampled matrix, additiom-ofctanol to receiving phase, flow velocity, exposure time, D}
selection and sampler design.

The performance of three versions of the Chemcat@{€s, SDBXC and SDRPS receiving phases)nmnitor [349]
nonylphenol ethoxylate and nonylphenaiixtures evaluated in two laboratory trials and subsequent field exposures

An empirical relationship that allows calculationifitu sampling rates in Chemcatcl®(n-octanol saturated ¢ [48]

overlain with LDPE) spiked with PRCs veaahdished through modelling of sampler analyte exchange kinetics
determined in previous calibration experiments and through comparison with spot samples during field exposures
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Environment Analytes Description Ref

Monitoring alongside biota

Coastal waters PAHSs; PCBs; Chemcatche®(Ggreceiving phase) and Ecoscdp8Ds were deployed alongside resident biota (mussels) and grab [350]
pesticides samples at several harbor sites to monitor for a range of HOCs.

Calibration tank ~ PAHSs; PCBs; Chemcatche®(Gg receiving phase overlain with either LDPE or PES DM) deployed alongside mussels in a flow th [351]
pesticides system to evaluate the ability of each method to sequester HOCs.
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Table8. Applicationsof the solidphase microextraction passive sampling device

Environment Analytes Description Ref

Monitoring ofprocess efficacy

Contaminated PAHs; PCBs Two sediment remediation strategies (capping and addition of activated carbon) assessed through measurement of | [130]
sediments sediments and overlying waters (with PDI8BME) and resident biota.

Chemical speciation, distribution and degradation

Marine waters PCBs Exsitu analysis of PCB concentrations in sediments and bottom waters with FIBIEE to assess spatial variation in [352]
diffusion gradients at the sediment water interface, site specific mixture compositions and baseline toxicity potentials.

Marine waters PCBs; pesticides LDPE and SPME deployed along depth gradients to investigate vertical dstribLiiOCs. [180]

Marine waters PCBs; pesticides SPME, LDPE and POM deployed in sediment and overlying wateagure HOC mass flux. [197]

Toxicity and toxicological monitoring

Calibration tank ~ Hydrocarbons (various) The use of PDMSPME fibers as a biomimetic extraction procedure to access bioavailability and predict toxicity of [224,225]
petroleumsubstances, was tested in a simulated spill and laboratory exposures.

Calibration and sampler performance

Calibration tank  PAHs; PCBs; PDMSSPME fibers exposed to known HOCs in laboratory exposures to access sampler performance, including the it [43,96,35
pesticides of factors such as, DOM, water velocity, temperature, amdreate predictive models, develop new methods for the use 3¢355]

PRCs, new sampler designs and to determine<thdor several HOCs.

Calibration tank  PPCPs Gig (thin film) SPME PSDs used in lab and field exposures to evaluate the ability to measure TWA concentrations wa [356]

and river waters associated HOCs, alongside HLB SPME PSDs for polar compounds.

Marine, coastal EDCs; PAHs; PCBs; The performance of a range of SPME fibers coatings (acrylate, nylon and SR) and SPME PSD designs to monitor a | [97,124,3

and lake waters  pesticides HOCs asseed through field exposures, including comparison to other methods such as LDPE, SPMD and POM, grat 20,332,35
and biota monitoring. 7]

Monitoring alongside biota

Coastal waters FRs; PAHs; PBDEs; PC SPME fibers, POCIS and LDPE were deployed at coastal sites to monitor the concentration and relative abundance  [343]
pesticides of HOCs and compared to concentrations in mussel tissues.
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Table9. Applicationsof other polymeric passive sampling devices

Environment  Analytes Description Ref

Monitoring of process efficacy

Calibration tank PAHs; pesticides Performance of POM and PU determined in batch experiments followed by laboratory scale exposures to test effi [131,133]
a biochar treatment method (contaminated sediments) and bioretention cell (storm water treatsyetém).
River waters PCBs POM deployed in sediment and the overlying water column at river sites to monitor the bioavailable fraction and r [132]

fluxes of PCBS during sediment remediation with activated carbon.

Monitoring of discharges and dispersal of pollutants

Calibration tank Dioxins; PAHs; PCBs; PSDs made from EVA, SR and POM polymers used to monitor the dispersal of HOCs associated with piscicultur: [126,171,35

and coastal waters pesticides laboratory calibration), a historic Mg smelter (compared with active sampling) and sediment dredging and relocati 8]

Wastewaters Various A novel mixed polymer PSD (PDMS and HLB) and POCIS deployed in effluent and receiving waters to monitor tt [166]
discharge and dispersal of 44 organic compounds with a broad hydrophobicity.

Chemical speciation, distributi@nd degradation

Marine waters Dioxins; PCBs POM deployed in the water column and higblume air samplers in the overlying atmosphere at marine sites to [189]
determine the aerosol water distribution of PCBs and dioxins.
Marine waters PCBs; pesticides POM, LDPE and SPME deployed in sedimenoesrdying water to measure HOC mass flux. [197]

Monitoring spatial and temporal trends

Marine waters Dioxins; PCBs POM wereadeployed at two depths (5m above the seafloor and 25m below the surface) at five sites in the Baltic Se [359]
investigate the spatial distribution in the concentration of dioxins and PCBs.
Coastal wates Dioxins; PCBggsticides POM and EVA deployed in a range of coastal waters, including alongside PSDs deployed in the overlying atmosy [360¢362]

monitor seasonal and spatial trends in various HOCs.

Calibration and sampler performance

Calibration tank Various The performance of a range of PSDs (a novel form of ROB#ENIng a sorbent mixture and nylon membrane, a PES [101,336,36
and field exposures hollow fiber, LDPE, PU, PMMA, POM and SR), in laboratory experiments followed by field exposures to a broad r 3,364]
HOCs in coastal, river and wastewaters.
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Environment  Analytes Description Ref

Calibration tank Various The performance of a range of PSDs (silicone matrix containing HLB beads, POCIS, PDMS, POM, PDMS stir bal [27,40,99,3
and PES tubes) were evaluated in laboratory exposures to organic chemicals over ayboiragdbbicity. 14,365]
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Tablel0. Comparisorf different passive sampling devices

Environment Analytes

Description Ref

Reviews of passive sampling for HOGgjimtic matrices

Reviews on the development and state of the art of a range of PSDs. [79,106,366,367]
Review of active and passive sampling (POCIS, SMPDs, LDPE, POM and SR) and analytical consideration [368]

coupled methods such as bioassays.

Reviews on advances in analysis of pharmaceuticals in aquatic environments including SPMD, Chemcatche [369]

SPME PSDs for HOCs.

Reviews of methods to access the bioavailability of HOCs in a range of environmental matrices including LL [100,242]
POM, SPMD and SPME.

Review of dynamic accumulation processes for HOCs in PSDs (Chen&&EPthéD, LDPE,-SRME) and [370]
trophically diverse biota.

Reviews of the use, shortcomings and strengths of passive sampling methods and presentation of the poter [16,22,37%373]
passive sampling in compliance and regulatory monitoring requirements (of HOCs) of the United States, EU

OsleParis Convention for the prettion of the marine environment of the North East Atlantic, including scrutin

on the applicability, and uncertainties of the information produced from passive samplers, within this contexi

Review of the use of SR in analytical chemistry including uses in SR PSDs, and PDMS SPME and stir bar F [110,372,374]
A review of polyethylene water equilibrium partitioning constants for HOCs in the extant literature and the  [113]
implications for the use of polyethylene receiving phases in passive sampling.

Reviews of the principles, calibration, preparation, field aggtions and analysis of various chemicals with the  [375¢377]
Chemcatcher®.

Position papers on the current state of the art for environmental monitoring with PSDs in aquatic matrices ai [44,378]
future challenges.

Review of current calibration methods in passive sampling, including HOCs in aquatic matrices. [33]

Reviews of SPME for @ite sampling, in analysis of water samples and geometries and coatings. [117¢122]

Comparison of different passive samplers

Stormwater PAHs
Modelled data and Various
GCxGC

SPMDs and LDPE PSDs (of varying surface area) and grab sampling used to monitor the occurrence and  [379]
concentration of HOCs in stormwater.

A model to predict partitioning behavior and diffusion coefficients of HOCs in biota and PSDs (POM, LDPE, [41]
PDMS and SPMD) developed and validate basg@d@xGC retention times and data from the extant literature.
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Environment
Modelled data

Ground water
(managed aquafer
recharge)

River waters (field
exposures and flow
through system)

Calibration tank

Coastal waters

Treated wastewaters

Calibration tank

Modelled data

Calibration tank and
river waters

Analytes

Various

Pesticides;
adyiKSGA

Alkylphenols;
PAHSs; PBDEs;
PCBs; pesticides
syntheth O Y
PAHSs; PCBs;
pesticides

PAHs; PBDEs;

PCBs; triclosan
Various

PAHs

PAHs

Pestcides

River and coastal water: PAHSs; pesticides

Description

Novel statistical interpretation of the error structure of PRC data to enable an improved method for estimatir
situsampling rates of HOCs during passive sampling with various devices (including SPMDs, LDPE, SR ant
Chemcatcher®).

Monitoring of HOCs in an urban storm water recycling system, using SPMD, XAD resin, SR and Chemcatct
alongside passive flow monitors deployed at sampldsietated at varying distances from the recharge well.

Various exposures in river waters of multiple PSDs (SR sheets and rods, LDPE, SPMD, POM, PVC, PU, P(C
Chemcatche® POCIS and nak&DBt w{ 9 Y LJ2 NiBcluding alégngsiile composite sampling and
autosamplersand inside an exposure k& a novel dynamic sampling devite compare the application of each
method to monitor a range of HOCs.

Exposure of a range of PSDs (SR, LDPE, SPMD, POM, PVC, PU;#ari&ESCigest and Chemcatch®r
and active samplers (CFIS), to known analyte concentrations in laboratory exposimeest@ate performance
and the application of each device to monitor a range of HOCs.

Comparison of the application of a range of PSDs (SPMD, SR, SPME, LDPE, PEB\Aned@®®@Mb00) to monitor
HOCs in coastal waters.

LDPE, SR, Chemcatc®érf A G 1 SR gAGK 020K {5.kwt{ FYyR {5.«k-/ ¢
SPMD and POCIS PSDs tested alongside composite sampling as part of an interlaboratory study (NORMAI
Network). Investigated a range of PSDgased in a parallel deployment at a single site to compare and verify -
analytical standards in participating laboratories and identify the current weak points of adsorption based P<
and suggest procedures for future method validation.

The application of thirteen polymers as singlease passive samplers of HOCs investigated during batch
experiments meastng four critical properties namely, release of oligomers, swelling in solvents, diffusion
coefficients and partition coefficients.

Contaminant uptake models faingle phase PSDs (LDPE, POM and PDMS) informed by polymer and chemi
structure were developed and validated with data from the extant literature.

The performance of five PSDs: phatRGCIS, pefROCIS, two versions of the Chemcat®@(€ks and SDERPS
receiving phases) and SR, to monitor mass fluxes of 124 legacy and current use pesticides, was evaluated
laboratory calibration experients (POCIS and Chemcatc®éevices) and field exposures (all devices), includin
protocols for PSD preparation, calibration, extraction methods and instrumental analysis.

Interlaboratory study (24 laboratories) comparing various PSDs (DGT, POCIS, non polar, polar and metals
of the Chemcatch&® SR, LDPE, SPMD and MESCO) performance in surface waters.
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Environment Analytes Description Ref

Calibration tank Dioxins; PCBs; The application a range novel PSDs (either polymeric electrasmuofiber mats formed of a number of polymers [127,391]
pesticides (PAN, PMMA and PS) or composite SR polymers with embedded SPE sorbents) were evaluated in laboratc
sorption experiments in water spiked with chemicals of a broad hydrophobicity.

*Calibration tank encompasses all exposure systems ranging from artificial rivers to test tubes. *Coastal waters enceansssa marine watersiarbarsand transitional waters.
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2.41Incorporation of passive sampling into regulatory monitoring of HOCs
Improvement and standardization of passive sampling methodologies to enable their inclusion in
regulatory monitoring has been a goal of practitioners for some tifilés goal was advanced in
2011 with the publication of ISO 56&8:2011[392]. A 2015 workshop involving representatives
from academia, industry and regulatory agencies, discussed this theme and agreed the next steps
towards inclusion in regulatory monitorijg4]. These seek to ensure quality assurance and control

(i-vi) and demonstrate method applicability ¢is:

i) Uptakeshould be absorption based with sufficiently higl and Dy, to allow for good
analyte accumulation and WBL controlled uptake.
i) Development of harmonized guidelines for, measuremenée@findD,, PRC correction

and calculation o€, with validated models

iii) Provision of certified reference materials (standard spiked polymers).

iv) Commercial availability of passive sampling products.

V) Determination of lipidpolymer partition coefficients to enable conversion of E&QS
from G..

Vi) SR and LDPE are best candidatBf ®owever, there are currently no commercial
suppliers.

vii) Multi-phase interlaboratory studies to test participant proficiency, then compare and
validate methodologies for field deployments, analysis aBd calculation (for
hydrophobic EU Water Framewdtkrective priority substances).

viii)  Example field deployments comparing the application of passive sampling alongside
grab sampling and biota monitoring.

iX) Development of assessment criteria in relation to EQSs.

The obstacles these steps seek to overcome Hawen discussed by othefd6,22,244,372]
particularly data quality requirements. A comprehensive description of which is provided by Booij
et al, [22]. Progress towards inclusion in compliance monitoring continues and an initial inter
laboratory study has taken pladé6]. Followingthe 2019 Water Framework Directive review, a
NEBFEAIYYSyld G2 K2fAAGA0 Y2yA(G2NRAYy3 2F | gl S
Brack et al.[227] recommend the adoption of passive sampling in revisions of the Direetive
particularly as a proxy or to compliment biota monitoring and encourage the development of

quality assessment criteria and procedures to convert passive sampling measusante EQS.
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2.5 Conclusions and future trenétsr passive sampling of HOCs
Over the last 15 years, theoretical and technical advances within the field of passive sampling have
incrementally increased the utility and performance of the method with respect to monitoring
HOCs in aqueous environments. These advances have been devivetthie efforts of a global, but
relatively small, research community. Several devices have sustained interest and remain in use,
however, as novel devices have been proposed and adopted, others have fallen into obsolescence.
Trends in the appropriatenssof the remaining devices for various applications have emerged. It
was expected that the commercial availability of SPME would reduce the barriers to its adoption in
the passive sampling of aqueous phase HOCs. However, only a modest number of applzation
been described, focusing on determining the analytical performance of the device. It is unclear why
this is the case, particularly considering the established advantages that SPME provides. SPMDs sti
remain popular, despite their relative complgxiof construction and extraction; this seems
counterintuitive. The existence of a critical mass of data arising from previous studies may be
promoting their adoption in ongoing and in future research activities. Siplgése polymeric PSDs,
such as LDPE@ SR are becoming increasingly used due their simplicity and high performance and

compatibility with simplified analytical methods for their extraction.

The value passive sampling can add to existing monitoring programs is through its
representativenesf aqueous concentrations compared to most other methods. However, if
passive sampling is to displace incumbent tools, the ease, cost and risk of adoption cannot be
prohibitive. Currently the availability of diverse passive sampling products and laektified
reference materials, prohibits the use of commonly agreed values for watlymer partition and
polymer diffusion coefficients. Until such uniform materials and values are available, capacity
building will be restricted and intdaboratory varigion will persist. The use afi-silicomethods to

rapidly determine these values for novel compounds, risks being undermined by lack of consistency
in polymer formulation or by ambiguity in polymer properties between batches and over time. This
is particdarly important, as the growing interest in emerging contaminants will require tools to
identify and attribute the toxicity of HOCs alone and in complex mixtures. This could lead to the
expanded use of passive sampling coupled to qualitative chemical adicblogical analysis in

effectbased screening approaches.

The accessibility of passive sampling as a monitoring tool is reduced by the current lack of
consolidation and clarity in device design/application. This may also reduce the commercial
incentivefor suppliers to introduce certified reference materials. If pursued in isolation, future

improvements to sampler performance through optimization of device design are unlikely to
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increase the wider appeal of passive sampling. Sacrificing a componentrfofnpance for
straightforwardness (i.e. devices standardized by formulations, dimensions, durations, calculations
and reporting for different applications) could increase the adoption in the steoni, augmenting

the capacity for improvement in future. ig difficult to see how this could be achieved other than
through parallel deployment of standardized devices in ongoing research activities. Routine
deployment of LDPE devices to develop a global network of knowledge and proficiency has been
proposed inthe past and may still hold merit. The timeline for future inclusion of passive sampling
in regulatory monitoring programs is uncertain but will rely, however, on legislator acceptance of

unconventional tools and validation and demonstration of these mdghby practitioners.
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Chapter Tree Trends in the use of passive sampling for monitoring
polar pesticides in water

Abstract

The presence of polar pesticides in environmental waters is a growing problem. After application
their migration into the agueous phase is promoted by their high water solubility. Transport
processes are usually complex and inputs are generally stochtitiegnakes monitoring of this

class of pesticides challenging using low volume spot samples of water. Recently there has been a
trend to use passive samplers to monitor pesticides in river catchments as it issitn time
integrative sampling techniqueThe three main types of device used for this purpose are,
Chemcatcher®, POCIS an@®@T. This article reviews the fate and current staft¢he-art for
monitoring polar pesticides in aqueous matrices. Principles and the theory of passive sampling and
strategies for passive sampler design and operation are presented. Advances in the application of
passive sampling devices for measuring polar pesticides are extensively critiqued; future trends in

their use are also discussed.

3. Introduction to polar pesticigs

Polar pesticides, defined here as pesticides withnaottanol-water distribution coefficient (log

Dow) < 4.5, are contaminants of emerging concern (CEE28]. Recent advances in analytical
techniques have enabled the detection of CECs in the environment at trace concentratiorts (ng L
i 2 9.TEGs have now been detected in waters glof2®§]. Knowledge of the environmental
presence and fate of CECs is often limited and the risk GEE€¢gphuman and ecological health is

not well understood [395]. Polar pesticides encompass numerous funggjdherbicides,
insecticides and other biocides, with new chemism continually devel¢p@€]. TheEuropean

Union is becoming increasingly aware of the risk posed by polar pesticides, resulting in the inclusion
of several in their list of priority pollutants (e.g. diurof§97,398] Worldwide only 26% of

jurisdictions have equivalent monitoring programmes dorvironmental pesticide residug¢399].

Polar pesticides (including biocides) are used in agriculture, domestically and industrially, and may
enter the aquatic environment through several pathwd293]. Polar pesticides have differential
environmental persistence and mobility and temporal variation in usage and landscape processes
(i.e. precipitation) result in a dynamic fluctuation in @&gpus concentrationg382]. Current

monitoring programmes rely on spot samples. However, spot samplidg ollINR2 @A RS &
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of analyte concentration at the time of sampling and may not accurately capture variation over
time [400]. Additionally, spot sampling may not achieve limits of quantification (LOQ) for all
pesticides present in a samplg0l]. Another method, passive sampling, relies onasitu
accumulation of analytes within a receiving phase during an exposure in sampled waters. Passive
sampling overcomes many of the limitat®nof spot sampling and can provide additional
information through timeweighted average (TWA) or equilibrium concentrations of the freely
dissolved pesticide fractiof#02]. A range of passive sampling devices and receiving phases are
available with selectivity for different polar pesticid§389]. This paper briefly discusses the
environmental fate of pola pesticides and presents the theory of passive sampéing its
advantages and disadvantagdmefore eviewing recent applications of passive sampling of polar
pesticides in water. Passive sampling techniques for monitoring hydrophobigp@ian pesticides

was recently reviewed by Taylora&., [12].

3.1.1 Pesticides use and classification
A pesticide is any product intended to prevent harm caused by pests such as plants, fungi, and
insects. This encompasses plant protection products (PPPs) used in agriculture, as well as biocide
with public health, veterinary or industrial applicatiof396]. Most agricultural land globally is
treated with pesticides, with usage undergoing a-fal@l increase since 1960, a trend set to
continue until 2050, in line with increasing worldwide demand for f{g]dPesticides vary in terms
of their physical and chemical properties and are normally classified according to their chemical
group, mode of action (MoA) and target pest. Development of new pesticides is driven by the need
for new MoA often in response to developed pest resistg3&6]. Over time changes in pesticide
usage occur as compounds are approved, banned or become obsjdle®}. There are now
hundreds of pesticides in current use and a greater nunaféegacy compounds; for example the
European Union pesticides database contains < 1300 compounds, of which approximately 500 have
approval[403]. The treated area and amount of active substance applied differs dramatically for
different approved pesticides. For examplable 11shows use, approval and toxic[#04] of polar

pesticidesand details their use in 2016 in South East England[d0K)
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Tablell. Examples of properties and application of polar pesticides in South East England in 2016.

Chemical Clas MoA Type Applications Authorisation (EU) Area* Mass** Comments
Neonicotinoids
Clothianidin nAChRs agonist Insecticide OSR, corrfruit, potatoes, ornamentals Restricted 159,411 13,978 Outdoor use ban.
Imidacloprid NAChRs agonist Insecticide Cereals, potatoes, beet, lawns, maize Restricted 2,936 1,050 Outdoor use ban.
Thiacloprid nAChRs agonist Insecticide Apples, pears;arrots, parsnip, brassicas, potatoes, OSR, p Approved (CfS) 2,353 196 Candidate for substitution EDC
Triazines
Atrazine PSII inhibitor Herbicide Pre/postemergence: Corn, sorghum, turf, asparagus Expired n/a n/a Not used since 2010, WFD Priority Substance, still detected in groundwaters and surfa
water, as well as a number of transformation products.
Simazine PSII inhibitor Herbicide Fruit, vines, hops, legumes Expired n/a n/a WFD Priority Substance
Terbuthylazine  PSII inhibitor Herbicide ~ Maize, sorghum, fruit, vines, roads, railways, industrial site: Approved 11,612 4,561 UK approval withdrawn
Azoles
Ipconazole SS inhibitor Fungicide Root and leafyegetables, brassicas, cereals, sunflower Approved 9,236 27 PAN listed HHS
Propiconazole ES inhibitor Fungicide Mushroom, corn, sorghum, oats, fruit Expired 40,232 2,665 Ban March 2020
Tebuconazole SS inhibitor Fungicide  Cereals, vines, oniongeas, peppers Approved (CfS) 462,046 48,469 Also used as a plant growth regulator.
Urea
Linuron PSII inhibitor Herbicide Carrots, parsnips, cereals, peas, ornamentals Expired 22,998 10,942 UK 2aEQS 2 ug/L, MAC 20 ug/L
Isoproturon PSlinhibitor Herbicide Cereals Expired n/a nl/a Banned 2016, not used since 2011. WFD Priority Substance: aaEQS:0.3 ug/L; MAC 1.
UK aaEQS ug/L, MAC; 20 ug/L. WHO drinking water guideline; 0.009 mg/L
Chlorotoluron PSII inhibitor Herbicide  Cereals, potatoes, maize, vegetables, fruit Approved (CfS) 564 324 UK aaEQS; 2 ug/L, MAC; 20 ug/L.
Carboxamide
Boscalid DhyEinhibitor Fungicide  Vegetables, brassicas, onions, garlic, peas, carrots, turnips Approved 42,157 6,948
fruit
Asulam DhyE inhibitor Herbicide Fruit, hops, pasture, amenity, moorland, woodland Withdrawn <1 <1 Subject to PIC regulations. *Emergency approval bracken.
Bhenoxy
2,4D Synth Aux Approved 3,258 2,206
MCPA Synth Aux Herbicide  Cereals, grass, linseed, asparagus Approved 13,423 12,411 Nonstatutory standards EA: 12 ug/L; WidBnking water guideline: 0.002 mg/L
Mecopropp Synth Aux Herbicide Postemergence: lawns, amenity, cereals Approved 29,944 18,142
Pyridine
Clopyralid Synth Aux Herbicide Cereals, turf, ornamentals, fallow land, industrial sites Approved 11,876 969
Fluroxypyr Synth Aux Herbicide Grass, pasture, cereals, orchards, vines Approved 140,948 14,851
Quaternary
Paraquat PSI inhibitor Herbicide Lucerne, legumes, hops, vines, potatoes, amenity, industrii Withdrawn n/a n/a PAN Dirty Dozen; Chemical subject to PIC regulations
Diquat PSI inhibitor Herbicide Potatoes, OSR, fruit, vines, sunflowers, legumes, carrots, k Expired 9,249 3,655 PAN listed HHC
Chlormequat - PGR Cereals, ornamentals, tomatoes, cabbagmyliflower, radish  Approved 372,571 296,903
Misc
Quinmerac Synth Aux Herbicide =~ OSR, cereals, beet Approved 31,053 5,983 PAN listed HCC
Glyphosate ESPS inhibitor ~ Herbicide  Agriculture (many uses), industrial and amenity sites Approved 484,360 365,747  PANlisted HCC

* Ha in South East England in 2016, ** kg in South East England in 2016. Abbreviations: acetylcholinesterase (AchE)farasuhdétution (CfS); endocrine disrupting compound (EDC); nicatietylcholine receptors (nAChRs); mode
action (MoA); maximum allowable concentration (MAC); sterol synthesis (SS); photosystem | (PSI); photosystem Il (PSteriaseyY®hyE); Synthetic Auxin (Synth Aux); Very long chain fatty acid (VLCRA)azagitbus chemical (HHC
pesticide action network (PAN); Water Framework Directive (WFD); World Health Organization (WHO).
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3.1.2 Polar pesticides in environmental waters

The fate of polar pesticides in the environment is a functiothefr physicochemical properties,

the environmental compartment of residence and transport processes that take place in each
environmental compartmen{406,407] To describe the fate of persgit and mobile organic
compounds Reemtsma et gl401] conceptualize a partially closed system with pollution sources,
pathways, environmental compartments abdrriers Figure 5is an adaptation of this concept for

a partially closed system appropriate for pesticide fate (i.e. a river catchment). Sources,
environmental compartments and attenuation, transport and retention within the system are

presented.
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3.1.3 Sources
Environmental sources of polar pesticides and biocides vary widely and include application in
agriculture, amenities (e.g. herbicides on railways and road margins) and households (e.g. in
gardens and insecticide treatments for pefdd8]. Factors relating to pesticide useich as, dose,
frequency, timing of application and other effects (e.g. spray drift, drain flow;oftirand
infiltration), facilitate initial mobilisation from the site of applicatigd07]. Generally, polar
pesticides enter the environment through multiple routes, primarily through diffuse sources due to
use in agricultur¢407]. Additional contributions to diffuse pollution result from improper handling
or disposal, which may permit movement to sewers, ground waters and surfatrsf409]. A
strong seasonal pattern in usage is observed fosthmesticides used in agriculture, caused by
seasonal differences in cropping and pest stfdd9]. Where areas of high use and potential for
mobilisation intersect in a catchmenpollution hotspots making a disproportionately large

contribution to pesticide load are probab]é07].

3.1.4 Mobility
The affinity for water (solubility) and other interacting phases (sorption) largely determine mobility
of polar pesticide$401]. Mobility is not a measure of soldity, but of the preference for aqueous
phases over nopolar phases; as such the partition or distribution coefficient betwaerttanol
and water K, and Dow respectively) and organic carbon and watégc are more accurate
predictors of mobility{406]. LogKow is a good approximation of Idg.for neutral pesticide$411].
Alongsile coefficients describing partitioning and distribution, other metrics attempt to provide
information about environmental fate. Many of these metrics (Sesble12) are derived from
predicted values of these coefficients (egy). Such predicted values often disagree depending on
the calculation method412]; for example logk.w of actetamiprid, predicted using two different
software programmes is either 0.62 or 2.55http://www.chemspider.com/Chemical

Stucture.184719.html?rid=0a73594&/854ffc-b321-136f5b0bdd6§. As such the mobility of a

compound in the environment cannot be precisely determined through modelling.

3.1.5 Persistence
Environmental concentrations of polar pesticides are a reflection of ongojng, and attenuation
occurring through elimination and dilutioj#09]. Persistence describes resistance to elimination
through transformation or removal, that supports longevity in the environnjéft,411] Pseude

persistence often occurs where the rate of input supports ubiquity in the environment, despite
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attenuation. Table 12 showsattenuation processes within each environmental compartment.
Transformation can occur thugh microbial degradation in soil, ground, surface and waste waters,
chemical oxidation (e.g. in drinking water treatment process such as chlorination and ozonation),
photodegradation and hydrolysig93,402,413] Removal may occur through sorption to solid
surfaces. Metabolites and transformation phacts may be chemically similar, to the parent
compounds, and/or persisten393]. Persistence in each environmental compartment can be

significantly different.

3.1.6 Stochastic processes affecting pesticide fate

Pesticide fate in the environment &ibject to a high degree of uncertainty over space and time
[407,409,414Hue to the interaction of:

i) Anthropogenic, climatic and biotic factors, affecting pesticide use, mobilisation, transport
and attenuation.

ii) The geologial and topological features of the landscape, and the hydrological regime and
connectivity of waters.

iii) Hydraulic (e.gsuspension of sediments under high flow or stratification of water column

under low flow), physiochemical and compositional qualities of aqueous phases.

As a consequence diiese uncertainties, the dynamics of pesticide fate in the environment are
fundamentally complex and fluctuation in aqueous pesticide concentrations may appear random.
To simplify and understand pesticide fate it is useful to consider the factors cotiigbto the
uncertainty in mobilisation, transport and attenuation within each compartment separately, which
are shown inTable 12. Within this context, any position in a hydrological system exists at a
confluence of pesticide transport pathways, origimgtithroughout the upstream catchment (see
Figureb), resulting in pesticide mixes derived from temporally and spatially diverse sqdi@gls
Increasing hydrological complexity and catchment size, compound the stochastic nature of
pesticide flux and the challenge of charat$eng pesticide pollution at downstream locations. Most
current monitoring involves infrequent low volume spot (bottle or grab) sampling; this approach
neglects the majority of pesticide flux. More representative sampling methods are required to
detect peak concentrations due to shoeterm events and longerm trends. Time integrative
methods such as passive sampling are becoming increasingly favoured within pesticide monitoring

programmes.
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Tablel2. Environment fate of polar pesticides: Properties of compartments and chemicals, pathways, attenuation and uncertainty.

Compartment

- Application
Soil - Improper handling,
(daysweeks) disposal and

cleaning of pesticide
products and
equipment.

- Infiltration from
soil, surface water

Ground water

(monthsyears) and sewers
- Sewers, residency
WWTW . in §ewers is .
inconsistent and will
(hours)

vary with distance
and flowrate.

-Runoff from the
built and natural
environment.

Surface waters -Groundwater

(daysmonths) -Field drains and
ditches
- Direct discharges

from WWTW

Drinking water -Ground water

treatment abstraction
works -Surface water
(hours) abstraction

Inward pathways Compartment properties

structure (e.g. clay content).
- Distance to and interaction

- Subsurface flow and field

- Composition and porosity

Attenuation

- Soil composition and -Sorption to soil

with water table. - Photolysis (surface)

- Microbiome

. and anaerobic)
drains

- Flow regime.
- Redox potential.

) ) - Sorption to aquafer matrix
- Microbiome

- Microbial metabolism

of aquafer matrix.

- Level of treatment

. -Sorption to sediments
(primary, secondary and

tertiary) -Microbial metabolism Aerobic
andanaerobic
- Types of processes
. -Oxidation
- Process operation
. - Photolysis
- Flow regime y
. . - Microbial metabolism
- Microbiome

(planktonic and biofilms)

- Matrix composition . )
P - Sorption to sediment

- Temperature e
P - Volatilisation

- Adsorption (activated carbon)
- Conventional and advance
oxidation processes
(chlorination and ozonation)

- Types of processes
- Process operation

- Reverse osmosis
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- Microbial metabolism (aerobic

Chemical properties

- LogK:c (sorption)
- LogKow (solubility)

- lonisation (sorption and solubility)

- DTs0 Soil

- Groundwater ubiquity score (GUS)

describes the likelihood of a
compound to infiltrate to water table

- LogKoc (sorption)
- LogKow (solubility)
- lonisation (sorption and solubility)

- LogKoc (sorption)
- LogKow (solubility)
- lonisation (sorption and solubility)

- LogKoc (sorption)
- LogKow (solubility)
- lonisation (sorption and solubility)
- DTso (Photolysis)
- DTso (hydrolysis)
- Kwa(Volatility)

- LogKoc (sorption)
- LogKow (sorption solubility)
- lonisation (sorption and solubility)
- Resistance to oxidation

Uncertainty

- Usage variation because of differential pest stress and
cropping patterns.
- Diurnal and annual variation in climatic condition will impac
biological activity
- Variation in soil moisture and precipitation and resulting
runoff to surface waters before compounds enter the soil
structure.

- Metabolite formation.

- Farming practices which effect infiltration, such as soil
compaction or drainage.

-Affectof changing flow on process performance and
enrichment or dilution of pesticide concentrations

- Temperature dependence of biotic processes

- Disparate nature of microbial communities between locatiol

- Possible back transformation of metabolites.

- The effect of climatic variation on attenuati and inputs, such

as sunlight, temperature and precipitation
- Usage variation because of differential pest stress and
cropping patterns
- Variation in the contribution of different inputs to flow

- Variation in the flow regime due low/high flows arttet
presence of vegetation

- Penetration of less sunlight under turbid conditions
- Mixing of abstraction from multipleources

- Activated carbons loses efficacy with time and each
regeneration

- Certain processes are less efficient in the presence of

dissolved organic matter or reduced contact times or unde!

different loads



3.1.7 Regulation opesticide residues in water
Regulatory limits are set for pesticide concentrations in water and other environmental matrices
such as, residential air, soil and food. These vary by matrix and correspond to the risk identified
during pesticide authorisatioar reauthorisation{415]. Limits in water are often generic for groups
of compounds such as pesticidgkll]. In the European Union regulatory limits and monitoring
requirements for pesticides in surface t@aare contained within the Water Framework Directive
(WFD) and its daughter directivg897,416419]. Through implementation of the WFD the
European Union aimed to achieve good ecological and cla¢status for water bodies throughout
Europe by 2015, since revised to 2(J220]. Secondary legislath and amendments to the WFD
have set environmental quality standards (EQSs) for priority substances and (generic) drinking
gl GSNI ljdz- €t Ad& &idl ¥ Pt pddddesmbdraleyant pesticidemramsf@mation
LINE RdzO (i & = *lifoy Re totabgf thes&398). Twenty peticides including several polar
pesticides are priority substances, these are generally monitored monthly in all water (podads
Several ptar pesticides are also included in the first and second Watch[#i8$and may become
priority substances in futur¢398]. Through a delegation of powers, Member States are now
encouraged to set EQS for catchment specific pollutants to be included in monitoring. This has been
undertaken for several polar pesticides in the UK (see Thblr examples). To achieve good
chemical status a water body must comply with both maximum allowable and annual average EQS
determined through spot sampling, the only approved metlu2l1]. As of 2019, there has been a
modest increase in the number water bodies achieving good status, with legacy pesticides
responsible for poor chemical status in many failing water bof#@€]. As relatively few polar
pesticides are priority or Watch List substances, pesticide occurrence in drinking water is a higher
priority in the European Union. The intrinsic mobility and persistencesgfin polar pesticides
allows them to pass through drinking water treatment processes, with many frequently detected
at elevated concentrations (> DWQS) in treated drinking water, for example the molluscicide,
metaldehyde [422]. Regulatory stamiards and monitoring of pesticides in water in other

jurisdictions is often decentralised and based on established guidddiés
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3.2Monitoring of polar pesticides in water
Monitoring of environmental waters is undertaken to obtain qualitative and quantitative
information about the biological chemical, hydrological and toxicological status of wagrsn
the case of polar pesticides this is typically achieved through representative sampling and
subsequent analysis (chemical and/or toxicological) within monitoring progranjfrés Such
programmes may be undertaken in commercial, research or regulatory contexts. The requirements
of data quality and assurance prescribe the precision, acguaad sensitivity of sampling and
analytical methods. The requirements of data representativeness and availability of resources,
determine the spatial and temporal resolution of samplifig]. The number and identity of
pesticides included in the monitoring suite may be informed by legislation, based on known or
suspected presence or in screening approaches expanded to all compounds denéemdbe

selected analytical methodg08].

3.2.1 Design of monitoring programmes
There is no universal methodology for monitoring polar pesticides. The timing and frequency of
sampling, location and number of sampling sites, and the duration of monitoring are all important
condderations[16,402,408] The frequency of sampling and dticea of monitoring should consider
the dynamic range of pesticide concentration and variability over time to ensure that peak
concentrations are not missed, and loetegm trends are correctly interpretef#t23]. Likewise, the
timing of sampling should consider thedrological system and the influence of events such as
rainfall to peak concentrationgl24¢426]. For example, flow proportional sampling andjtamgian
sampling are often used to accommodate diurnal flow patterns in waste water treatment plants
[427], and the travel time between upstam and downstream surface water sit¢$14],
respectively. Monitoring of ground waters may be appropriate at lower frequerjédi28]. When
selecting sampling locations, it is important to consider the information sampling seeks to provide
(e.g. source appointment atescribing fate), to ensure this is discriminated within results, and to
minimise replicatiorj424]. Increasing the temporal and spatial resolution of sampling will increase

data representativeness. In practice workability, time and cost often restric{421).

3.2.2 Comparison of sampling methods
Sampling can be integrative or discr¢i®]. Methods can benitegrative of flow, time or botl24].
Whilst discrete methods canebrepresentative of the progression in time and/or flow through

recurring sampling that is proportional to evolving conditi¢p#30]. Multiple discrete samples can
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be analysed separately to provide a time series describing concentration fluctugdidmag or
pooled to obtain a composite valupt30]. Whole water sample collection may be mahu
automated or online [431]. Sampling may seek to capture different quantities of aqueous
pesticides such as, total or dissolved concentratioad or distribution, or qualitative confirmation

of the presence of a pesticidd08,421,428] Comparable results are often possible with different
methods, and method performance, versatility, practically t em&l expertise should be considered

to select the most appropriate approa¢h30¢433]. Practical handling considerations include the
sampling frequency, the equipment transported to field or lefsitu, and the need to prepare the

site before sampling (e.g. power suppl¥B1]. The monitoring programme of the WFD mandates
spot sampling, however, use of passive sampling is recommended if large temporal variation in
concentrations may reduce the repregativeness of spot sampling (along)30]. Discussing
monitoring under the WFD, Allan et dlL6] acknowledge that no sampling method is appropriate

in all situations, with each providing different, often complimentary, information. Spot sampling
remains the default choice in most pesticide monitoring programmes, despite its lack of temporal
representtivenesg402]. Tablel3 shows attributes of a variety of discrete and integrative sampling
methods. The current trend within pesticide momitag is use of timentegrative methods such as
passive sampling. Most studies investigate surface waters, where passive sampling has been
extensively compared with other methods. Passive sampling has also been evaluated alongside on
line, automated andpot sampling in a drinking water supply wofk81], with exposures occurring

in a range of matrices, for example, waste watpt84] and ground waterg435]. Trends in the
applications of passé/samplers for pesticide monitoring are reviewedeoction3.4. The principles

underpinning passive sampling are preseniredection3.3.
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Tablel3. Comparison of water sampling methods for pglasticide monitoring.

Sampling
method

Spot
sampling

Automated
sampling

Ontline
monitoring

Passive
sampling

Active
sampling
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Performance
9] w
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L-
Op Op Op
0 Op Op H
Op N Y vH
Op Op Y WvH

Aunnosies

T

Advantages

All analyte fractions present in
sample

High accuracy
Sensitivity

Stability of labile compounds (in
sample)
Representativeness

Programmable to take multiple
discrete or composite samples

Sensitivity
Method developed for analyte
Real time data
Stability of sample is assured

Freely dissolved fraction sample:

Integrative of time

TWA Concentrations can be
measured

High enrichment of analytes
Representativeness

Freely dissolved fraction sample
Integrative of time

Representativeness

TWA Concentrations can be
measured

High enrichment of analytes

Versatility

Disadvantages

Stability of labile compounds

Snapshot only

Stability of labile compounds

Problems may occur undetected or onl:
become apparent after the event

Site requirements (security and power)

Less freedom to alter sample volume

Limited to developed method

No sample retained

Analyte speciation may affect sampling

Length of exposure may influence
accuracy
Requires calibration, may be affected b
ambient conditions

Limitedanalyte selectivity
Concentration fluctuatia is not captured
Analyte speciation may affect sammin

Length of exposure may influence
accuracy

Concentration fluctuation is not capture«
Requires calibration, may be affected b
ambient conditions

Limited analyte seleatity

Scope to optimise

Pretreatment to preventdegradation

or sorption of analytes
Repeat sampling
Increase sample volume
Pretreatment orrefrigeration to

prevent degradation or sorption of

analytes

Increase sample volume (shorter
deployment)
Expand methd

Device configuration and exposure

time (10-30 days typical)
Device configuration, deployment
apparatus

Multiple devices

Device configuration and exposure

time (10-30 days typical)

Deviceconfiguration, exposure
conditions

Multiple receiving phases within the

same device

Restrictions

Logistical

Logisical
Logistical

Logistical

QAIQC
Logistical

Logstical

Analytical
Economical
Information

Information
QA/QC
QAIQC

Logistical

Information

Information
QA/QC
Information
QA/QC

Logistical

Proficiency and availability

Equipment (£
Bottle L
In-situ -
Automated
sampler and

power supply M
(portable and

left on site),

may be large
and expensive

Fixed
equipment for
sampling and
analysis

VH

In-situ- PSD
and
deployment H
apparatus (left
on site)

In-situ - Active
sampling device
with power H
supply (battery
or fixed)

abesn

vL

vL

Cost

$3$

100x

$$$

$388

*integrative. Key: high (H); low (L); optional (Op); medium (M); no (N); sampled volume (SV); very high (vb¥; (v&dy Yes (Y). Abbreviations: passive sampling device (PSD); quality assurance (QA); quality controh@@@hteéchaverage

(TWA).
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3.3 Passive sampling of polar pesticides
A recent review of passive sampling of hydrophobic omarimpounds[436] presents the
monitoring principles for noipolar pesticides. At present, knowledge of the theory underpinning
passive sampling of polar organic compounds, such as polar pesticides, is less developed. The
absence of a complete mechanistic understandingzpries modelling of uptake and accumulation
in polar device4437,438] Whilst available models do predict uptake and accumulation within
acceptable error for sme compounds and conditions, examples of divergent accumulation
behaviour occur throughout the literatureResearchers have been unable to attribute, or
distinguish, the contribution of phenomena responsible for this variation within, and between,
studies [439]. Principles derived from absorption of ngolar organiccompounds, a process
occurring through partitioning, underpinned the initial theory for passive sampling of polar organic
compounds. Passive accumulation of polar compounds occurs through adsorption, the result of
concentration dependant interactions betgen solute and sorbent leading to bond formation
[437]. As such the equivalence of the principles of 4patar/polar passive sampling is not always
appropriate, br example, the existence of isotropic exchange between bulk and receiving phases
for any analyte is uncertain and examples of anisotropic exchange are not well understood
[432,440,441] The following sectionmtroduce the basic theory and range of passive sampling

devices (PSDs) used to monitor polar pesticides.

3.3.1 Theory of polar passive sampling
Passive sampling is any technique where mass flux driven by differential chemical potential, causes
transfer and etention of contaminants present in a bulk phase of the sampled medium, in/to the
receiving phase of a device placed within said medd42]. Mass flux will continue in the presence
of a positive gradient in chemical potential between bulk and receiving phases (i.e. until
thermodynamic equilibrium is reachef)36]. Mass flux of freely dissolved analytes from bulk to

receiving phases occurs over successive interfacial |§4&r$ These layers can include:

WLBwom > Fouling film > DM/DL > WRiw > WBIlws > Sorbent

Where WLBwypmis the external water boundary layer (WBL) between sampled water and diffusion

membrane (or layer). Foulingrh refers to any accumulation of sediment and biotic matter formed
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on the sampling surface during exposure. DM/DL refers to a diffusion membrane (DM) or layer
(hydrogel) (DL) separating sorbent and sampled water. 3dyland WBIws refer to any WBL
preent between the DM (WBlwiw) and sorbent (WBlys) and interstitial water within the
sampler. Sorbent describes the receiving phase of the sampler. The device used largely determines
the existence and/or importance of transport through each layer. Rasistdo mass transfer in

each layer is analyte specific and may limit uptake. The extent of any rate limiting effect is
determined by the sampler configuration and ambient conditipd3]. When equatingesistance

to mass transfer over all interfacial layers (i.e. the resistance to mass transfer of uptake), resistance
to mass transfer in sequential layers is normally assumed to be add2lie It is typically
appropriate to consider only the external WLB, DM/DL and sorbent, in approaches using three

compartment first order kinetic mode[€44¢446].

Some devices promote mass flux (direction of diffusion gradient) occurring perpendiculag to th
water/sampler boundary and uniform across the sampling face. The design of other devices may
permit lateral diffusion, or the formation of variable diffusion gradients where the relative position
of layers is not uniform throughout the device, or shitsg. when the sampler moves in the water
column)[438,447] Accumulation in the receiving phase follows first order kinetics, occurring in
linear, then curvilinear regimes, ending at equilibridmthe linear uptake regime, accumulation is
time integrative and responsive to changes in aqueous concentration. The rate of mass flux and
length of linear and curvilinear regimes, as well as the point at which equilibrium is attained, is
specific to theanalyte, sampler composition and geometry (configuration), and the ambient
conditions during sampling. It must be determined and validated for each polar pesticide in each
setting [448]. Many devices have been developed to monitor polar pesticides, with design and
operation, optimised to achieve sensitivity and selectivity over exposures of various time lengths.
Typically, passive sampling of polar pesticides is undertaken in the linear regime, and the sampled
analyte massNy) is related to a TWA concentratioGr{vs in the sampled water over a deployment
time (t) through knowledge of the analyte sampling rat)( using first order kinetic models

[444,449] from which the following equatio(Equation5) can be derived:

6 — (5)

R is a theoretical volume of water sampled per unit time and must be determined for each

combination of analyte and device. During the linear regime the aqueous concentr&ipn (
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corresponds to the rate of accumulation in the sorbentRashould not chage). Differences in the
speed of transport over layers between sampled water and sorbent, result in analyte speeific lag
phases before a change @y is registered as accumulation in the sorbent. joagses of between
several minutes and days are commorubSequent increases or decreases in the rate of
accumulation following a change @ may also experience a lqunase[434,450,451] Large lag
phases reduce the accuracy Gfwa during short exposures (< 10 day4B4]. In the curvilinear
regime, the rate of accumulation reduces, approaching an asymptote at equilibrium, when-solute
sorbent bond formation ceases to be energetically favourable, or assuming isotropic exchange,
sorption and desorption are el (or a mixture of both, producing no net accumulation if exchange

is anisotropic). Under what circumstances such bonds are reversible (i.e. desorption) is poorly
understood[438]. Equilibrium sampling of polar pesticides is uncommon and mayappropriate

for adsorptionbased devices. Use of passive samplers in the qualitative chemical or toxicological
monitoring of pesticides, such as screening or bioassays, does not require knowldRigmdfis
growing in popularity428,434,452,453]lt is still necessary to confirm the suitability of the device
over the exposure length and aqueous concentration range before devices can be used to

monitoring pesticides in water. This is normally performed through calibration experiments.

Flgure6 Photographs-of the POCIS device being assembled (A), the three component
Chemcatcheé® body (top assembled and bottom dissembled) withlHtegeiving phase disk and
PES membrane (B) and theDGT casting gel system (C), cdD@T gel layers (¥nd of an
assembled @GT device (E).
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3.3.2 Types of passive sampler
Three types of device are predhinantly used to monitor polar pesticides, namely the,
Chemcatcher®, -DGT and POCI®&54]. Different choices of diffusive membrane/layer and
receiving phase is made to alter the performance of each device. The following sestobisble
14 present practical aspects of the design, handling, performance and availability of samplers used
to monitor polar pesticides. Values for LOQ, sensitiigyand linear period (i.e. integrative time)
contained inTable14 are taken from selected calibration studies. These values are indicative of
performance and should be used only to compare device cordiguns. R; values reported in the
literature often disagree. Reviews of ChemcatcH&7,376] polar organic compound integrative
sampler(POCIg®37], and eDGT[455], assemble data from multiple sources and discuss the-inter

comparability of values forazh device.
i) Chemcatcher®

The Chemcatcher® comprises a reusable Hpae polytetrafluoroethylene (PTFE) body (base
plate, retaining ring and transport lid) housing a commercially available-gbéde extraction (SPE)
RA&a1 69YLR2NBuk! ( tebbvidgphased aratldininith-aypM./S@bert chemistry and
DM composition and structural properties (e.g. membrane thickness or pore size) are selected
based on affinity for monitored pesticides and required performance (e.qg. integrative time or LOQ).
Sirce Kingston et al[114] developed the Chemcatcher® several iterations of the design have
occurred, with two designs in current use. Each design has an internal volume and sampling area
that accommodates SPE disks with diameters of eiiiZamm (Atlantic design) or 46 mm (Empore
design). Repeatability is aided through use of DMs and receiving phases with known properties (e.g.
thickness, pore size, sorbent mass and distribution). The main differentiation between the
Chemcatcher® and othelevices is the use of commercially available SPE disk receiving phases.
Whether this differentiation is advantageous or restrictive is a matter of opinion, as the uniformity

in device properties, could equally be considered in terms of the lack of abilifytimise sorbent

mass or use mixed sorbents, as is seen with other samplers. Likewise, fewer sorbent chemistries
are available in the SPE disk format than in granular forms. What is certain is that the simplicity of
preparation and handing means thatgdermance bias resulting from user proficiency is less likely

to occur than with POCIS, and to a much greater exte@G3. Occasionally improvised
Chemcatcher® type devices are also ugd86], however, problems resulting from the
inconsistency of construction of such dess have been reported (e.g. DM losing contact with disk)
[434]. Only one face of the receiving disk of the Chemcatcher® is in contact with the DM, however,

improvised POCIS type devices containing SPE disks with two sarspiiages are used
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occasionally389]. A polyethersulphone (PES) DM is normally used for monitoring polar pesticides,
however, other polymers such as polysulphone (PSU) have been [d456H The geometric
properties of the DM such as pore size, porosity, tortuosity, and membrane thickness may be
different between studies with pores of 0.2 or 0.45Y (i g[44B]IOY R ndm >Y dza SR
[389]. Sometimes no DM is used and the reagivbhase is exposed directly in the sampled water.
This will effect performance (e.g. reducing-lgliases and integrative periods), and may complicate
sample clearup, or increase uncertaintld57]. Naked disks outside the housing are also used as
samplers, thee are considered separately, as the area of sorbent disk exposed to sampled water
has been shown to alter performang458]. SPE disks used in Chemcatcher® are usually polymeric
with moieties able to interact with solutes through polar, apalar and ionic bond formatiof#45].

In the pastn-octadecyl disks were used to monitor polar pesticifi#®9], however, the improved
performance of newer polymeric sorbents, mean these are now preferred. Unlike POCKD&Td o

miniaturised versions of the Chemcatcher® have not been developed.

i)  POCIS

The POCIS contains granular sorbent sandwiched between twol2Msn place by two stainless
steel rings screwed together to form a seal. The internal sorbent is lose and does not fill the
interstitial space. Distribution of sorbent within the sampler may change throughout deployments
and the area in contact with thBM, is likewise, subject to chand#38,448] As the interstitial
space is not filled it is convenient to increase the mass of sorbent within a device, however, sorbent
mass of 2030 mg is typical. Polymeric sorbents are used to monitor polar pesticides, but
carbonaceous sorbents asmmetimes mixed with polymeric sorbents to improve performance. A
variety of sorbents have been shown to have broad affinity for polar pesticides, whilst other
sorbents have specific affinity for certain compounds for example a molecularly imprinted grolym
a2NDSyld KFa o06SSy RS@St 2LISR -aming3-hydréxySametayNg I f &
isoxazolepropionic acid (AMPRB9]. Two standardised versions of the POCIS: RPar@iens and
POCI$est contain polymeric, or a mix of carbonaceous and polymeric sorbents, respectively.
Despite names that suggestitability for monitoring different classes of compounds both devices
are used to monitor polar pesticides. Ahrens efa89] found that each version of the POCIS had
affinity for a simiar number of compounds (106 or 110 of 124 investigated), over the a similar range
(log Kow -1.9 to 5.2 or-1.9 to 5.3), with similar sorption capacity (sampler and water partition
coefficient Kw)) of (logKsw Of 4.78 L ki or 4.56 L ki}). PES DMs thi pore sizesof 0.2 Y | Y R
combined sampling area of 41 éare typically usetb monitor polar pesticidef445], Miniaturised
POCIS have also been used with a reduced susdiez (16 crf) and0.45> Y  LIP4AES @ther
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studies have investigated larger sampling areas (95 ¢460], and the effect of varying sampling
area and sorbent mag461]. Nylon DMs with pores 0> Y KI @S | f & 2tedpa®By A
were shown to reduce laghaseqg450]. The POCIS is vulnerable to damagBs have no solid
support and can be punctured during deployments. Lose sorbents must be weighted and
conditioned for each device and preparation is more complicated @la@mcatche® Conditioning
and elution of sorbents is typically undertaken in an &&&mn.

iii) o-DGT
0-DGT is a recent variant of the DGT sampler, developed to monitor organic compounds in water
and sediment with several variants used to monitor polar pestidid®S]. The eDGT uses granular
sorbents. The mass sbrbent used in each device deviates between studies, however, between
300-350 mg of sorbent is typical. These may be polymeric, carbonaceous or inorganic, such as the
TiQ sorbent developed to monitor glyphosate and AMPI&2]. The important distinction from
both Chemcatcher® and POCIS is the use of hydrogel diffusivendimbdayers to control analyte
uptake and stabilise and ensure constant distribution of sorbent within the device. The binding
layer containing sorbent sits at the base of a plastic housing and is overlain by the diffusive layer,
held in place by a cap thi an aperture exposing the diffusive layer surface to sampled waters.
Following use the sorbent is separated from the binding hydrogel to allow elution of sorbed
analytes, in a SPE columnD&T was developed to reduce the influence of ambient conditions
analyte uptake and the requirement to perform calibration for each compound. This is achieved as
the resistance to mass transfer in the diffusive layer is similar to the WBL, and as the thickness is
far greater, typically 0.75 mm, variation in WBL thieks does not impaé¥ significantly. Diffusive
layers of between 0.4 and 2 mm have been investigated whilst the sampling area is typically 3.1
cn?. Larger devices with sampling areas of 4.91[é®2]and 45 cm[463]have been used. Binding
layer thickness typically mirrors the diffusive layer, although different hydrogels are often used for
each layer (1.5% agarose or 15% polyacrylamide). The thickness of each layer must begorcise
the distribution of sorbent equal, as inaccuracy in either may extend or reduce the length of the
diffusional path within the device or promote lateral diffusion, altering uptake. As such preparation
of o-DGT requires high user proficiency to avoidsband is more time consuming than other

devices. Ready constructedGTs can be purchased to avoid this bias.

To reduce the effect of ambient conditions on device performand®3 sacrifices sensitivity and
sampling rates meaning LOQ are higher th&CIF5 and Chemcatcher®. Upscaling of the device
would enable reduced LOQ but is complicated by the vulnerability of hydrogel layers to grazing,

mechanical damage and dissolution, which prohibits larger sampling areas. One solution to protect
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the hydrogel lgers during deployments is the inclusion of a protective filter or membrane. A range
of membranes (cellulose acetate, cellulose ester, Nylon and RisSheen evaluated and were
found to suppress uptakpi64,465] Commenting on use of protective membranes, Guibal et al.

[455] proposed two points to consider before use:

amY GFNBSG FylrtedsSa FyR GKSAN L2 (Syipoundstare A v
2F0Sy GFNBSGSR YR (KSNB Aa y2 adzyABSNELFT &
deployment (including seasonal changes) to evaluate the risk of biofilm development and the

relevance using naked® D ¢ ® ¢

It is probable that useof protective membranes may reintroduce some of the uncertainty
associated with transport over layers that theD&sT tries to avoid. If lower LOQ are desired,

multiple devices can be deployed in parallel and extracts combined for analysis.
iv) Other devices

A range of other devices has been used to monitor polar pesticides. These include silicone rubber,
sheets [384,466] or stir bar sorptive extraction (SBSE) rdd$7,468] Silicone hollow fibre
membranes containing nitric acid have been used to monitor triazine herbidé8$and silicone
sheets with various embedded SPE sorbents have been eval{2&f and used to monitor
equilibrium concentrations of polar pesticides in rivgt8]. Microporous polyethylene tubes filled

with hydrogel embedded polymer[d70]and inorganic sorbentgl71]have been exposed in river
waters to monitor polar pesticides over a broad range of affinities (for different sorbents), or
glyphos#&e and AMPA, respectively. Ethylemimyl acetate (EVA) coated Ti sheets have been used

to monitor selected pesticides in coastal watg43?2]. Other studies have used sorbents typically
used in devices such as the Chemcatcher® but without the DM separating sorbent from the sampled
water. This has mainlyeen done where it is desirable to increase the sensitivity of the device when
monitoring episodic flux of polar pesticidg 3] or when monitoring ground watergl35]. Ground

water has also been monitored with an activated carbon sorbent contained in a steel[#&gh

Aside from use of naked”& disks in monitoring ground water or episodic pollution, it is unclear if
any other devices currently used offer improved performance over the Chemc&t&@CIS or-o

DGT. Use of naked disks to monitor short duration events, typical of polar pestaidéqn, may

be particularly suitable, as the dynamic range and rate of mass flux can be large. For this reason,
use of equilibrium devices based on silicone rubber alone or with embedded sorbent probably
offers little improvement over discrete samplingethods, as the time to equilibrium is typically

several days (i.e. the response time of the device is greater than fluctuation in environmental
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concentrations). Such devices may be suitable for monitoring other polar organic contaminants
with stable envirmmental concentrations. New devices that remove some of the limitations the
Chemcatcher®, POCIS eDGT would be welcome.
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Tablel4. Practical aspects of the design, handling, performance and availability of passive samplers used to monitor polar pesticides.

Passive
sampling
device

POCIS

0-DGT

Chemcatcher®

Silicone rubber
based devices

Naked SPE disks

Specification

Two x steel
rings securing
two x DM,
between which
granular
sorbent is
sandwiched,
sampling area =
45 cn?.

Plastic housing,
0.75 mm
diffusive and
binding
hydrogels,
embedded
granular
sorbent
(binding),
sampling area =

3.1cnt.

PTFE housing
52 or 47 mm
receiving disk
overlain with
DM, sampling
area =17 cth

Single phase
PSD comprised

of multiple
sheets or rods

used in SBSE

SPE disks
exposed

directly in
sampled
waters.

Practical aspects

Versatility

Sortent mass can
be altered or
multiple sorbents
mixed in a single
device. More
vulnerable to
damage during
field exposure
than other
devices.

Reusable (housing
only). Preparation
isdifficult for non-
experts. Gels used
in construction are
vulnerable to
damage and may
be eaten by biota.

Reusable (housing
only). Preparation
and handling
simpler than
POCIS/®GT.

Can be reused if

cleaned. Multiple

sheets can form
one device.

Must be deployed
in appropriate
apparatus. Fouling
or damage of the
disk possible.

Preparation and
extraction

Conditioning and
extraction solvents and
procedures defined for
sorbent. Sorbent must
be weighted separately

for eachdevice. PEG
present in PES DM must
be removed to avoid
matrix effects.

Thickness of diffusive
and binding layers and
position of sorbent
particles govern sampler
performance and must
be consistent between
devices. Device
preparation requires
more expertise than
POCIS or ChemcatcRer

Conditioning and
extraction solvents and
proceduresdefined for
commercially available

receiving phases. PEG
present in PES DM must
be removed to avoid
matrix effects.

Oligomers must be
removed before us this
takes time and solvent.

Soxhlet extraction

(solvents: methanel

acetonitrile, 1:2 v/v).
Conditioning and
extraction solvents and
procedures defined for
commercially available
receiving phases.

Design

- Type and
mass of
sorbent

- DM, type,

thickness,

porosity and
tortuosity

- Type and
mass of
sorbent

- Type and

thickness of
diffusive and
binding gels

- Type of
sorbent
- DM, type,
thickness,
porosity and
tortuosity

- Surface
area,
embedded
sorbent

- Type of
sorbent

Selectivity
(analyte type/ lod%w)

-1.9-5.3
~-2-35
0.57¢5.2
Neutral 19-52
-2-4
2.6-3
2-4
Acidic N/A
1.9-3.38
Glyphosate -
N/A
(various)
Neutral
1.14-3.2
~156
Acidic N/A
Glyphosate -
-1.9-5.3
(POCIS)
-1.2-47
Neutral
1.3-53
1.78-
3.51
-2.6-4.6
Acidic 1.9-3.38
1.9-3.38
0.70-7.0
Neutral
2.18-
5.11
Anionic 11-42
Neutral 0.78-
4.21

Performance
DM/L:
Sorbent
M m/ mm)
. PES: 0.1
Oasist HLB NL: 30
Bond Elut Plexa PES: 0.1
Isolute ENVA X
Ambersorb 1500 PES:0.1
Chromabond HX PES: 0.1
Strata XCW PES: 0.1
Oasist MAX PES: 0.1
EnviCarb PES: 0.2
Strata XCW PES: 0.45
PES: 0.1
MIPs PES: 0.2
NL: 30
R Ag: 0.75
LIN Y
{SLINF ey PA: 0.75
Coxox x Ag: 0.75
hlaixan | PA: 0.75
Amberlite XAD 18 Various
A=45crh
StrataX Ag: 0.2-2
Oasist MAX PA: 0.77
hlairxan |
y A =4.91crhPA: 0.8,
Ti® PES: 0.45/ PA: 0.4
Atlantiot HLB PES: 0.2
9 Y LJ2 NB-RPS{ 2xPES: 0.1
9 YL NB n 2x PES: 0.1
9 Y LJ2 NBXC { PES: 0.45
Emporet SAX PES: 0.2
9 Y LJ2 NB-RPS{ PES: 0.2
9 Y LJ2 NBXC { PES: 0.2
SR sheets 450 cnt

SR SBSE twisters -

9 Y LJ2 NB-RPS{

9 Y LJ2 NBXC {

LOQ
(ng L)

< 1-50 *200
N/A
<1-15

<1-10*83

N/A
<5
N/A
<1
N/A
N/A
N/A
N/A

N/A

0.03-2.73 *1094
2
3¢ 13 (14 days)
0.03
<1

<1-20*1300
<1¢10*230
N/A

2
N/A
Poor affinity (1
detection)

< 1-5*2000

<2

<2

<2

Linear days
(R(Ldy)

14 (~ 0.18)
<1¢21 (0.03 3.29)
14 (0.09- 0.22)

14 (~ 0.22)

<21 (0.006 0.125)
12 (0.139- 2.6)
9-21 (0.038 0.302)
7(0.0350.07)
< 8 (0.04%0.076)
> 14 (0.078)
17(0.111)
<13 (N/A)

>25

N/A
>21

43

2-6

> 14 (0.016,
metaldehyde)

> 14 (~0.05)
<14 (~0.02)
<5(0.030.07)

6-58 (0.044-0.113)
<7(0.0%0.018)

4 (0.04, haloxyfop)

<7(~0.88)

<4 (0.00:0.121)

1.5 (0.1-0.18)
1.5 (0.48 1.1)
14 (0.018 0.047)

Availability

Commercial
suppliers and
approx. cost

Yes-
constructed
devices and
component
partscan be

purchased from
several
suppliers
(Affinisep
EHSSEST.

$

Yesg
constructed
devices and
component
parts can be
purchased

(DGT

Research

$$88

Yesg Housing,
DM and
receiving

phases can be

purchased

(TelLab.
$$

Yesg SBSE

(Gerste).
No ¢ Sheets

$$$
Yes Affinisep

Merck
Biotagsg.

$

Ref

[389]
[450]
[430]

[389]

[475]
[476]
[475]
[477]
[445]

[459]

[478]
[465]
[463]
[479]
[462]

[389,480]

[389]
[389]
[445]
[410]

[445]

[389]

[467]

[473]

[435]

*maximum outlier above the range typically for most analytes. Abbreviatiagarose (Ag); diffusion membrane (DM); diffusive layer (DL); limit of quantification (LOQ); molecularly imprinted polfasen-{dtanol and water partition coefficienkgy); not available (N/A); nylon (NL);
passive sampling device (PSD); polyacrylamide (PA); polyethersulphone (PES); polyethylene glycol (PEG); polytetrafierEEB)iesampling rat)( silicone rubber (SRplid-phase extraction (SPE); stir bar sorptive extraction (SBSE).
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https://www.affinisep.com/media/affinisep_pocis_affinimip_en__071167900_1624_26052016.pdf
https://www.ehss.eu/en/passive-sampling/services-and-experience/
https://www.est-lab.com/pocis.php
https://www.dgtresearch.com/search-test/
https://www.dgtresearch.com/search-test/
https://chemcatcher.ie/#toggle-id-8
http://www.gerstel.co.uk/en/twister-stir-bar-sorptive-extraction.htm
https://www.affinisep.com/media/booklet_disk__069707600_1727_27112018.pdf
https://www.sigmaaldrich.com/catalog/search?term=empore&interface=All&N=0&mode=match%20partialmax&lang=en&region=GB&focus=product
https://www.biotage.com/product-page/atlantic-spe-disks

3.3.3 Calibratim
Calibration experiments are undertaken to establish device performance for specific analytes and
exposure conditions. The length of tiAmegrative accumulation must exceed the duration of
sampling and follow first order kinetics. Accumulation in the sottshould be proportional and
responsive to fluctuating concentrations. Calibration should characterise amphlzggs.
Calibration of multiple analytes can be performed simultaneously. This is done through laboratory
or in-situ, exposure within water invhich the analyte concentration is known. In most laboratory
calibrations samplers are exposed within an analyte fortified matrix, representative of the ambient
conditions during field exposure. Devices are removed and analysed at regular inter2alsy€)
and the fortified matrix is regularly (i.e. static renewal) or continuously (i.e. flow through systems)
replaced. Alternative approaches inferring analyte uptake by measuring analyte depletion (i.e.
static depletion) are occasionally used. However lyedosses due to volatilisation, degradation,
and sorption to the DM and surfaces within the calibration system reduce the accuracy of such
calibrationg437]. There are currently no universally agreed calibration protocols and by necessity,
each calibration system is bespoke. This has frustrated the reliability of laboratory dBgwédth
often disagred437,438] Ahrens et al[389] characterised performance of five dees in laboratory
calibrations experiments for 124 polar pesticides, showing broad affinity for different
configurations. Alternativelyin-situ calibrations may be performed in the field were aqueous
concentrations are regularly checked with discrete pling alongside analysis of samplers at

regular intervals to convert the mass sampled®$390,481]

Quality control during calibration studies and field exposures typically includes duplicate or
triplicate deployment of samplers and a numlodiblanks to identify contamination during sorbent
conditioning (solvent blank), construction, (construction blank) and field handling (field blank). A
current trend forin-situ calibration is use of a variety of methods alongside each other to monitor
non-steady state eventpl00,425,457,458]Nonsteady state conditions have also been replicated

in laboratory calibrations; such approaches may help identify confidence intervals for passive
sampling data, impo&nt for passive sampling of stochastic pesticide pollution. Vermeirssen et al.
[444] found that lagphases of certain moderately hydrophobic pestid@deiazinon and diuron)
occurred following increases and decreases in aqueous concentration in dhflough system,
reducing the integrative performance the greater the duration of thephgse in relation to the
length of exposure. Bernard et g482]investigated the integrative performance of POCIS through
several static renewal calibrations with fluctuating concentrations of variable intensity and
duration. Uptake was linear for most pesticides with-fdgses in accumulation differing based on

analyte polarity. Shaw et a[483] found sampler configuration effected integrative pemfimance
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with DMs preferable over longer exposures. Naked SPE disks exposed to fluctuating concentrations
of atrazine and allowed to equilibrate where found to attain isotherms proportional to the sampling
surface area of the disk, not the mass of sorbenpidallyR; values are greatest in POCIS being
lower in Chemcatcher® and lower still ilD&GT, however device composition, geometry and
ambient conditions will affect these in practice. The mass of sorbent and sampling surface area
alongside the sorbent tsampling surface area ratio can be used to approxinktealues for
devices of similar composition (i.e. same type and thickness of diffusive layer or membrane). Such
approximations would be imprecise and compound specific as the contribution of diffstames

in the uptake process to rate limitation for different analytes will produce diverging responses to
any change in device configuration. This complexity and uncertainty reinforce the need for device

calibration and improved quality assurance andtrol in passive sampling of polar analytes.

3.3.4 Environmental factors effecting uptake
The properties of the DM and sorbent do not change, however, ambient conditions influence and
limit the rate of transport across interfacial layers, and accumulation in the sofd84}. Such rate
limiting effects eiher, alter the transport distance or resistance to mass transfer, or influence the
rate at which the component mechanisms of transport/uptake occur. Changes in transport distance
or resistance to mass transfer can be caused by variation in the thicknéss ekternal WBL or
the formation of fouling film$485]. Whilst temperature and matrix compositionay also influence
solute diffusion[463], speciation[477], or interaction with surfaces of DM and serit [478].
Additionally, amenable metaldia pathways or sorption sites present in fouling films may attenuate
mass flux, suppressing accumulation in the sorbpt85]. Pesticide use and mobilisation is
associated with seasonal and episodic climatic conditions that may also caudienititey effects.
These must be overcome, estimated, or preferably quantified, to improve accuracy of guaatitat

results and identify any uncertainty.
i) Flow

The WBL is a region of stationary water at the sampiaier boundary. Analyte transfer across this
region occurs only by diffusion. WBL thickness is determined by turbulence at the sampling surface,
which istypically greater at higher flow rates, however, translating measured flow to turbulence at
the sampler surface is difficu[#86]. o-DGT hydrogels are homogeneous and have a similar
resistance to mass transfer as the WBL, and it is appropriate to consider the latter as an extension

of the former comprising a single compartmgdt5]. Changesn the thickness of the WBL are
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normally negligible compared to the thickness of diffusive and binding gels and the rate limiting
effect of flow should not exceed 20%Rffor o-DGT as a resy#87]; with the exceptbn of stagnant
conditions where significant WBLs have been obsefd&8]. Diffusion across the WBL is often
dominant in limiting uptake in POG#37]and Chemcatcherf@34], however, the flow dependency

of Ryis not always observed42,481,489] At present no approach can adequately compensate for
flow effects onRs. Although, empirical approaches to determiniRgin quiescent and turbulent
conditions such as that adopted by Poulier et g02] have been used to establish confidence
intervals forGrwaof pesticides to support use of POCIS in regulatory monitoring. Likewise, passive
in-situ methods relating dissolution of gypsum balls to flow rate to infer WBL thickness have been
demonstrated, It are not routinely used at presern#t86,490] Compounding the challenge of
understanding the effect of flow oM is the failure to adequately report the hydrodynamic

conditions in calibration experimen{438].
i) Fouling

The presence of fouling layers composed of microbial flora and fauna and deposited particles on
the surface of samplers may alter the resistance to mass transfer and uptake rates. When
monitoring polar pesticides exposures exceeding 21 days are less camedaoicing the potential

for excessive fouling. Lissalde et p43]found that POCIS exposed for 14 days in positions parallel

or perpendicular to flow, both experienced slight fouling that obstrudbd pores. Accumulation

of a range of pesticides and metabolites was statistically similar for both exposure positions. The
PES DM used in POCIS and Chemcatcher® resists fouling more than polymeric materials used
other devices[449]. Challis et al[488]noted fouling on eDGT over 21 days, but no apparent effect

on the uptake of a range of pesticides. The composition and thickness of each fouling film is unique
howeve [436], and the potential for fouling should alws be minimised as any effects on uptake

are not understood and may be situational. Harman ef{%#] found that uptake decreased for
certain hydrophobic analytes (IdQw 4-6) in prefouled POCIS compared to-deployed urfouled
devices, wh#t uptake of more hydrophilic analytes increased. Uptake of thiacloprid in
Chemcatcher® was unaffected by fouling on the DM, but fouling on naked disks suppressed uptake,
potentially due to interference with the sorbent moieties, impeding analyte uptakiamecovery

[485]. Djomte et al. [491] induced heavy fouling on POCIS through addition of suspended
sediments (3600 ppm) to deionised water to compardalge of 12 polar pesticides in PES and
hlrairaun 1 [. 2F F2dz SR FyR dzy¥2dzZ SR RS@OA0OSa SE
throughout exposure to suspended sediments. Comparison of DMs prior to exposure and at 10 days

under microscopy, confirmethat unfouled DMs remained in the same condition throughout the
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experiment, whilst fouled DMs were extensively soiled with visible obstruction of (some) pores.
Sultana et al.[413] suspected suppressed performance reference compound (PRC) elimination of
POCIS deployed in raw water (drinking water treatment) resulted from fouling but could not rule
out other factors (e.g. matrix composition). The conseqre=of fouling on performance may differ
depending on the identity of sampled pesticides and the composition of fouling layers and when
fouling does occur the consequence for all sampled analytes should be assessment segarately.
metabolismin the fouling layer is theause of altered pesticide uptakhis will have a more
pronouncedeffect if aqueouspesticide concentrations are stabdad low enough that aelevant
amount of metabolism takes place during transpover the fouling layer. In practice pesticide
concentratiors are stochastic and are claaterised by episodic peaks of large gmitude pollution

In these circumstancemetabolism in the fouling film is expected to have an insignifiedfect in
altering uptake Altered uptake is more of a concern for classes of contaminants characterised by

low and stable concentrations suchraanypharmaceuticalgparticularlywhere trangort over the

fouling layer occurs at a slower rate (itgzdrophobicorganic contaminantg%36].

Figure7. Extent of fouling and damage to Chemcatcher® devices; (A) unfouled (B) fouled with
biofilm (near WWTW in summer) after deployment, (C) damaged membrane and sorbent, (D) fouled
with sediments (after storm), and two Chemcatcher® devices with, unfoulehdH)-)pierced,

membranes
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i) Temperature

Generally, diffusion increases with temperature. The effect of temperaturdRois less clear,
however, with enhanced uptake observed in laboratory expos{#88], contrasting with uptake
unaffected by temperature in field exposurgt1]. Yabuki et aJ[484]found Rs of 43 pesticides in
POCIS increased between, 18, 24 and 30 °C, whilst five more hydrophobic pesticides displayed the
opposite trend. Twefold changes i in response to temperature are possible, but any effect may
depend on the contribution of diffusion, partitioning and adsorption to rate limitation, which is not
understood in POCIS or Chemcatcher® at presentDIB D, diffusion withinydrogel layers is rate
limiting. Challis et al[488]recently proposed a method to correct for the effect of temperature on

uptake in eDGT devices.
iv) Matrix composition

Speciation of ionisable pesticides is pH dependant. pH was found to effect uptake of acid herbicides
ino5D¢ O2YydFAYyAyYy3a hl a®p VIR[ .n | ANIAINE H[478 GaoBki{ S

et al, [478]attributed this to differential proclivityf species for solutsorbent interactions leading

to sorption as uptake of neutral pesticides was unaffected by pH. The effect of pH onsmibémnt
interactions for ionizable pesticides has also been highlighted in Chemcafddé@56Jand POCIS
[475], with ionexchange sorbents displaying superior performance for ionised species. The
possibility of competition at sorption sites, complex formation and enhanced adsorption (e.g.
salting out) due to interference from other matrix components has been suggftsddl however,
salinity was not found to effect equilibrium ad$édii A 2y A & 2 (i K S NJMEB]. LikgWwisdr | & A
nitrate [475] did not influence pesticide uptake in POCIS. Charlestra,gd4l]performed batch
experiments to investigate the influence of natural organic matter (NOM) on uptake in POCIS for
three moderately hydrophilic pesticides expected to partition to NOM. However, no effe& on
was observed. Mazzella et,g448]investigated the potential of dissolved organic carbon (DOC) to
influencePRC desorption rates through competition with PRCs, detecting no effect. Suggesting that
although solutes capable of competition with PRCs were absent in sampled waters, this did not
intimate their nonexistence elsewhere. The effect of such competition RRC correction is
unclear, as the dynamics of soleterbent bond formation are not understood. Interference in
glyphosate and AMPA accumulation in samplers containingsbi®ents has been inconsistently
observed in waters with different metal catiooropositions[471]. PSDs are occasionally used to
monitor the removal of polar pesticides in treatment process waters where oxidising agents such
as ozone and chlorin@94], or electrolytes such as €aNd, and CI[495], are present. Oxidation

could suppress analyte uptake, or cause degradation of sorbed molecules. The presence of
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electrolytes in solution has been demonstrated influence the sorption affinity of ions to
oppositely charged SPE sorbeft95], such an effect could alter uptake to ion exchange sorbents
during passive sampling. However, the effect of such oxidants and electrolytes in process waters

on samplemperformance has not been investigated.

3.4 Applications of passive sampling for polar pesticides
Tablesl5-18 presentrecent applications of passive sampling for polar pesticides. For each study,
monitored analytes and sampler configuration are summarised alongside a short description of
research methods and objectives. The following analyte types are listed in thes:tadobed
herbicides, fungicides, herbicides, insecticides and molluscicides. Herbicides includes plant growth
regulators. Insecticides includes insect repellents. Metabolites means any pesticide transformation
product. For brevity the chemical class or naofi@esticides is only provided if convenient. Trends
in these applications include event monitoring in sewer overflp#r3] and floods[425,458]and
evaluation of passive samplers over larger temp@4d6] and spatial[496,497]scales. Other
applications include the qualitative characterisation of aqueous pesticides through screening in,

ground water{428,460,498hnd surface watef499], and comparison with quantitative analysis of

sampler extract$452,481]

Figure8. Photographsof SPE disk PSD in protective steel mesh during assembly (A), ready for

deployment (B), and during deployment into a groundwater well (C).
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Field applications including device performance has been extensively investigated in comparative
studies assessing various PSI[)86,382,389,424,470] and other sampling methods
[382,400,430,431,468,496] 2 NJ LISa A OARSa Ay F NIy3IS 27F | | dz
have focused on pas/e sampling within the context of regulatory monitori@@2,421,500] and

to optimise strategies to characterise pesticide flux and identify analytes originating from episodic
or continuous sources within passive sampling §d28,497] A significant portion of the literature

for each PSD concerns calibratiordgrerformance, including the influence of ambient conditions

on uptake[487,491,501] Approaches to data quality and assurance have included deveiojpm

and evaluation of methods for PRC correct[dd0,448,476Jand discussion of challenges of the
PRC approacf39], use of passive flow monitors (PFM4P0] and modelled analyte uptake
[412,502,503] Performance has also been characterised for different device configurations by
altering thetype and mass of sorberj#61,475] and the properties of DMB145,450,488,504]

Novel devices have been developed such-8833[488], and miniaturised versions of PO(1&5].
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Tablel5. Example®f applications of POCIS for monitoring polar pesticides.

Application

TWA
concentrations

TWA
concentrations
Calibration and

performance
Calibration and
performance
Screening
(target) / TWA
concentrations

TWA
concentrations

TWA
concentrations

TWA
concentrations

Calibration and
performance

Calibration and
performance
TWA
concentrations
(modelled)

TWA
concentrations

Analytes

Acid herbicides,
fungicides, herbicides,
insecticides and
molluscicides
Fungicides, herbicides
and insecticides
Fungicides, herbicides
and insecticides

Neonicotinoids
Fungicides, herbicides
and insecticides

Fungicides, herbicides,
insecticides and
metabolites

Fungicides, herbicides
and insecticides

124 pesticides

Glyphosate and AMPA

Fungicides, herbicides
and in®cticides

Metolachlor

Atrazine

Neonicotinoids and
metabolites

-t 9{ 5a

hl &aAan

-t 9{ 5a

Sampler desigri*

pore))H nn Y3

HLB
hlaaxan

hlaiAan

HLB

HLB

HLB

o6on

- PES DM (0.132 mm thick, 0.1 pr
hl &a

Obk! OKH

- PES DM (0.1 um pore)/200 mg
[
-PES DM (0.1 um pore)/220 mg
[

- (N/A) DM (N/A)/200 mg Oasis
- PES DM (0.1 pm pore)/200 mg
| particledsize)

Obk! OKH

- PES DM (0.1 pm pore)/220 mg
hlaxawn 1.

-PES DM (@ and 0.2 um pore) or
nylon DM (0.2 pm pore)/220 mg
[ .

v

hl aixaun
-5a O0bk! OKkHAN
-t 9{ 5a Obk! OkKH

Description

- POCIS,®GT and MPTs were exposed-@Rdays) in 36 agricultural streams in New Zealand, alongside grab sampling, BIFMs
temperature/light data loggers to characterize pesticide pollution, with quantitation througMBOVS or L&-Trap, and evaluate
sampling method performance.

- 21 dayexposures at 4 sites in the Bizerte lagoon catchment (Tunisia) alongside grab and sediment sampling to qugifiyi§)C
25 pesticides and 7 transformation products, to evaluate agricultural pollution.
4dz2A LISYRSR aSRAYSYy(G o6ocnn LIIVO 2y GKS SEG Sday
exposures.
- Rydetermined in 21 batch sorption experiments before investigation of performance undesteauly state conditions typical of
serious pollution event (1000, 100 or {u§ L) in 3, 14 day laboratory exposures.
- 14 day exposures at 16 sites in the Tagus River catchment (Spain) alongside grab sampling to sgEeR)(fo€ pesticides and
organic chemicals originating from point sources (430), to characterize site chemical profiles and prioritizelsHenscbsequent
quantitative (LEMS/MS) analysis. The suitability of each sampling method and uncertainty of results were also investigate(
- 6 nonconsecutive 14 day exposures over 1 year at 51 sites in the Aslaanne catchment alongside grab sampling to characteri
profiles of 29 pesticides analysed throughMS/MS, in relation to land use and evaluate the temporal repnéstiveness of each
method.

- 1 month expostes at 9 river, transition and coastal sites (Dublin and Cork regions of Ireland), representative of pollution sourc
land use, alongside grab sampling to explore barriers to future inclusion of passive sampling in regulatory monitoonigycdrilri
Watch List CECs (e.g. WFD and MSFD). CECs were quantifiegTrah.C
- The ability of monitoring methods (Chemcatche?OCIS, SR and composite sampling) to charactensentrations and fluxes over
6 weeks at 2 river sites (Sweden). Pesticide concentrationd{&6r LAMS/MS) and detection frequency for each method is

compared.
- Anin-situ calibration is performed for each PSD was and PRC suitability was investigdtiulind suitable for SR PSDs (only).

-9FFSOGa 27

- 31 day laboratory calibrations to investigate the performance of a novel MIP sorbent and three types of DM.

- Effects of flow velocity (@0.5 cm $) and temperature (89 °C) orR, (LGMS/MS) investigated in lab exposures (21 days) and a
Arrhenius model.

- Comparison of monthly passive samplingadtom extant literature and 2D modelling (MARS) at 5 coastal and 6 upstream river s
in Arcachon Bay (France) to develop a simulated proxy for metolachlor concentration in the bay.

- Review of passive sampling (POCIS and Chemc@}afatrazine. Sampler configuration and geometry, uptake kinetics, calibrati
best practice, effects of flow and temperature and suitability of models describing mass transfer were discussed anddiél@iope
dependencyR).
- Measures to improve datquality were proposed: standardization of sampling area and sorbent mass (POCIS), and calibrat
conditions (WBL thickness). Recommendations for reporting PSD configuration included, DM material, pore size, tortuosity
thickness, and sorbent mass, esgd area and area: sorbent ratio.
- 13-15 days exposures in raw and treated waters of 6 DWSWs in the Lake Erie region (Canada) alongside grab sapTpkpg. (LC
- PRCs (D#4s, propranolotd; and metoprololds) were used to calculate-situ R..
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Application

Calibration and
performance

TWA
concentrations

Ms (spiked
samplers)

TWA
concentrations

Calibration and
performance

Calibration and
performance

TWA
concentrations

TWA
concentrations

TWA
concentrations

Screening
(target and
suspect)
Calibration and
performance
(modelled)
Calibration and
performance
Calibration and
performance

Analytes

Acid herbicides,
fungicides, herbicides
and insecticides

Fungicides, herbicides,

insecticides and
metabolites

Herbicides and
insecticides

Fungicides, herbicides,

insecticides and
metabolites

Atrazine

Acid herbicides,
fungicides and
herbicides
Acid herbicides,
fungicides, herbicides,
insecticides and
metabolites
Acid herbicides,
fungicides, herbicides
and glyphosate

Fungicides, herbicides
and insecticides

Various pesticides

Acid herbicides,
herbicidesand
insecticides
Fungicides and
herbicides
Fungicides, herbicides
and metabolites

Sampler desigri*

- Miniaturized design (A= 9.8 é&n

- PES DM (0.1 um pore)/54.4 mg

hl &A &80 um[particle size):

my n2t®Y 5ak 6 LISN
HLB

- PES DM (0.1 pm pore)/200 mg
hlaran | [ dgtwy

-PES DM (N/A)/200 nfgl & A a
HLB
- PES DM (0.1 pum pore)/220 mg
Bond Elut Plexa/PRC (Bdéand
Caffeineds)
- Diffusion cell separatelly PES
DM (Supor200 145 pum thick, 0.2

um pore)
-hlaraw 1 [. odlI

spiked solutions
-6bk! 0 5a d6bk!

(NIA)

-t 9{ 5a Obk! OkKH

HLB

- PES DM (0.1 um pore)/200 mg
hlaaran |I[.

- PES DM (0.1 pm pore)/200 mg
htaaraw I[.

- PES DM (0.1 um pore)/200 mg
hltaaran I[.

- PES DM (0.1 pm pore)/200 mg
hlarAan | [ -CW2NJ

- 3 POCIS configurations

Description

- Ryand partitioning of organic compounds over a range of hydrophobicityijeed.03 to 6.26) in miniaturised POCIS (sorbent ant
DM) and a mongphasic mixed polymer sampler through batch expenmitseo investigate the performance of each PSD.

- Consecutive 14 day exposures at 3 sites on both, the Auvézere (JaD20D14), and Aixettdan 20140ct 2016), rivers (France),
alongside grab sampling with quantitation by either MS/MS or L&-ToF to characterize pesticide occurrence in agricultural
catchments.
- Stability of analytes in POCIS stored2dr C for 6 years showed-#4% mass variation (averageMS/MS), < eDGT (+/9%) stored
for 18 months.
- Review of POCIS;GT and Chemcatclgrassive sampling devices in environmental monitoring.
-2, 14 dayexposures at 2 sites receiving mixed inputs on the Marque River (France), alongside composite sampling to evalue
ability of each method to monitor compounds with differential temporal concentration flux and the reliability of Rgiegorted
previously in the literature and PRC correction (46 pesticides and 19 pharmaceuticals, quantitateByM.E or L@rbitrap/MS).

- A method to adjusR; for flow conditions during exposures using alabaster dissolution is developed audshs.

-9l dAfAONRdZY LI NIAGAZ2YAY3I G2 hlariaw | [. A&
temperature, pH and salinity.

Ay @SadAIaSE

- Exposures (mean 37 days) at 97 river sites representative of different types of land use and river hydrology in the Btidhwest 1
(USA)alongside weekly grab and sediment sampling and ecological surveys to profile pesticide pollution, with quantitationlti&ot
MS/MS.

- Exposures at 11 sites around Toronto (Canada) representative of pesticide sources in the built enviragrieiityre (rivers) and
downstream locations (lakes), to identify and quantify the contribution of sources of pollution (current use pesticides), wit
quantitation through L@MS/MS.
- 12 consecutive -month exposures at 3 sites, alongside monthly grab sampling at 10 sites in the River Ugie catchment to eve
both methods, within the corgaints of regulatory monitoring of pesticides and calculate flux and risk to aquatic organisms, wi
quantitation through G@JS.
- Multiples exposures (15 days or a month), alongside geabpling at 2 groundwater sites dominated by agricultural, or agricultur
and urban pollution to profile polar organic miepollutants, through screening (kgEToF) and interpretation/identification using
target and suspect databases and multidimensiafeta visualization.
- Ryis modelled for 73 compounds using artificial neutral networks by 2 methods, namely modelled chromatographic retentior
molecular descriptors such as topological, constitutional, geométaicd physiochemical properties, and validated through laboratc
determinedR..
- The performancef 7 candidate PRGs evaluated through laboratory (17 days) and multiple fieldZ12lays) exposures in 3 rivers
with agricultural and WWTW inputs (Switzerland), including alongside automated sampling, with quantitatioMISyNIS.
- Inter-laboratory study to access sources of error in passive sampling (multiple devices) and causes of data variability withir
between labs.
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Application

Calibration and
performance

Calibration and
performance

TWA
concentrations

Calibration and
performance

Calibration and
performance

TWA
concentrations

Calibration and
performance
Calibration and
performance

Calibration and
performance

Calibration and
performance

Calibration and
performance

TWA
concentrations

Ms(Rs unknown)

Analytes

Fungicides, herbicides
and insecticides
Fungicides, herbicides,
insecticides and

metabolites
Fungicides, herbicides,
insecticides and
metabolites
Acid herbicides,
fungicides, herbicides,
insecticides,
molluscicides and
metabolites
Fungicides, herbicides,
insecticides and
metabolites
Fungicides, herbides,
insecticides and
metabolites
Herbicides, insecticides
and metabolites
Herbicides and
metabolites

Fungicides, herbides,
insecticides and
metabolites

Acid herbicides,
herbicides

Acid herbicides,
herbicides and
metabolites

Atrazine

Fungicides, herbicides,
insecticides and
metabolites.

Sampler desigri*

- PES DM (0.1 um pore)/220 mg
hlaaan |I[.

- PES DM (0.1 um pore)/200 mg
hlaran | [ dgt wy

- PES DM (0.1 ppore)/200 mg
hlaaan | [.

-t 9{ 5a Obk! OkH
HLB or 220 mg mixed sorbent
(Isolute ENV+ (80%) and

Ambersorb1500 (20%))

- PES DM (0.1 um pore)/200 mg
hlaran | [ dgt wy

- PES DM (0.1 um pore)/200 mg
hlaaran |I[.

- PES DM (0.1 um pore)/200 mg
hlaran | [ dgt wy
- PES DM (0.1 pm pore)/200 mg
hlFairanw 1[.ktw/
- Nylon DM (65 um thick, 30 pm
pore) or PES DM (100 pm
thickness, 0.1 um pore)/200 mg
hlaaanw |I[.
- Miniaturized design (A= 16 é&n
-PES ™ (0.45> Y LJ2 NB-K k
600 mg
- Four designs
- PES DM (A=16 or 45 .1 um
pore)/200c nn Y3 hl
HLB/PRCs (various)

- PES DM (0.1 um pore)/200 mg
hlaran | [ dgt wy

- PES DM (0.1 um pore)/200 mg
hlarxaw 1[.d

Description

- Bach laboratory exposures (28 days) to determine the influence of temperature (18, 24 and 30R©f @8 pesticides, quantified
through GEMS/MS.

- Method to remove PEG from PES DMs and reduce matrix effects and improve quantitatépfafE)Cof coeluting pesticides is
developed and validated through 14 day field exposures at sites (2) on the La Pude and the Arnac rivers (France).

- Consecutive 14 day exposures over 9 months at 3 sites in the Auvézére River catchment to evaluate the performance (det:
frequency and LOQ) of grab and passive sampling and suitability of each method to calculate concéhixatith quantitation by
LGMS/MS.

- Characterization of 5 PSDs (2 types of POCIS and Chem@atwh&R) in laboratory exposures in river water spiked with 124
pesticides.
- Analysis occurred by @@S or LEMS/MS andR; andK,, were evaluated and 3 PSDs (1 x each devicepyeg!(6 x 7 days) in the
River Halland.

- Analytical method (L-@-ToF) developed for 46 polar pesticides and validated through analysis of POCIS exposed for 14 days ¢
sites (France).
- Full scan MS data enabled non target screening and identification of PEG compounds causing institedetahce.
- Data from various 14 day exposures (extant literature) on the Trec River (France) is compared to regulatory monitoring d:
(Government Agency) to evaluate the limitation of PG@t8gulatory monitoring programmes.
- A procedure to incorporate POCIS in regulatory monitoring (WFD) is proposed.

- Consecutive 14 day exposures alongside automated sampling at 2 agricultural river sites (France) to investigate theoinfluer

exposure conditions (e.g. flow velocity, pH and conductivitylRand the suitability of PRC correction, with quantitation byME&/MS.

- Performance of 21 candidate PRCs was evaluated in batch experiments and validated in 3 week Sele&xpongside grab
sampling (G®1S or LAMS/MS).
- Accumulation kinetics of a novel POCIS with nylon DM is developed and evaluated alongside POCIS with PES DM in batth e
(0-30 days) with quantitation by GRIS/MS and L&IS/MS.
- A intraparticulate diffusion model considering multiple compartrigefe.g. water, biofilm, DM and sorbent) is proposed and used
evaluate accumulation.

- Versions of Chemcatcteand POCIS PSDs were exposed and removed at intervals (26 days) in spiked water to investigate
relationship between PSD configuration, analyte properties and analyte uptakd $(Ias).

- Batch exposures of 4 POCIS designs to compare performance and optimize PSD configuration for monitoring of Ad&iHdIS).C
andacidic (HILKMS/MS) herbicides.

- Two consecutive 28 days exposures at 24 sites in the South Nation River catchment (Canada) alesigsiddibration (PRCs) at 4
sites over 2 noftonsecutive 2 month exposures to determine atrazine pollution throughout the catchment with quantithtimngh
LGg-Trap.

- Deployments of 1 or 2 weeks, over 1 month, in 2 rivers in a French vineyardq@attitative and qualitive results (H@S/MS
analysis of 19 pesticides), obtained from Stir bar PSDs were compared to POCIS and automated grab sampling coupled to
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Application Analytes Sampler desigri* Description Ref
TWA . . . . .
. . . - Four consecutive exposures (24 day) in groundwater abstraction well at a DWSW (Paris, France) and 2 consecutive 7 day ex
concentration Herbicides and - Altered design (A= 95 cf . ) ) . . . .
. . X | in a well upstream of an abstraction well field (Troyes, France) alongside grab sampling to access the ability of edahitheth [460]
(estimated R, metabolites -5a O0bk!O0Oknpn Y Lo
quantitation through L@MS/MS.
unknown)
Calibration and Fungicides, herbicides X , I . .
9 . -5a O0bk!O0OkHON Y - 21 day laboratory calibration to determine thigof 17 polar pesticides (H@S/MS). [511]
performance and metabolites
L Fungicides, herbicides, - PES DM (N/A)/220 ixed _— . . ) A
Calibration and ur_1g|C| ?S. erbieides (NA) Mg mixe - Transfer kinetics are modelled in POCIS and Chemc@&after laboratory exposures using a three compartment firstasrkinetic
erformance insecticides and sorbent (Isolute ENV+ (80%) anc models [444]
P metabolites Ambersorb 1500 (20%)) '
Calibration and Fungicides, herbicides ’ ’ - In-situ .callbratlon throug 21 dz_iy exposure (sampler§ r_emoved at d._ays 3,7, 10, 14,_ 17 and 21) in a water pumping stathn or
. -5a O0bk! 0OkHoOnAn Y RhoneRiver (France) to determine tRgof 10 polar pesticides and the influence of environmental factors on uptake, alongside ¢ [512]
performance and metabolites . . -
sampling, with quartation by LEMS/MS.
. . -t9{ 5a o6ndm XY ) ) . ) ) "
Calibration and Acid herbicides, I aNJ Rl &A&u - The performance of 3 versions of POCIS are evaluateddaytatch exposures, including the influence of matrix composition
fungicides, herbicides ) (drinking water or river water) and the presence of nitrates on performance (acidic and neutral pesticides), with quarttidti® [475]

performance

Calibrationand

and metabolites

Chlorothalonil,

Chromabond HKX (sorbent mass
N/A)/PRCs (DHs, dicambads)

-5a O0bk!Okhl aara

MS/MS.

- Critical reviews of the calibration and useR®CIS in environmental monitoring.

- Batch laboratory exposures (spiked river water) to determine the influence of flow velocity and the presence of natuiialroegter

[437,513,514]

performance hexazmong, phosmet mass N/A) on R, with quantitation by G®/S. [441]
and propiconazole
Fungicides, herbicides - A method (LMS/MS) for quantitation of multiple pesticide classesvater was validated through analysis of water samples (gre
Calibration and insectici’des and ' -PES DM (0.1 um pore)/200 mg and automated extracted, SPE) and PSD extracts calibrated over 24 days (spike tap water) or exposed in a river fortibdiziagtseo; 432]
performance metabolites hlFaiAanw [ dgt wy method and reduce matrix effects. The performance (e@QLsample treatment/processing and representativeness of pesticide
pollution) of monitoring methods was also evaluated.
S . - Laboratory calibration (7, 14, 21 and 28 days in spiked tap water) followed by in situ calibration (6, 13 and 22 dajd)tead fi
C{iﬁ;ﬁ;‘;’:;”d H;rebt':';;;;”d ; PE‘T_ DaMA((:;{lupm Ipo[rezéj:? "J\f‘l alongside automated sampling (fi2 y & $ Odzii A §6 mn RF& SELRA&dNBAO Ay (62 CNBY  [448]
sorbent and PRC correction (MS/MS).
Calibration and Herbicides and -PES DM (0.1 um pore)/200 mg - Batch exposures (9dayg)i a LA1 SR NRAGSNI 6+ GSNJ (2 Ay@SaidAarisS LISNF2NYIy [433]
performance metabolites hlairanw | [. (GGMS).
Calibration and Herbicides and -PES DM (0.1 um pore)/200 mg - Laboratory exposure (5 days) in spiked tap water of two versions of POCIS to evaluate PSD performance. PRC spikedaPOC
Isolute ENV+ and Ambersorb 57z HLB) were then exposed (5, 10, 15i&1 days) to determine the uptake kinetics of selected neutral and weakly acidic or basi [446]

performance

metabolites

oynYHno 2NJ HAnN

herbicides and metabolites (HRD@D).

*1Unless stated sampling areais 412¢m 5a A& RSAONAOGSR FayY aLRte@YSNE 5a 60GKAOlySaasz L} NDB aréakA).Abbeewafionsodidaminanks ®f e®erging cofcarn (EECs)ad8flisioNI G SR F NZ
membrane (DM); drinking water supply works (DWSW) phesmatographymass spectrometry (GRIS); gas chromatograpHgndem mass spectrometry (@@S/MS); higkperformance liquid chromatographgiode array detector (HPLDAD)

hydrophilic interaction liquid chromatographtandem mass spectrometifHILIGMS/MS) limit of quantification (LOQ); liquid chromatograp®ybitrap/mass spectrometr{l. GOrbitrap/MS); liquid chromatographguadrupoletime-of-flight (LG

g-ToF); liquid chromatographyuadrupoleTrap (L&)-Trap); liquid chromatographtandem mass spectrometr(LGMS/MS); Marine Strategy Framework Directive (MSFD); microporous polyethylene tubes (MPTs); molecularly imprinted polymer
(MIPs)n-octanol and water partition coefficienkg,); not available (N/A); passive flow monitors (PFMs); passive samplircg {B8D); performance reference compounds (PRC); polyethersulphone (PES); polyethylene glycol (PEG); sampled analyte

mass Mg); sampler and water partition coefficierity,); sampling rateR); silicone rubber (SR); solthase extraction (SPE); stir lsarptive extraction (SBSE); timeighted average (TWA); wastewater treatment works (WWTW); water boundary

tFr@SNI 62 . [ 0T 2F SN CNImnE3hpliadys-riethidbisdiiako@Bopioric Gad(AMPA).

83



Tablel6. Example®f applications of Chemcatcher® for monitoring polar pesticides.

Application

Targeted
screening

TWA
concentrations

TWA
concentrations

TWA
concentrations

TWA
concentrations

TWA

concentratbns

TWA
concentrations

TWA
concentrations

TWA
concentrations

Analytes

Fungicides,
herbicides and
insecticides

Metaldehyde

124 pesticides

Acid herbicides

Atrazine

Metaldehyde

Metaldehyde

Acaricides,
fungicides,
herbicides,
insecticides and
metabolites

Herbicides

Fungicides,
herbicides and
insecticides

Sampler design* Description

- PSDs exposed at 7 sites on two rivers impacted by wastewater in the Hartbeespoort Dam catchment (South Africa), over a 14
deployments.
- A method coupling passive sampling of ground water to semi quantitatialysis (L@-ToF) was used to perform a risk assessment bas
on hierarchical ranking of detection frequency and relative abundance.
- The ability of four monitoring techniques (PSDs, spot and automated bottle sampling and orii8)@&monitor metaldehyde
concentrations in a river and a DWSW (Herts, UK) was tested over five, 14 day PSD exposures.
- Advantages (e.g. data resoluticm)d disadvantages (e.g. cost), and information provided by each method are discussed.
- The ability of monitoring methods (ChemcatcRePOCIS, SR and composite sampling) to characterize concentrations and fluxes o'
weeks at 2 river sites (Sweden). Pesticide concentrationd&6r LaMS/MS) andletection frequency for each method is compared.
- Anin-situ calibration was performed for each PSD was and PRC suitability was investigated and found suitable for SR PSDs («

- Atlantic design
- PES DM (Sup®g00,
02>YOkK] [o! Gt yid?

- Atlantic design
- PES DM (Sup®200,
02>YOkK|] [o! Gt yid?

- PES DM (0.2 Ypore)/Gg disk
(47 mm)

- Empore design
- PES DM (Sup®R00, 0.2> Y’
pore)/anionexchange disk
69YLERNBuZ nr

- Novel PSD is developed aRgdetermined in laboratory exposure, and tested in 2 field trials (12 sites, Exe Catchment, UK).
- Concentrations obtained through high frequency spot sampling and passive sampling used to locate sqaoibesoof

- Review of passive sampling (POCIS and Chemc@}aifatrazine, including sampler configuration and geometry, uptake kinetics,
calibration best pratice, effects of flow and temperature and suitability of models describing mass transfer were discussed and deve
(flow dependency oR).
- Measures to improve data quality were proposed: standardization of sampling area and sorbent mass (POGiIB)ratiwh conditions
(WBL thickness). Recommendations for reporting PSD configuration included, DM material, pore size and thickness, antbsstbent
exposed area and area: sorbent ratio.
- Atlantic design
- PES DM (Sup®g00, 0.2> Y
pore)/ HLB[ 6! Gt yidaA
- Atlantic design
- PES DM (Sup®e00, 0.2> Y
pore)/ HLB[ 6! (f I yidaA

- MetaldehydeR; determined in laboratory exposures, and PSD performance evaluated in 5 x 14 day exposures at 3 river sites (l
- Ability of passive sampling to monitor pollutants with stochastic inputs, locate sources and integrate concentratiors filix@sssed.

- 14 dayexposures of PSDs and grab sampling (14 day intervals) at 14 sites throughout England and Wales over the course of a y
compared.

- Emporedesign
- PES DM (Sup®R00, 0.2> Y
pore)/SDBvt { RA &1 0
mm)

- Exposures in 7 German rivers receiving wastewater effluent over 2 sampling campaigns of 2 and 3 weeks, alongside egantplgven
(peak concentrations) and passive flow morstéo access the impact of pesticide in effluent on invertebrates. Quantitation occurred
through LEMS/MS.

- Empore design
- PES DM (Sup®R00, 0.2> Y’
pore)/SDBvt { RA &1 0!
mm)
- Empore design
- PES DM (Sup®R00, 0.2> Y’
pore)/SDBvt { RA &1 O
mm)

- 2 months of overlapping exposures (average 28 days) before, during and after a flood event at a site in the BarrattacGneektca
(Australia) alongside grab sampling and a passive flowitotpto monitor TWA concentrations and determine herbicide load with
quantitation through LeMS.

- Chemcatche®and SR PSDs and grab sampling monitoring were evaluated alongside PFMs through 1 month exposurgat(Byeaites

in the Barratta Creek catchment (Australia) to profile temporal and spatial trends in pesticides presence, concentreftioe, avith
quantitation by HPL&S/MS.
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Application

TWA
concentrations

Calibration and
performance
(in-situ)

Calibration and
performance

Calibration and
performance

TWA
concentrations
(estimated)

Calibration and
performance

Calibration and
performance

TWA
concentrations

Calibration and
performance

Calibration and
performance

Analytes

Fungicides,
herbicides,
insecticides and
molluscicides
Acid herbicides,
fungicides,
herbicides,
insecticides and
metabolites
Acid herbicides,
fungicides,
herbicides,
insecticides,
molluscicides and
metabolites

Neonicotinoids

Herbicides,
insecticides and
metabolites

Acid herbicides,
herbicides

Fungicides,
herbicides,
insecticides and
metabolites

Herbicides and
metabolites

Fungicides,
herbicides and
insecticides

Atrazine and
prometryn

Sampler design*

- Empore design
- PES DMSupo®200, 0.2> Y’
pore)/SDBvt { RA &1 0
mm)

- Improvised design
-PESDM (0.45 Y LJ2 NRPX
RA&]1 09YLRNBx

- Improvised design with PES DN

overlain on each side of either a

SDBRPSorgRA &1 69YL
mm) in metal housing

- Empore design
- (naked)/SDBRPS, SDRC or &
RA&1l 69YLRNBwu
- Empore design
- PES DM (with and without DM)
(Supo®0.45> Y LJ2 NBRBX
RA&1 O MY IA)NS u
- Empore Design
-PESDM (045Y 2 NMJYnd
pore)/SDBRPS or SBRC dik
69YLERNBuZ nrT

- Empore a@sign
-PESDM (02 Y LJ2 NRBX
RA&1 69YLRNBx

- Emporedesign
- PES DM (with and without DM)
(Z0 A Y Ru> Yi dlo NBRBX
RA&] 69 YLRNBx
- Empore Design
-(naked)SDB/ RA &\l ¢
47 mm)
- Empore design
- PES DM (with andithout DM)
(ZoAYRu mXNnLA BB
wt { RA&] 0609YLR

Description

- Multiple 3 week exposures in 37 site/streams in an agricultural region of Germany with quantitatioAM@/MS, compared to compiled
data 19982011 on pesticide concentration, physiochemical status, habitat andtetwate community composition to access pesticide
toxicity to invertebrates (SPEAR pesticides).

- in-situ calibration through exposures (14 day over 4 months) alongside time proportional composite sampling in 5 rivers in varit
catchments.
- 322 compounds were analysed by-MS/MS, howeverR; could only be calculated for 88 which included pesticides pharmaceuticals.
Uncertainty of the results obtained and suitability of passive sampling for monitoring different organic pollutant arsetiscus

- Characterization of 5 PSDs (2 types of POCIS and Chem@atote3R) in laboratory exposures in river water spiked with 124 pesticid
- Analysis occurred by @@S or LEMS/MS andR; and K, were evaluated and 8SDs (1 x each device) deployed (6 x 7 days) in the Ri\
Halland.

- A multiresidue analytical method for neonicotinoids is developed aalitlated (UPL®S) using spiked and unspiked river water sample
- Receiving phase performance (retention and recovery) was investigated in batch experiments followed by laboratory expssleeed
PSDs (SBRPS) in spiked water with samplers renmasd analysed at intervals for 21 days repeated to investigate uptake and desorp

- Chemcatche®were deployed for either 7 days (no DM) or 28 days (with DM), alongside SR, SPMD and XAD resin PSDs in 5 grou
wells located at distances from an aquifer recharge and recovery well to quantiy$LI@S) pollutant transport and attenuation in a sto
water recycling system.

- Four versions of Chemcatcki@and POCIS PSDs were exposed and removed at intervals (26 days) in spiked water to investigate the
PSD configuration on analyte uptake {US/MS).

- Transfer kinetics are modelled in POCIS and Chemc@&after laboratory exposures using a three compartment first order kinetic mod:

- 2 years of norconsecutive deployments (between20 days), at 4 sites located at river mouth, near shore, mid shelf and outer ree’
portions of the great barriereef (Australia), to investigate the influence of extreme wet weather on pesticide pollution as part of an w
ongoing long term monitoring programme, with quantitation throughM&/MS.

- 2, 14 day laboratory calibrations to determiRefor 12 pesticides at 2 flow velocities (0.135 and 0.4)nad investigated the performance
of 2 PRCs to correct for the influence of flow on uptake.

- 5 lab calibration experiments in an exposure cell to investigate the influence of flow velgddty® s on R;and the accuracy of flow
velocity inference with PFMs followed by field exposures (28 days) at 8 freshwater sites (Australia), with analyte quelyitaMs.
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Application

TWA
concentrations

Calibration and
performance
(in-situ)

Calibration and
performance

Calibration and
performance

TWA
concentrations

Calibration and
performance

TWA
concentration
and bioassays

F5a Aa

RSaONRGSR

Analytes

Herbicides and
metabolites

Atrazine, diuron and
simazine

Acid herbicides,
fungicides,
herbicides and
metabolies

Thiacloprid

Fungicides,
herbicides and
insecticides

Add herbicides and
herbicides

Acid herbicides,
herbicides,
insecticides and
metabolites

ay

Sampler design*

- Empore design
- PES DM (with and without DM)

(Zo A Y Rn
wt { RA&1

BN LI BB (

69 YL}R

- Empore design
- PES DM (with andithout DM)
(0.45> Y L2 NBRXdsK5 .
69YLERNBuZ nrT
- Empore Design
- PES DM (with and without DM)

(N/A pore)/SDBv t {
mm)
-(naked)/SDB /
47 mm)

69 YL

RAal o6

- Empore design
- PES DM (with and without DM)

onod®H >Y

-K@RdIS 0 +

09YLERNBu®Z nT
- Empore design,

-(naked) SDB /
47 mm)

RAal o

-Empore design

St {! 2NJ

t9{ 5¢

pore)/SDBRPS or SDRC disk
69YLERNBuI nrT
- Empore design
- (polymer N/A) DM
(0.45> Ypore)/SDBRPS
69YLERNBuZ nrT

GLR2fEYSNE 5a

Description

- Chemcatche®with or without DM were exposed over 2 years in paonsecutive deployments (between29 days), including alongside
SPMD and SR, at 14 sites in the Princess Charlotte Bay area comprising river mouths and near shore, mid shelf, arid, dater, ree
invesigate temporal and spatial variation in pesticide pollution, with quantitation througVISIMS.

- Overlapping (24 days) exposures of PSDs with and without DMs alongside grab and automated composite sampling to investigate
dzlJi 1S RdzNAYy3I | Ff22R WS F@ubtialn), with compasisaniicdiecipiafion ari Sow datfasdanalyté
guantitation by LEVMIS/MS.
- Equilibrium and kinetic parameters were calculatesitu based on dynamic concentrations obtained through each method.

- Three variations of the Chemcatclawere exposed in WWTW effluent in batch experiments to investigate the influence flow velocity
sampler response time (5 day exposures) and the period of linear uptake (overlapping expe8lirday3) to investigate any relationships
between analyte ufake properties and low, With quantitation through L@S/MS and toxicity (PSII inhibition) determined in bioassay

-Mm 2NJ mn RI& SELRAaAdNNBA Ay (KA OfYdide)duled hitl Ynfied devivds, wEhiadithbut BMs |
variations total), to investigate the influence of fouling on DMs or naked disks on uptake at different concentrationp@swexmes, with
guantitation by LEMS.

- 10-13 dayexposures in 16 European rivers alongside event driven and suspended particle samplers to compare method performar
MS).

- 4 variations (2 x DM and 2 x receiving phase) of Chemc&etiposed (21 days removed 3 day intervals) in a flow through system
containingspiked tap water to investigate the influence of DM and receiving phase selection on uptake and desorption (separatesxp
with quantitation through HPL-OV.

- 27 day exposures at 8 sites in the treatment stream of a DWSW (Australia), with chemid®/#18) and toxicological (Microtox; E
SCREEN and photosynthesis inhibition) analysjsaatifying and attribute MoA for various compounds, including selected pesticides,
treatment progressed.

6liKAOlySaazx

average (TWA); ultrperformance liquid chromatographynass spectrometryUPLEMS); wastewater treatment works (WWTW); water boundary layer (WBL).
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Tablel7. Example®f applications of eDGT for monitoring polar pesticides.

Application

TWA
concentrations

Calibration and
performance

TWA
concentrations

TWA
concentrations

TWA
concentrations

M;s (spiked
samplers)

Calibration and
performance

Calibration and
performance

Review

Calibration and
performance

Analytes

Acid herbicides,
fungicides, herbicides,
insecticides and
molluscicides

Herbicides, fungicides,
insecticides and
metabolites

Acid herbicides,
herbicides and
insecticides

Acid herbicides,
herbicides and
insecticides

Herbicides and flutolanil

Herbicides and
insecticides

Acid herbicides

Glyphosate and AMPA

Acid herbicides,
herbicides and
insecticides

Sampler desigr*

- 0.75 mm polyacrylamide/0.75 mi.35 mg
{ SLINY nu  %¢

- 6 types of DM investigated*
- (i) 0.52 mm,polyacrylamide or agarosef10
mglthlaraan | [. o
- (i) 0.52 mm polyacrylamide or agaroseflD
mg L Amberlite XAD 18

SNPTpPp YYKA®PTP YYI H|

- (i) 0.75mm, polyacrylamide gel/0.75 mm, 35(
Y3 { SLINI n %¢
S-OAAO n®dTp YYkn®dTp Y

- Novel geometry (A 45 cr)
- 0.22 mm/0.75 mm, 561000 mg Strat&X

M YYKA®TP YYZI Hp Y

- (i) 0.77 mm, polyacrylamide or agarose/0.67
YYsZ LRtelONEBtFYARSS
- (i) 0.77 mm, polyacrylamide or agarose/0.6
YY: LRtel ONBfl YARSE
- Novel geometry A= 4.91 cr))
-t 9{Z bk!X nonp
mm, polyacrylamide, 2 g TiO

-M YYKn®Tp YYZI Hp Y

influence of temperature, flow and subsequent field exposures alongside POCIS.

Description Ref
- POCIS,-®GT and MPTs were exposed-@Rdays) in 36 agricultural streams in NEealand, alongside grab sampling, PFMs al
temperature/light data loggers to characterize pesticide pollution, with quantitation througMBOMS or L&-Trap, and evaluate
sampling method performance. [470]
- > 2 pesticides and > 3 pesticides were detected8 and 69% of sites respectively. Pesticide and nutrient concentrations w
not correlated. POCIS had the highest detection frequency of the evaluated methods.

- Evaluation of numerous DM, diffusive gels, sorbents, including determination of diffusion coefficients, the influenceypeDIDLt
thickness, sorbent mass and environmental conditions on performance, and the accuracy of PRC correctiondatalimeon [465]
ds), in comprehensive lab experiments and subsequent field exposures in several rivers and reservoirs (China).

- Performance of PSDs-@GT and POCIS) and grab sampling evaluated through exposur@saafeks for 7 months at 14 sites in
the Red River, Lak¥innipeg, and Nelson River watersheds, which are influenced by agriculture and wastewater. Deploym: [464]
encompassed environmental conditions ranging from fast flowing river, lakes with surface ice.
- Diffusion coefficients in polyacrylamide gel were determieagerimentally, using a diffusion cell. [478]
- Sampler performance under varying pH was investigated during batch laboratory calibration experiments lasting 25 da
- Sorbent sorption isotherms were determined through equilibration in spiked water and a modified sampler geometry devel
- Exposures (121 days) over four months in a river in an agricultural catchment alongside an automated bottle sampler [463]
investigate the influence of flow, temperature, DL thickness and sorbent mass on sampler performance and uncertainty
- Stability of analytes in-®GTs stored aR0° C for 18 months and POGLt6red at-20° C for 6 years was investigated. [509]
- Review of POCIS;GT and Chemcatcher® passive sampling devices in environmental monitoring. [454]
- Method (preparation/elution) for eDGT for anionic pesticides, four model compounds and two sorbents investigated TdPLC
analysis).
- Uptake and desorption by diffusive and binding gels, binding capacity of sampler configurations, diffusion coefficigms an [479]
effect of pH, temperature and flow rate determined in lab experiments and validated through expostiésiégs) in spiked
Evian® water and two French rivers.
- Diffusion cell and calibration experiments evaluating DGT containingifiding phase (typically used for inorganic ions) to
> Yk n ® monitor glyphosate, including the influence of pH, flow rate, temperature and the presence of naturally occurring iotspfeeg.  [462]
iron and magnesium).
- Comprehensive review ofDGT in environmental monitoring of polar organic compouisiuding pesticides) in water. [455]
- A novel eDGT is developed and validated in comprehensive batch experiments and laboratory calibrations investigating [488]

*1Unless stated sampling area is 3.12@md all layers are 1.5% agarose gel, the customary configuratiorD&T If > one diffusive and binding layer configuration is used, each is prefixed with Latin numerals e.qg. (i). Ihantéffuisiane (DM)
overlays the diffusive layer, DM propertiage listed first in the form DM = (polymer type, thickness, porosity (if available)). Otherwise diffusive layer is listeclrefing layer and thickness is listed before composition properties (gel type or

binding agent), and the properties of the ®itlzd A & S

tresSNI YR GKS
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investigated at thicknesses between 0 and 0.2 mmwitbarOp YY O0AYRAY3I ISt O2y il AyAy3I wup Y oMF YHikanAbap IY[Y.Z 2PDINSERysitfona RN B 1Andnd AH8; Nudldbpsre bkl &Y  n

etch DM, 0.01 mm, 0.45m; Nylon DM, 0.125 mm, 0.4&m; Cellulose acetate DM, % mm, 0.45>m; Mixed cellulose ester DM, 0.15 mm, 04%; Hydrophilic polypropylene DM, 0.114 mm, 0A4%. Key: sampling area (A). Abbreviations:

diffusion membrane (DM); diffusive layer (DL); high performance liquid chromatogtapeyof-flight (HPLE oF); liquid chromatographyuadrupoleTrap (L&)-Trap); liquid chromatographtandem mass spectrometry ({S/MS); microporous

polyethylene tubes (MPTs); not available (N/A); passive flow monitors (PFMs); passive sampling device (PSD); perfomaareeaaipounds (PRC); polyethersulphone (PES); sampled analyteMgasisie¢ SA A KGi SR | g&NhoaS 6¢2 1 0T h
3-hydroxy-5-methyt4-isoxazolepropionic acid (AMPA).
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Tablel8. Example®f applications of other passive sampling devices for monitoring polar pesticides.

Application

Calibration /
performance
(semiquant)

TWA
concentrations

Screening

TWA
concentrations

Target and
non-target
screening

TWA
concentrations

Calibration and
performance

Screening

Calibration and
performance

Calibration and
performance

Equilibrium
concentrations

Calibration and
performance

Analytes

Herbicides,
insecticides, fungicides
and metabolites

Acid herbicides,
fungicides, herbicides,
insecticides and
molluscicides

Fungicides, herbicides
and insecticides

Diuron and
metolachlor

Fungicides, herbicides
and insecticides

Various pesticides

Acid herbicides,
fungicides, herbicides
and insecticides
Herbicides,
insecticides, fungicides
and metabolites

Glyphosate and AMPA

Fungicides, herbicides
and insecttides

Atrazine, diazinon and
metolachlor

Fungicides, herbicides
and insecticides

- (naked) SDBv t {

Sampler design

- (naked) SDXC9 Y L32 NB n

- (MPT) external diameter 0.8 cm, :

mm thick,

2.5 um pore, 35% porosity;em
length/400 mg StrateX

- Noveldeployment rig design

- (naked) SDRRPS qnd SBRC

69YLERZ2NBx nT

- Custom metal housing
-SDBwt {

09YLRNB#u

69 YLRZ
mm)

- Mobile dynamic passive sampler
- (naked) SDBv t {

69 YLRZ
mm)

- PDMS sheet sampler, A= 47.5
cek man Y3 6SyoaSi

HLB

-1 mm steel mesh pouches
containing 3 g activated carbon

t{5Z H YY i

A=17.6 crfi216 mg TiQ@
embedded in agarose gel

- Novel composite polymer PSD
- PDMS/SPE sorbents*
- Novel thinfilm PSD.

- EVA (0.03 g) coated Ti plates

- Gerstel Twister, PDMS stir bars
(SBE) applied as a PSD

Description

- Laboratory calibration of novel PSD for use in groundwater of three polar pesticides and one PPCPs in matrix, flow aatitemagtched
media over 14 days, followed by field trials at 12 groundwater wells (Lyon, France) over 10 dagsiantitative analysid Gg-ToF).
- The fourR; from the calibration study were extrapolated to obtain seguiantitative TWA concentrations for 16 polar pesticides during field

- POCIS,-®GT and MPTs were exposed-@Rdays) in 36 agricultural streams in New Zealand, alongside grab sampling, PFMs and

exposures.

temperature/light data loggers to characterize pesticide pollution, with quantitation througMBOMS or.CGg-Trap, and evaluate sampling

- PSDs exposed at five storm water infiltration system sites (Lyon, France) in ground waters and collected runoff ovetutihgaystorm event.

method performance.

- A method coupling passive samplinggobund water to HRMS analysis {¢-ToF) was tested.

- PSDs and automated bottle samplers were deployed in three sewers over F0%layit 2 & Y Sy (i
F2N) 4S6SN) 20SNFf 264

L 2yOSYGNI GAZY LI GGSNYaA

- Ability of passive sampling to integrate TWA concentratiod 6f@Sy 123 Q A &

- Multiple field exposures (four months) at two costal siteseiving fluvial inputs and a marine site, (Great Barrier Reef region)ta¥geted and

a

RdzNA y3 KA3IK

F'yR NRAROBSNES Ay
AyoSadaal SR

f

FyYR dzy

targeted screening with either a ES/MSor LGg-ToF as part of integrated chemical exposure assessment of green turtle foraging grounc

- Dynamic passive sampler attached to a boat. Sampling occurreca®E30 km stretch of the Danube as part of integrated toxicological ant
chemical monitoring using several methods. Extracts were analysed for 40 pesticides-Wigh LC

- Ryand partitioning of organic compounds over a range of hydrophobicityKjped.03 to 6.26) in miniaturised POCISrgmt and DM) and a
monophasic mixed polymer sampler through batch experiments to investigate the performance of each PSD.

- PSDs deployed in 15 bore holes over 2 deployments of 6 months, were edi@8MS) for various organic compounds. Compounds detecte
(passive sampling) and quantitative results from grab sampling were used to profile pollution sources and optimise fuitoréngon

- Six dayaboratory calibration followed by 11 day-situ calibration in a freshwater lake alongside grab sampling to test novel diffusive mater

- Composite polymers containing one of several SPE sorbents embedded in a PDMS matrix were prepared.

- The physical and sorption properties of each composite were tested in batch experiments.

- The ability of a novel equilibrium BSgrab and biota monitoring to monitor three polar pesticides and dieldrin were compared in batch

experiments and 1@ay field exposures at 5 sites in coastal waters (Long Island Sound, USA).

- Calibration (lag phase ari) in a flow through system for 18 pesticides (I9g 2.185.11). A PRC (fenitrothiedf) is also investigated.
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Application Analytes Sampler design Description Ref

- Custom metal housing

TWA _ F_ungicifjgs and (naked) SDBIt { 69 YLE Suitability of passive sampling to integra_te polar pesticide_cor_]centrations dgring four episgdic rainfalMddvenS y 6 8 Q S @I £ dz G (520]
concentrations insecticides 47mm) driven water sampling in 17 streams in a German vineyard.
Fungicides, herbicides, . . . . . . . - s .
Ms(R insecticides and - Gerstel Twister, PDMS stir bars - Deployments of 1 or 2 weeks, for 1 month, in 2 rivers in a French vineyard. Semi quantitative and qualitive restBi8{E@nalysis of 19 (468]
unknown) metabolites (SBSHE)pplied as a PSD pesticides), obtained from Stir bar PSDs were compared to POCIS and automatsangpéibg coupled to SBSE.
Msat Acid herbicides,
equilibrium fungicides, herbicides, - PDMS strin. A= 600 &m - 54-day exposures alongside automated grab sampling (3 h intervals) at 3 sites on the River Ythan (UK) to determine thedfietadiilimethod (384]
(unknownlog insecticides and P to profile diffuse agricultural pollution. Quantitation was by either-S/MS (neutral pesticides) or IMSMS (acid herbicides).
KwandRy) molluscicides
o N . . - New instrumental method (L-Orbitrap-MS) developed and applied to extract from two exposures (2 months) at five sites in coastal wate
Equilibrium Herbicides and - PDMS 8ip, 0.5 mm thickness, A= .
: . . (Belgium). [466]
concentrations insecticides 100 cn# . . . . . . .
- Kswdetermined in batch experiments and TWA concentrations calcu)dtedever linear uptake over the exposure period was not confirmec
- Laboratory exposures of 2, 3, 5 and 7 days to investigate performance and the influence of humic substances and floanvahadjte
Calibration and Triazines - Silicone hollow fibre membranes, accumulation. [469]
performance V=1 mL/(internal) 0.5 M nitric acid - 7-day field exposures at three sites in the Hartebesspoort Dam catchment (South Africa), alongsigaiCher® and grab sampling could not
validate method applicability as no triazines were detected by any method.
- Custom metal housing
Calibration and . X | - Empirically determined and modelled mass transfer coefficients of four herbicides through a WBL investigated in ordécttuMiedimited
Herbicides -(naked) SDB&t { 09 Y LJ . ) [521]
performance uptake in a naked SPE disk type PSD.

47mm)

F{t9 a2NbSGayYy A0 h!{L{wnw I[. AAO h!{L{n a! -u Kekkamplihg afea (A volame- (V). Mbteviatiod<2 fditim$iGh memblane @IiM); ethyigitdeiats (BVA); HaISHdErahbymass

spectrometry (G@1S); gas chromatograpigndem mass spectrometry (@@S/MS); higkresolution mass spectrometry (HRMS); liquid chromatograplgs spectrometry (:-®S); liquid chromatograph@rbitrap/mass spectrometryLG

Orbitrap/MS); liquidchromatographyquadrupoletime-of-flight (LCGg-ToF); liquid chromatographyuadrupoleTrap (L&-Trap); liquid chromatographtandem mass spectrometry (EIS/MS); microporous polyethylene tubes (MPTsdctanol

and water partition coefficientl,,); passive flow monitors (PFMs); passive sampling device (PSD); performance reference compounds (PRC); pharmaceuticaialarategprsducts (PPCPs); polydimethylsiloxane (PDMS); sampled analyte

mass 1y); sampler and water partition coefficienky,); sampling rate R); solidphase extraction (SPE); stir bar sorptive extraction (SBSE)gtitnd 3K SR | @gSNF 3S o6¢2 ! 0T ahidoSNdroays-dusttighaNE € | & SNJI
isoxazolepropionic acid (AMPA).
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3.5Conclusion and future trends
Over the last decade, passive sampling of polar pesticides has seen preferential use of POCIS an
Chemcatcher@®he introduction of eDGT marked a divergence from previous sampler designs due
to its internal hydrogel layers. It was hoped that by adoptiydrogels, a homogenous material
with known diffusional properties,-®GT would reduce measurement uncertainties arising from
analyte uptake within traditional sampler designs. HoweveD@T measurement was found to be
vulnerable to lower sensitivity andeduced integrative ability (slow responsiveness). This

diminished the suitability of @GT for monitoring stochastic pesticide flux.

Trends in the use of alternative devices (e.g. SBSE), was potentially promoted by user familiarity
(used in sample separati), and compatibility with simplified analytical methods for extraction and
analysis. However, such devices have only been validated over relativity short deployments and
may be unsuitable for monitoring pesticide flux over longer exposures. As suchickoret
equilibrium application of such devices is unlikely to be representative obteady state pesticide
pollution. Use of sorbent embedded SR (mixed polymer) to sample hydrophobic and polar
pesticides in same device has been demonstrated. Howeveh thié need manufacture the
sorbent embedded polymer in house, this seems like an unnecessary complication, offering no
improvement over parallel exposure of sorbent and SR independently. Other novel designs have
incorporated a range of design features takigom established devices with novel materials and
geometries. For example, microporous polyethylene tubes combining the diffusive gels and
sorbents used in@GT enveloped by a porous barrier with a rigid structure, have been developed
to overcome vulneambility of hydrogels whilst increasing the sampling area associated with standard

0-DGT designs.

Predicting future trends in sampler use is difficult, as past decisions to include devices in monitoring
were often made based on the habit or past experience of each research group, rather than
objectively. Past trends iBhemcatcheband POCI8evelopmen, have focused on novel materials
(e.g. DMs or sorbents) expanding the devices to new compounds, recalcitrant to previously
available configurations. Whilst methods with broad affinity have continued, largely unchanged,
these are exemplified by certal@remcatche®and POCI&onfigurations in continual use, since the
initial development of these devices. Future improvements to device configuration will continue
with the availability of novel materials, producing incremental expansions in chemical adiivuity
sensitivity ofChemcatche®and POCI$ast deployments in many cases, did not address the causes
of uncertainty within passive sampling (e.g. ambient conditions). In future continued failure to

address the sources of uncertainty common to polar passtampling, will allow these
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uncertainties to propagate in future monitoring programmes. This will frustrate efforts to increase
wider acceptance of passive sampling. Recent application of passive sampling has seen device:
deployed in surface water, drimky water and ground water, however, use within regulatory
monitoring is currently prevented by gaps in the theoretical understanding of the mechanisms
occurring during passive sampling, and the absence of validated methods to ensure precision and
reproducbility of passive sampling datén the absence of novel sampler configurations the

popularity of Chemcatch@&and POCIS for monitoring polar pesticides will likely continue.
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ChapterFour. Use of Chemcatcher® passive sampler gh
resolution mass spectrometry and mudériate analysis for targeted
screening of emerging pesticides in water

Abstract
Pesticides present at trace concentrations are a common cause of poor water quality. Their

concentrations can change dynamicaljye to the stochastic nature of pesticide pollution.
Consequently, characterisation of pesticide residues that are intermittently present, poses
significant monitoring and analytical challenges. Traditional approaches rely on quantitation of a
limited numker of pesticides present in a discrete water sample. Expanding the analytical suite
and/or the frequency of sampling to meet these challenges is often impractical. Comprehensive
methods are needed, with selectivity and sensitivity for the hundreds of gids potentially
present, and temporal representativeness to ensure changing conditions are understood, in order
to identify and prioritise risk. Recent analytical advances have enabled the targeted screening of
hundreds of compounds in the same run, amdtomated workflows can now reliably identify
compounds through the comparison of retention time and accurate mass with spectral libraries.
Screening generates large qualitative data sets, therefore, there is a need for improved monitoring
methods and d& interpretation strategies to reduce the need for repetition, and increase the
quality of information for enelisers. Passive sampling is arsitu time integrative technique,
increasingly used for monitoring pesticides in water. Here, we describe a ohaiking the
Chemcatcher® passive sampler, coupled to targeted screening using liquid chromategraphy
quadrupoletime-of-flight mass spectrometry, and a commercially available library. Statistical
analysis was performed using Agilent Mass Profiler Profeskmuftware. Water sampling took
place over one year, at three riverine sites in the south of England, UK. Statistical interpretation of
time integrative data from passive sampling could distinguish regular and episodic pesticide inputs,
and detected componds neglected by routine monitoring methods. One hundred and eleven
pesticides were identified including legacy and current use compounds with diverse origins and
uses. Spatial and temporal trends were identified enabling prioritisation of seasonal miogitu

each site. This approach maximises the utility of qualitative assessment and may help water quality
managers to rationalise pesticide fate in future, providing significant additional insight without the

need to increase the scope and cost of monitg.
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4. Introduction

Surface waters are often contaminated by complex mixtures of chemicals present at trace
concentrations These originate from diverse sources and identifying constituents of such mixtures
is a priority of current researcf873]. One class of contaminants; pesticides, are heavily used
throughout the world[10]. Pesticides are products that prevent damage caused by pests such as,
insects, weeds and fungB96]. The largest source of pesticides is agriculture, where plant
protection products (PPPs) are applied to most agricultural land. To meet growing demand for food,
pesticide usage is set to increase until 2050, in line with past trends tha sesn a 28old
increase in use since 1968]. Pesticides are used in othapplications such as public heath,
veterinary medicine, household, and indusfB®@6]. Approvalsof novel compounds and banning of
existing compounds causes changes in use over [02]. This results in an expanding list of
current use and legacy compounds; for example the pesticide database of the European Union

pesticides contains ~ 1300 compounds, of which less than half have apptoshl

Polar compound chemistries with a lower potential for bioaccumulation and persistence are
favoured in many modern pesticides. However, polar pesticides can preferentially move to the
aquatic environment through several pathwaja93]. Differences in mobility and environmental
persistence between pesticides combine with temporal and spatial variation in usage and landscape
processes to produce highly fluctuating concentratidn water[382,431,480] Many analytical
techniques can detect aqueous pesticides at trace concentrations{iagd. ‘Y, &nd [pesticides

are widely observed in environmental waters. However, knowledge of pesticide fate is limited, and

the risk to humans and ecosystems is not wellierstood[395].

Awareness of the need to characterise the risk posed by polar pesticides is increasingyera

are included in the list of priority substances (e.qg. isoproturon), for monitoring under the European
Union Water Framework Directive (WHB98]. Comparable monitoring programmes for pesticides
exist in only 26% of jurisdictions globdi22]. Longterm monitoring is important in understanding
temporal trends. This understanding can be improved by increasing the number of sampling sites
or sampling frequency; however, this is often impracticable on the grounds of cost. Routin
monitoring programmes use discrete, low volume spot samples, coupled to targeted af@f3is
¢CKAA LINRPOGARSE T WayllLlakK2dQ Fd GKS GAYS 2F al
time and may miss pesticides present that are outside the analytical measuremen{40ite

Furthermore, to achieve required limits of quantificatitOQ) or detection (LOD) for all pesticides

94



in a sample, large volumes of water and/or several sample algeand enrichment steps may be

required[401].

Passive sampling &n alternative monitoring method. Here freely dissolved analytes present in
sampled waters are sequestered in a receiving phase within a dg\86¢ This timeintegrative
method overcomes several limitations associated with spot (bottle or grab) water sampling;
achieving higher sensitivity and being more tergity representative, without increasing the
frequency of sampling373]. Passive sampling device (PSD) design, configuration, and operation
can be altered to achieve sensitivity and selectivity for different analyte classessmrations and
exposure periodg389]. Uptake into devices operated in the kinetic regime is proportional to
changes in ambient concentrations, allowing measurement of tivegghted aerage (TWA)
concentrations. Alternatively, equilibrium concentrations can be obtained if the PSD is allowed to
equilibrate with the sampled watergl02]. It is usually only appropriate to operate PSDs in the
equilibrium regime for nofpolar analyteg436]. Equilibrium sampling of polar analytes carries
higher uncertainty, the causes of which are not currently well unders{@®§l A variety of PSDs

has been developed to mdtor polar pesticides, with most devices developed to monitor in the
kinetic regime[10,389] Recent reviews provide a comprehensive overview of PSD operation and
theory for organic analytes under equilibrium and kinetic, sampling reg{i@g36] Sampling
rates in PSDs are analyte specific, and devices require calibration before TWA or equilibrium
concentrations can be derived from the sampled mass of an§dg@]. Alternatively devices can

be deployed in qualitative assessments, for example, in suspect screening-targehscreening
approacheg428,452,499] Devices with selectivity and sensitivity for monitored analytes must be

coupled to analytical methods to which monitored analytes are similarly amenable.

High performance analytical methods for chromatagjnic separation and mass measurement (e.g.
quadrupoletime-of-flight mass spectrometry (QOF) and Orbitraps) are routinely applied to
environmental samples allowing detection of large numbers of analytes in a single analytical run
[523]. The increasing availability of commercial suspect compound databases, compatible analytical
instruments and automated postcquisition processing has simplified suspect screening workflows
allowing rapid generation of a tentative suspect list. Variouatsgies have been developed to
filter this tentative list to a final suspect list, by determining false positives and negatives through

manual comparison with analytical parameters and control samjpl24].

This study presents a standardised method for identifying high consequence pesticides and
prioritising these for future momoring from qualitative analytical data, using a simple and

reproducible approach. We aimed to increase the representativeness of monitoring by applying
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time-integrative sampling coupled to comprehensive screening, within the framework of a long
term monitoring programme at three sites in a river catchment in South East England. This
qualitative approach was designed to capture information neglected by conventional approaches
without the need to increase the scope of monitoring. Through use of a rangeulifzaniate
statistics we reduced data complexity and identified spatial and temporal tends in the occurrence
and abundance of monitored pesticides. Risk at a potable water abstraction was then prioritised in
terms of seasonal and spatial variation in stag of pollution within the catchment. A seasonal
monitoring programme at each site, informed by the prioritised risk at the potable water

abstraction is presented.

4.1 Materials and methods

4.1.1 Chemicals, glassware and reagents
All solvents were obtained from ThermoFisher Scientific (Loughborough, Leicestershire, UK) and
were of HPL@rade or better. Ultrd.JdzZNBE 6 G SNJ 6!t 20 6H mydn amwOy
an inhouse MilliQ® purification system (Merck, Burlington, USA). koatid was purchased from
SigmaAldrich (Dorset, UK). UPW was used in all laboratory procedures. Glassware was soaked in ¢
5% Decon 90 solution (Decon Laboratories Ltd, Hove, UK) overnight and rinsed with UPW then

methanol (MeOH) before use.

4.1.2 Chemcatche®passive sampler preparation

The Chemcatcher® (Atlantic versidiigure 9 comprising a polytetrafluoroethylene (PTFE) base
and retaining ring was obtained from AT Engineering (Tadley, UK). Prior to use, Chemcatcher®
components were cleaned with a brushlukewarm water then soaked in a 5% Decon 90 solution

for 24 h. Components were then rinsed in UPW and allowed to dry at room temperature, before
being immersed for 10 min in an ultrasonic bath containing acetone. Components were then rinsed
with UPW andallowed to dry at room temperature until assembly. The sampling disk used was a
hydrophilicf A LI2 LIKAf AO ol fFyOSR nT1YY I)2(Ribtdge YWppdala,f I y

Sweden) which has a high affinity for analytes over a broad polarity range.

Acetonerinsed stainless steel tweezers were used to handle delicate consumables and to avoid
contamination. HLR disks were washed by soaking in MeOH overnight. Disks were then

conditioned in an extraction manifold under gentle vacuum with MeOH (50 mL) follow&tPLC
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grade water (100 mL), ensuring disks did not dry out. Disks were then left submerged in water until
assembly. Polyethersulfone (PES) (Supor® 200, 0.2 um pore diameter) sheet, obtained from Pal
Europe Ltd (Portsmouth, UK) was used as diffusion bmane. Each discrete circular membrane

(52 mm diameter) was punched from the PES sheet. Membranes were then rinsed five times in
MeOH, soaked overnight in MeOH, rinsed once more in MeOH followed by twice in UPW and stored
in UPW until assembly. This stepswnecessary to remove oligomer artefacts (polyethylene glycol)
resulting from manufacture, which cause matrix effects during instrumental analysis and has been
adapted fromGuibal et al.[504]. Chemcatcher® PSDs were then assembled by placing the flat side
of the HLBEL disk onto the base plate and overlaying this with the membrane, ensuring the
circumference of each were aligned. The retaining ring was then used to secure each in place, taking
care to avoid air pockets in the interstitial space and over tightening, whilst achieving a watertight
seal. Assembled Chemcatcl@gePSDs were then submerged in UPW in a sealed polyethylene
terephthalate (PET) container and stored at 4°C until deploymentPHiecontainers were soaked

in 5% Decon 90 solution overnight and rinsed with UPW prior to use. This procedure has been

reported previously byCastle et al.[480].
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Atlantic Chamcatcher® ready for deployment*

1 Supporting disk

2 Horizon Atlantic™ HLB-L disk** 1 Retaining ring

3 Polyethersulfone membrane (PES)***

5 Transport lid

Figure9. Components of the Atlantic® version of the Chemcatcher® PSD. *The Chemcatcher® |
made of machined PTFE, **Atlantic® HL&isk (47 mm diameter) and **PES, Supor® 200, pore

size: 0.2 ym, 52 mm diameter disk.
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4.1.3 Catchment profile
The Arunand Western Rother river catchment (AWRRC) in South East England is used for the
abstractionof potable waterf525]and has diverse hydrology, land use, and pollution sources. The
major rivers within the AWRRC are the WestRother draining 350 kfand the Arun draining 380
km?. These rivers meet at Pulborough, where there are surface water abstractions for public supply
on each river, alongside a groundwater (greensand) abstraction for public supptyuse within
the cachment is primarily arable or pasture, with scattered urban conurbations (e.g. Horsham,
Petersfield, Midhurst and Pulborough), industry, woodland, meadow and amenity grassland
[526,527] Chalk and lower greensand aquifers underlie much of the Western Rother catchment
and contribute to the headwaters of many of the tributariesibtitaries underlain by the upper
greensand on the Arun are not primarily groundwater fed andatfrfollowing precipitation and
discharges constitute the majority of flowhe River Ami has been designated a discharge rich
water bodyby the Environment Agend$28].Consequently, where the influence of groundwater
is lower the hydrological regims flashier as rwoff and discharges are precipitation dependant.
C2NJ 6KSaS NBlaz2yaQ yliadNIt f2¢ Ftz26a 2y (GKS
natural low flows on the Arun are comparatively low at 5 ML"daphis is augmented by daily
discharges (primarily wastewater treatment works (WWTW) outfalls totalling 18 ML, deganing
tangible low flow on the Arun is 23 ML d&af529]. The river Arun is tidal below the confluence of

the Arun and the Westa Rother

4.1.4 Sampler deployments
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FigurelO. Threesampling locations in the study area, ianSouth East England.
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Chemcatcher® PSDs were deployethede sites on the River Arun within the Arun and Western
Rother river catchment in South East Engldridufe 10). Site 1 was located in the upper reaches
of the catchment immediately downstream of a large wastewater treatment works, and sites 2 and
3 were loated approximately 0.5 km before and after the confluence with the Rother, respectively.
Site 3 was also the location of a surface water abstraction for potable supp#8} The potable
abstraction goes to banksidgtorage and is licensed up to 20 #tay. In addition to this a
combined licence for surface water abstraction on the Western Rother and groundwatigr tof

76 ML! day supplies the WS\829].

Tablel9. Sample site description and location details within the River Arun catchment.
Site

no Site photo Site Name Type Description Location
Situated 0.5 km 0.5 km
downstream
downstream of
of the outfall
the outfall of a
substantial of a
WWTW WWTP substantial
Upstream  outfall fimaril (,)int WWTP. 32 km
Arun after  aton P yp upstream of
1 . source .
Horsham main ollution with Site 3.
WWTW  channel P additional Broadbridge
of river diffuse Heath.
pollution from 51.066187;
agriculture.85 0.375192.
kmz2 catchment.
Rural location, River Arub. 5
before the km upstream
Arun at Main confluence of Site 3.
2 Stopham channel with the Stopham.
bridge Rother, mixed 50.955500;
inputs. 380km?2 0.534555.
catchment.
Sasten®  Locaedat
Pulborough WSW on the
Arun at next to tr?e’ Arun after the
Church Main ) confluence
3 abstractionofa . .
Farm channel with the River
. large WSW
abstraction . Rother.
(bankside 50 941026-
storage).730 ’ ’
0.513134.

km2 catchment.

Sites were chosen to be representative of different land use, and likely pollution sources along the
length of the Arun. Sampler deployments occurred at ek intervals over twelve months

(October 2017 to October 2018), totalling 25 deployments. Thistawansure data were inclusive
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of any seasonal variation in usage, vectors, hydrology and degradation, which influence pesticide
presence and fate. PSD deployments occurred at sites that were also used for spot sampling by the

local water utility.Table B provides additional site information.

Figure 11. Schematic of Chemcatcl&@rdeployment apparatus for-gitu deployment on the
riverbed. (a) Dummy buoy sits below surface and helps position rig and Chemcatcher® PSDs in th
water column; (b) Chemcatcher® PSDs inset in sheet of cast acrylic andith pglypropylene

rope; (c)Carabiner clip connecting all components of rig; (d) concrete slab sandwiched between two
cast acrylic sheets (450 x 450 x 35 mm); (e) Stainless steel (marine grade) eyebolt with ring attachec
to japanned chain at each corner; (g) Japanned chain, runitéeg along riverbed to a point on

bank where chain is secured with a padlock.
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Figurel2 Chemcatche® deployment apparatus for-gitu deployment on the riverbed with two
Chemcatcher® PSDs ready to deploy from footpath on bridge at deployment site.

A deployment rigKigure 1land Figure 12 was designed to allow samplers to be positioned in the
water column, and subsequently retrieved. All three rig deployments were from bridges across the
river. Chemcatcher® PSDs were transported to and from the field in a sealed PET container inside ¢
cod box. At eaclsite two Chemcatcher® PSDs were removed from their container and placed into
the deployment apparatus. After deployment Chemcatcher® PSDs were removed from the
deployment apparatus, wrapped in aluminium foil and placed in a labelled zipblagkand
transported to the laboratory in a cool box and maintained at ~ 4 °C until analysis, which usually

occurred within a week. At the end of each deployment two PSDs were isolated and used as field
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blanks.Examples of the deployment rig during deplagmb, retrieval in addition to Chemcatcher®

PSDs in the plastic mount after deployment are presentdeigare 13.

Figurel3. Photographsof a rig type deployment system, showing Chemca®hdevices during
deployment (A), (B), during retrieval (C), and two Chemcatcher® devices secured in a plastic moun

after retrieval (D).
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4.1.5 Chemcatcheé®passive sampler extraction
Exposed and blank Chemcatchd?®Ds were disassembled in the laboratory. The membrane
discarded and the HEB disk placed carefully on MeOH rinsed aluminium foil and dried at room
temperature. HLR. disks were then stored at8°C prior to extraction. Only one HLBlisk per
deploymentand one field blank were extracted. The other disk was used alyadample. Prior
to extraction, HLR. disks were allowed to reach room temperature. Hldisks were then placed
in an extraction manifold and eluted under gravity with MeOH (40 mL) imflass screw top vial
(60 mL). One mL of HPLC grade water was then added to each vial as an analyte retainer. The eluer
was then evaporated to ~ 0.5 mL in a Geneva E&ntrifugal rotary evaporator (Genevac Ltd,
Ipswich, UK) set at 40°C. Extracts wenert transferred to 2 mL deactivated (silanized) vials
(Agilent, Santa Clara, USA), adjusted to 1 mL with MeOH, weighed, then stef&t@tprior to

instrumental analysis.

Figurel4. Photographof preparedChemcatcher® PSDs after preparation, prior to extraction and

samples in 2 mL deactivated (silanized) vials (Agilent, Santa Clara, USA) following extraction.

Chemcatcher® PSDs were prepared in a single batch before every deployment. To ensure quality
assuance and control, solvent, production and field blanks were produced to identify
contamination during conditioning, assembly and field handling, extraction and instrumental
analysis. One solvent blank consisting of a-Hldigk, isolated immediately afteonditioning, and

one production blank, consisting of an assembled Chemcatcher® PSDs isolated after assembly wer:

included per batch. Each batch was extracted and analysed concurrently.

4.1.6 Instrumentation and software

Chromatographic separation was achieweith a Dionex Ultimate 3000 UHPLC system containing
a Dionex Acclaim RSLC 120a@alytical column (2.1 i.d. x 1@m length, 2.2 Y LJ- NIi A Of §
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(Thermo Fisher Scientific, Bremen, Germany) and a VanGuard, Acquity UPLggBRid Column

(1.7> Y lidle BiZe), (Waters, Dublin, Ireland). Mass spectrometry was undertaken with a Bruker
Maxis Impact Il electrospray high resolution thokflight tandem mass spectrometer {{OFMS)

(Bruker Daltonics, Bremen, Germany), with the following operating paramstetapillary voltage,
2500V; end plate offset, 50¥; nebulizer pressure, 2 bar{Ndrying gas, 8min™ (Nz); and drying
temperature, 200°C. Data acquisition used Bruker HyStar acquisition software (rev. 3.2) and data
interpretation (analyte identitation and quantitation) used Bruker Target Analysis for Screening
and Quantitation (TASQ®) 1.4 software. Software and hardware used for chromatographic
separation, mass spectrometry, data acquisition and data interpretation where interfaced and used
tosONBSY I3FAyad . Nzl SNRa t SAaGAO0OARS{ ONBSYSNK 6

analytes was undertaken after transferring outputs contained in TASQ® into Mass Profiler

Professional (MPP) software (B.14.9.1) (Agilent, Santa Clara, USA).

Figurel5. Photographs of the calibrant syringe (A), sample vials (B), Dionex Ultimate 3000 UHPLC
system containing a Dionexcclaim RSLC 120 C18 analytical column (C), Bruker Maxis Impact Il
electrospray high resolution tiraaf-flight tandem mass spectrometer {{TDFMS) (Bruker
Daltonics, Bremen, Germany) (D), Bruker Target Analysis for Screening and Quantitation (TASQG
1.4 oftware (E).

4.1.7 Instrumental analysis
Prior to each chromatographic run an automatic mass axis calibration was undertaken (lock mass
calibration was not used). A syringe pump introduced the calibrant solution (1 mM sodium formate
in water/isopropanol/formicacid (1:1:0.01 v/v/v)) into the mass spectrometer before analyte
elution from the analytical column. Mobile phase A was an aqueous solution of 10% of MeOH, 5
mM ammonium formate and 0.01% v/v formic acid. Mobile phase B was MeOH with 5 mM
ammonium formateand 0.01% v/v formic acidxtracts were diluted (1:9 v/v) in mobile phase A

A % 4 A 9~

YR wn >[ ¢l a GKSy AyeSOGSR Ayid2 (GKS O02fdzyy:
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elution programme was: 0 min, 1% B, 0.2 mLin&min, 39% B, 0.2 mL mirl4min, 99.9% B, 0.4
mL min% 16 min, 99.9% B, 0.48 mL mjr16.1 min, 1% B, 0.48 mL mjr9.1 min, 1% B, 0.2 mL
min; and 20 min, 1% B, 0.2 mL min

The QTOFMS was operated in the broadband collisimuluced dissociation (bbCID) acquisition
mode anddata were collected between 0.8 and 15.0 min. bbCID data acquisition ensures all
compounds eluting from the analytical column and amenable to ionisation are captured all of the
time, facilitating retrospective analysis of unknowns. Spectra were recordadsean rate of 2 Hz

and scan range of m/z 30000. The bbCID mode generated -&dan MS and MS/MS spectra
consecutively by alternating between a low collision energy of 6 eV (MS) and a ramped high collision
energy 30 eV +6 eV (MS/MS).

4.1.8 Filtering procdure
TASQ® identified target analytes through automated comparison of extracted ion chromatograms
(including molecular ions, protonated and sodiated adduct ions and associated fragment ions) with
GKS2NBGAOFT @I fdzSa F2N Y timd (+b.DdingNith @signal tg nope LJIL.
ratio < 3. Manual verification of this preliminary list was performed to increase the confidence of
identification. Positive identification required isotopic fit < 250 mSigma with a peak abundance >
5,000 and was aalified by the presence and relative peak intensity of diagnostic ions (MS/MS
fragment ions). Positive identification was made if at least one fragment ion including the precursor
ion (typically the protonated molecular adduct) were present in the extrod® chromatograms.
Where fragment ions were not present, identification only required the precursor ion and first
isotope but was made with a lower degree of confidence. Analytes present in field, production or
solvent blanks, or the analytical mobile gg®e were manually removed unless they were
significantly and consistently (a minimum of three times) higher in the field sample extracts. This
62N] Ft26 61 a 2LIAYAASR G2 NBRdzOS FrHtasS LIRari.
database containg many of the polar pesticides for which the version of the Chemcatcher® used
has high affinity (selectivity and sensitivity) for. There are exceptions, however, for which the
analytical method exhibited poor sensitivity for certain compounds e.g. metgldkehAny false
negatives obtained were checked by looking at each of the compounds extracted ion
chromatograms to check for correct retention time, accurate mass against theoretical mass, peak
area response and peak symmetry, and ion ratio. The Pestitiddy SNk O2y (I Ay SR
diagnostic ions for an associated precursor ion, however, for most analytes fewer diagnostic ions

were available. Diagnostic ions with a relative intensity > 50% of the precursor ion are marked as
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mandatory. To be eligible @sdiagnostic ion a fragment ion must have a relative intensity of > 5%
of the most abundant fragment ion. For a number of analytes no diagnostic ion was available due
to low fragmentation efficiency. An outline of this workflow including screening andngcof
identification confidence is given Figure 16 Instrumental analysis was undertaken in triplicate in
positive ionisation mode. Selected samples were also analysed in negative ionisation mode to see
if any compounds that had a weak response in fesiion mode would be more readily
detected/identified in negative ion. No advantage, in reliable detectability was observed in negative

ion mode and only positive ionisation mode data is included for brevity.
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Passive sampling (Chemcatcher®)
Deployment time and device configuration

UHPLC-Q-ToF-MS analysis
Ionisation (positive), chromatographic
and bbCID conditions

Comparison of EICs with
PesticideScreener™ database (TASQ®)
Automatic generation of preliminary suspect list for
measured RT (+ 0.5 mins), m/z (+ 5 ppm) and §/N (> 3)

0y peak abundance > 5000

Manual verification of suspect list Required diagnostic ions present

Diagnostic ions, peak abundance and isotropic fit Comparation with QC samples

< 250 mSigmul

Final suspect list complied
A large qualitative data set formatted and exported

Multi-variate statistical analysis in MPP®
Reduce data complexity and draw meaningful
conclusions through visualisation and correlation

Catchment risk assessment
Identify high consequence pesticides
and pollution hot spots

Prioritise catchment
interventions
Data sharing with local catchment
managers

Inform future monitoring
List of compounds and timing for
inclusion in future monitoring

Figure 16. Workflow for monitoring, instrumental and statistical analysis and catchment risk

assessment. EICs: extracted ion chromatograms.
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4.1.9 Multi-variate (statistical) analysasd risk assessment
Multivariate analysis waperformed in Agilent Mass Profiler Professional (MPP, B.14.9.1). Data
were imported in a generic format and peak abundance waarisformed to normalise data using
the equation below:
0 0
~
1 A compoundChas normalised abundandd, Nz, X dN
(n = number of samples)
1 G= baselined value for compoundjifisample
1 M= mean intensity value across all samples

1 S=standard deviation value across all samples

This was performed to reduce the influence of instrumental stability, matreceffand sampling

rate limitation due to ambient conditions on the instrument response over time and to allow
comparison of trends data. Data on occurrence and normalised peak abundance were used to
produce Venn diagrams, box and whisker and hierarchigatar analyses. Hierarchical clustering
analysis (HCA) was applied to all samples to elucidate groupings within variables (analytes) and
conditions (deployments). A mean value for each analyte and deployment was used. Interval
measures for clustering, wiin, and between, groups used a Euclidean distance metric and Wards
linkage method. HCA grouped clusters of analytes based on similarity and dissimilarity in the data
set. Clustering was performed on analytes and conditions to interpret temporal trenasléded
analytes. A mean value for each analyte and season (multiple deployments) was computed to
produce box and whisker diagrams for each cluster identified in the HCA. Venn diagrams were

employed to assign each analyte a code according to site ocaaren

Detection frequency asite 3 was used to estimate risk to the water supply works (WSW)
abstraction at the site. This stepwise method using the outputs of these analyses was used to design
future monitoring within the catchment. Analytes present witline cluster were characterised to

identify probably sources of pollution and mitigation and monitoring strategies.
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4.2 Results and discussion

4.2.1 Passive sampling
All PSDs were successfully recovered at the end of daployment. The deployment rig was
removed from the water in one instance (deployment 14, site 2), however, devices were found to
be intact and have been included in the presented data. Site 2 was inaccessible for a week at the
beginning of deployment 8.Hémcatcher® devices remained in place over this time and were later
retrieved. To accommodate this interruption deployments 7 and 9 both took place consecutively,

each lasting 3 weeks, and deployment 8 is omitted from the data.

The level of fouling of déses was consistent between each site but varied from deployment to
deployment. Fouling and other environmental factors such as flow velocity and temperature can
influence analyte uptake into passive sampling devig&6]. To account for the influence of
environmental conditions, laboratory and/oin-situ calibration experiments are typically
performed for each analytgt37]. Continuous monitoring of flow and physiochemical parameters
at fixed monitoring stations througput the catchment were checked. All sites experienced similar
changes in relative environmental conditions throughout monitoring. No attempt to account for
site specific environmental conditions was made, as it was not expected to affect the qualitative

data obtained from the trial.

4.2.2 Targeted screening and confirmation
Field, production and solvent blank PSDs were analysed for each deployment resulting in tentative

identification of 30 analytes. Details of blank PSDs and solvent samples are presérdeid R20.

Table20. Details of analytes detected in solvent and blank samples: SB; solvent blank, PB;
procedural blank, FB; field blank.

Sample type Sample name No. runs* No. analytes
Solvent Mobile phase A & B (Total) a7 8

Sample SB (Total) 66 28

Sample PB (Total) 66 28

Sample FB (Total) 78 26

Sample (Combined) SB,PB,FB 210 30

*Number of instrumental runs.
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After manual verification of the suspect list 15 analytes present in blank and solvent samples were
removed to reduce the possibility of false positives. Three analytes detected in blank and solvent
samples were not removed as relative peak abundance inremment indicated this may have
resulted in false negatives. The remaining analytes detected in blank and solvent samples were
absent in environmental sample$able 21lists the analytes present in solvent and blank samples

and their treatment during maual verification.

Table21. Treatmentof analytes present in blank and solvent samples.

Analyte Treatment

1,2,3,6Tetrahydrophthalimidedis) False negatives: Left in data (blank subtraction)
Carbofuran Falsepositives: removed from data

Carvone False positives: removed from data
Diethyltoluamide (DEET) False negatives: Left in data (blank subtraction)
Dimethylphthalate False positives: removed from data

Hymexazol False positives: removed from data

Melamine False positives: removed from data
Methoprene Peak 1 Fragm 279 False positives: removed from data
Methoprene Peak 2 Fragm 279 False positives: removed from data

Metolcarb Fragm 109 False positives: removed from data

Pyrethrin | False positivegemoved from data

Spiroxamine Peak 1 False positives: removed from data
Spiroxamine Peak 2 False positives: removed from data
Thiabendazole False positives: removed from data
Trimethacarb (2,35 Fragm 137 False positives: removed from data
Triphenylphosphate False negatives: Left in data (blank subtraction)
Halofenozide Fragm 105 False positives: removed from data
Methoxyfenozide Fragm 149 False positives: removed from data

¢KS a4dza LS00 fAad RIEGIOFAS 6. NHMzZl SNI t SadAOAF
compounds. Filtering of the initial suspect list reduced the suspect list to 113 analytes. The
analytical method was unable to distinguish benomyl from its metabolitbezadazim and these

are presented jointly in the data. The obsolete triazine herbicide sebutylazine was always detected
alongside terbuthylazine at approximately half the relative peak abundance. A collaborative trial

screened environmental water samplesing a range of instruments, experimental conditions and
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filtering criteria, but could not distinguish between sebutylazine and terbuthylazine owing to their
isobaric nature (i.e. celution and molecular adduct ions (plus fragment ions) with the same
mas®s)[530]. As sebutylazine is not currently approved for itsgas manually removed from the
suspect list and only terbuthylazine assumed to be present. The final suspect list contained 111
analytes. This number included several instances of chiral compounds sharing the same peak and
compounds where detection wasopsible based on multiple peaks, in the extracted ion
chromatogram (EIC). Seven analytes were tentatively identified where the precursor ion was a
fragment ion with the remainder of the tentatively identified analytes made with an adduct of the

molecular on.

4.2.3 Identified pesticides
One hundred and eleven analytes were detected across all sites and deployments. These are
shown inTable22. Herbicides were the largest group with 37 detections, closely followed by
fungicides with 36 detectionF.wentytwo insecticides were detected along with ten pesticide
metabolites. The remaining six detections were composed of rodenticides, repellents and
compounds used in pesticide manufacturing or within pesticide formulations alongside an
active compound Kigure 17. Many of the 111 detected analytes have Hossticide
applications, for instance warfarin is an antiagulant prescription medication which was
historically used as a rodenticide. A number of detected analytes also have veterinary uses
such asthe neonicotinoid insecticide imidacloprid, which is widely used in flea treatments.
Previous screening studies of spot samples taken from rivers within the European Union
identified a similar number of compounds (approximately 100), including many of the
compounds identified in this world08,531] The proportion of herbicides, fungicides and
insecticides detected were likewise broadly similarthe current study. A recent study of
groundwater using passive sampling identified 45 pestic[d@8]. In these studies many of

the most frequently detected compounds are shared (e.g. diuron).
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Figure17. Number of types of polar pesticides detected with Chemcatcher® PSDs during 25

consecutive deployments at three sites on the River Arun occurring over one year.
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Table22. Experimental conditions and number of detections of tentatively identified polar pesticides with Chemcatcher® PSDs comser@b/e
deployments at three sites on the River Arun occurring over one year.

Site Site Site

Compound? Type® Formula CAS Number Precursorion Theoretical m/z  Theoretical RT 1 2 3 Total % Detect
1.2.3.6Tetrahydrophthalimide (ci$ F GHigNOM (146948-3) M-+nH 152.0706 4.37 18 17 24 59 80
1-Naphthylaceticacid (NH4) PGR CioHiaNO* (86-87-3) | 204.1019 7.76 2 2 3
2-hydroxyterbuthylazine Me GoHygNsOH* (6675307-9) M+nH 212.1506 5.7 12 19 13 44 60
Aldicarbsulfone (Aldoxycarb) Fragm 148 I, N, Me GHINOSH (164688-4) | 148.0427 3.75 6 1 7 10
Allethrin | | CioH,7 051+ (58479-2) M+nH 303.1955 12.14 6 8
Atrazine H GeHisCIN* (191224-9) M+nH 216.101 8.16 5 4 9 12
Atrazine 2Hydroxy Me GeHigNsOM (216368-0) M+nH 198.1349 5.03 4 5 7
Atrazinedesethyl Me CeH11CINT* (619065-4) M+nH 188.0697 5.73 1 1 1.4
Azoxystrobin F GooHigNsOs1* (13186033-8) M+nH 404.1241 9.02 24 13 17 54 73
Bendiocarb I, Ac, VS CiHi NG (2278%23-3) M+nH 224.0917 7.02 1 2 21 24 32
Benomyl (decomposed to Carbendazim) Fragm 1¢ F GoHioNzO1* (1780435-2) | 192.0768 5.46 5 2 7 10
Bixafen F CigH13ChRN;OM* (58180946-3) M+nH 414.0382 10.59 4 1 6 8
Boscalid F CgH13CbN,O* (18842585-6) M+nH 343.0399 9.4 4 3 5 12 16
Bromacil H GH 4 BrNO* (314409) M+nH 261.0233 7.07 3 3

BTS 40348 (metabolite prochloraz) Me CHisCENCOH (6774701-7) M+nH 282.0214 7.1 6 6 8
BTS 44595 (metabolite prochloraz) Me CioH16CENLOA* (13952094-8) M+nH 325.0272 11.19 1 7 17 25 34
Carbetamide Fragm 192 H CioHigNGs1* (1611849-3) | 192.0655 6.58 4 3 7 9.5
Carbofuran &eto- I, N, Ac, Me CioHiaNO* (1670930-1) M+nH 236.0917 5.94 1 3 4.1
Carbofuran3-hydroxy I, N, Ac, Me CioHigNO* (1665582-6) M+nH 238.1074 5.09 1 2 2.7
CGA 321113 (Trifloxystrobin Metabolite) Me CigHigFRNo O+ (25291385-2) M+nH 395.1213 10.13 6 4 16 21.6
Chlorotoluron H CioH14CINOH (1554548-9) M+nH 213.0789 7.98 5 5 10 135
Cinosulfuron H CisHoNsO;S+ (9459391-6) M+nH 414.1078 6.36 1 1 1.4
Climbazole F CisH1;CINO* (3808317-9) M+nH 293.1051 9.88 2 2 2.7
Clomazone (Command) H CoHisCINQH (8177789-1) M+nH 240.0786 8.89 5 15 18 38 51.4
Clothiandin | GHsCINO,S+ (21088092-5) M+nH 250.016 4.9 17 18 24 59 79.7
Coumatetralyl Ro CioH; /O3 (583629-3) M+nH 293.1172 9.35 1 1 1.4
Cycloheximide Peak 1 F CisHpaNO* (66-81-9) M+nH 282.17 5.99 1 1 14
Cycloxydim Il H Ci7HeNG;SH (10120502-1) M+nH 326.1784 11.76 2 2 2.7
Cycluron H CriHN,OH (2163691) M+nH 199.1805 8.47 4 6 2 12 16.2
Cyproconazole Peak 1 F CisHyoCINOM* (9436106-5) M+nH 292.1211 9.69 10 16 16 42 56.8
Cyproconazole Peak 2 F CisHisCINOH (9436106-5) M+nH 292.1211 10.01 11 15 15 41 55.4
Cyromazine | GsHpiNgt* (6621527-8) M+nH 167.104 2.78 2 1 3 4.1
DCPMU (43.4DICHLOROPHENSIMETHYL UREA H GgHyChN,O* (356762-2) M+nH 219.0086 8.22 20 7 27 36.5
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Site Site Site

Compound# Type® Formula CAS Number Precursorion Theoretical m/z  Theoretical RT 1 5 3 Total % Detect
DCPU (1.3-dichlorophenydurea) H GH,ChN,OF (232702-8) M+nH 204.993 7.73 4 4 5.4
DEDIA (DesethybeisopropylAtrazine) Me GHsCINt* (339762-4) M+nH 146.0228 7.29 1 1 1.4
DEET (Diethyltoluamide) I, Re CioHigNO+ (13462-3) M-+nH 192.1383 8.2 25 24 25 74 100.0
Diazinon I, Re, VS CioHo N O5PS* (33341-5) M+nH 305.1083 11.04 3 3 4.1
Dichlorobenzamide Me GHsChNOH (200858-4) M-+nH 189.9821 4.48 25 24 24 73 98.6
Dichlorvos I, Ac, Me CGHCLO,P* (62-73-7) M+nH 220.9532 7 2 2 4 54
Diflufenican H CigH1 RN, O (8316433-4) M+nH 395.0813 11.72 2 2 2.7
Dimethenamid H CoHioCINQSH (8767468-8) M+nH 276.082 9.26 8 12 20 27.0
Dimethomorph Peak 1 F GuHCINQY (11048870-5) M-+nH 388.131 9.22 1 1 2 2.7
Dimethomorph Peak 2 F GoHosCINQH* (11048870-5) M+nH 388.131 9.59 1 4 5 6.8
Dioxacarb | CiiHi NG (698821-2) M+nH 224.0917 5.16 1 1 1.4
Diuron H GoH11CbN,O (33054-1) M-+nH 233.0243 8.55 24 24 25 73 98.6
Epoxiconazole F Ci7H14CIFNOH (13385598-8) M+nH 330.0804 10.26 20 21 23 64 86.5
Fenamidone F Ci7H1sN;0S* (16132634-7) M+nH 312.1165 9.22 1 1 14
Fenhexamid F CuHhsCOINGL* (12683317-8) M+nH 302.0709 10.05 1 1 1.4
Fenpyrazamine F CiHoNO, 9+ (47379859-3) M+nH 332.1427 9.76 2 2 2.7
Ferimzone F CisHigNsH (8926964-7) M+nH 255.1604 9.36 1 1 1.4
Fipronil (NH4) I, VS Ci2HsChRNsOS* (12006837-3) | 453.9725 10.5 18 2 20 27.0
Flufenacet H CiaH1sRN;O, S (14245958-3) M-+nH 364.0737 10.06 18 16 18 52 70.3
Fluopicolide F Ci4HsCERN,OM* (23911015-7) M+nH 382.9727 9.5 4 4 54
Fluopyram F CigH12ClBN,OM* (65806635-4) M-+nH 397.0537 9.86 20 13 9 42 56.8
Flurtamone H CigHisRNO* (9652523-4) M+nH 334.1049 9.14 10 9 8 27 36.5
Fluxapyroxad F CigHiaRsNsOH (90720431-3) M-+nH 382.0973 9.61 16 20 21 57 77.0
Griseofulvin F, VS Ci/H1sCIQ (126:07-8) M+nH 353.0786 8.04 25 24 25 74 100.0
Imazalil F, VS CiH;sChN;OH (3555444-0) M-+nH 297.0556 9.09 19 19 25.7
Imazamox H CusHaoNsO41* (11431132-9) M+nH 306.1448 4.63 1 1 2 2.7
Imidacloprid I, VS GH11CING,* (13826141-3) M+nH 256.0596 4.76 25 24 25 74 100.0
Isopyrazam F GooHaaFN;OH (88168558-1) M+nH 360.1882 11.56 3 4 4 11 14.9
Linuron H GoH11ChN,O (33055-2) M+nH 249.0192 9.3 4 6 8.1
Maleic Hydrazide H, PGR CGHsN;OM (123331) M+nH 113.0346 1.7 1 1 14
Mepronil F CirHoNG (5581441-0) M+nH 270.1489 9.62 6 6 8.1
Mesosulfurormethy! H CiHoNsGe S (20846521-8) M+nH 504.0853 7.94 3 3 3 9 12.2
Metazachlor Fragm 210 H CyHizCINO* (6712908-2) | 210.068 8.11 4 16 18 38 51.4
Metconazole F Ci7/HCINOH (12511623-6) M+nH 320.1524 11.21 3 1 54
Methomyl D3 I, Ac, Me GHsDsNO,S+ (139810907-3) M-+nH 166.0724 4.16 3 3 4.1
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Compound#

Methothrin

Metobromuron
Metolachlor

Metrafenone

Metribuzin
Metsulfuronrmethyl
Monolinuron

Monuron

Myclobutanil
N.N-DimethytN"-p-tolylsulphamide
Naphthalene acetamide
Napropamide

Nicotine

Oxadiazon

Oxfendazole

Oxydemeton Methyl Sulfone
Penconazole
Penthiopyrad
Piperonylbutoxide Fragm 177
Prometryn (Caparol)
Propiconazole |
Propiconazole I
Propyzamide (Pronamide)
Prosulfocarb
Prothioconazole desthio
Pyracarbolid

Pyrethrins: Cinerin |
Pyrethrins: Cinerin Il
Pyrethrins: Jasmolin |
Pyrimethanil

Pyroquilon

Pyroxsulam

Quinmerac

Silthiofam

Simazine

Type®
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Formula

CigHp7 O
GoHBING
CisHaCINGH*
CigHooBrot*
GgHsN,OS*
CiaHieNsOsS
GoHiCINO,*
GHCINOH
CisHhgCIN*
GoHisN, O S
CHNO*
CiHNOM
CioHisNo*
CisHhigChN, O
CisHhaNs O3S+
GHisOP S
CiaHheChNg!*
CieH1FsN;0S*
GO
CioHaoNsSH
CisHhigChNsOM
CisH1gChN:O,M*
CoH1,ChNG
CisHNOS*
Ci4H16ChN;OM*
CisHILNO
CooHaoOst*
GoiHagOs!
GoiHan O+
CioHhaNs*
CuH NG+
CuaHiaFsNeOsSH
CuHCINQH
Ci3H,NOSSi
C/HisCIN*

CAS Number

(3438829-9)
(306089-7)
(5121845-2)
(22089903-6)
(2108764-9)
(7422364-6)
(174681-2)
(150685)
(8867189-0)
(6684071-9)
(86:86-2)
(1529999-7)
(54-11-5)
(1966630-9)
(5371650-0)
(1704019-6)
(6624688-6)
(18367582-3)
(51-03-6)
(728719:6)
(6020790-1)
(6020790-1)
(2395058-5)
(5288880-9)
(12098364-4)
(2469176-7)
(2540206-6)
(121-20-0)
(446614-2)
(53112280)
(5736932-1)
(42255608-9)
(90717036)
(17521720-6)
(122:34-9)

Precursor ion
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M-+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M-+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
|
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH

Theoretical m/z

303.1955
259.0077
284.1412
411.0627
215.0961
382.0816
215.0582
199.0633
289.1215
215.0849
186.0913
272.1645
163.123
345.0767
316.075
263.0171
284.0716
360.1352
177.091
242.1434
342.0771
342.0771
256.029
252.1417
312.0665
218.1176
317.2111
361.201
331.2268
200.1182
174.0913
435.0693
222.0316
268.1186
202.0854

Theoretical RT

12.47
8.15
10.29
11.43
7.07
6.31
7.76
6.9
9.74
7.25
6.56
10.18
2.41
12.35
6.62
4.12
10.83
10.72
12.37
10.06
10.93
11.05
9.69
11.92
10.43
7.24
13
11.55
13.35
9.44
6.9
6.72
4.75
10.58
7.07

Site
1

3

R N ]

11
11

21
25
25
24

17

12

Site
2

2

a P P N

24
24
23

21

10

10

Site
3

w U W w

25
25
25

24

12

Total

[N
B W ©

a N P D P P P W wow

% Detect

10.8
4.1
14.9
4.1
4.1
4.1
1.4
1.4
1.4
5.4
1.4
2.7
6.8
14.9
17.6
1.4
2.7
18.9
10.8
41.9
100.0
100.0
97.3
6.8
83.8
1.4
29.7
6.8
10.8
14
1.4
1.4
45.9
17.6
8.1



Compound#

Tebuconazole
Tebutame
Terbuthylazine
Terbutryn
Thiacloprid
Triphenylphosphate
Uniconazole
Warfarin

*1peak 1 & 2 refer to compounds with cis/trans isomers with closely eluting retention times and identical diagnostic massiibHgefer to isomers which are indistinguishable by mass spectrometry. Where Frag follows the compound name iderisificatie with a fragment ion
of mass given.?Additive; Ad, Acaricide; Ac, Flame retardant; FR, Fungicide; F, Herbicide; H, Insecticide; I, Lifestyle compound; Lie; Metadolluscicide; Mo, Nematicide; N, Plant growth regulator; PGR, Repellent; Rmtieide; Ro, Synergist; S, Veterinary substance; VS.

Type®

I T T T

Ad, FR
F
Ro

Formula

CieHasCINOH
CisHaaNOH
GHCIN*
CioHooNsSH
CioH1oCINS*
CigHicOsP*
CisHhoCINOH*
CigHh70,M

CAS Number

(10753496-3)
(3525685-0)
(591541-3)
(88650-0)
(11198849-9)
(115866)
(8365722-1)
(81-81-2)

Precursor ion

117

M-+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M+nH
M-+nH

Theoretical m/z

308.1524
234.1852
230.1167
242.1434
253.0309
327.0781
292.1211
309.1121

Theoretical RT

10.87
10.25
9.36
10.23
5.62
11.01
10.46
9.27

Site
1

19

22
1
25
10
16

Site

2
17

10
5

22
13
5

Site

3

16

13
13
2
25
13
2

Total

52
1
29
40
3
72
36
23

% Detect

70.3
1.4
39.2
54.1
4.1
97.3
48.6
31.1



4.2.4 Spatial trends

0 20 40 60 80

mSite 1 mSite 2 mSite 3

Figurel8. Number of detections of polar pesticides with Chemcatcher® PSDs during 25 consecutive

deployments at three sites on tiRéver Arun occurring over one year.
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The frequency of detection varied greatly for different analytes with some analytes ubiquitous
at all sites throughout the study period. Table 1 details the number of detections at each site
and the detection frequencyniall 74 samples. Other analytes were ubiquitous at certain sites
only. Five analytes were detected in 100% of samples. Twientyanalytes were detected in

at least 50% of samples. Twerdight analytes were detected in between-50% of samples.
Most ofthe analytes were present infrequently with 59 analytes detected in fewer than 10%
of samples, with approximately one third of these detected on only one occaBigne 18

details the number of detections at each site for the 111 analytes.

Fewer analyte were detected at each site progressively through the catchment, with 86, 71
and 67 analytes detected at site 1, 2 and 3, respectiviEtyie 19. This decrease may seem
counter intuitive given the increase in the size of the corresponding upstream roata)
however, instream attenuation through dilution and degradation processes may result in
pesticide concentrations below method sensitivity at downstream locations. The relative
dominance of specific sources of pollution is likewise expected to begrattipstream sites.
Poulier et al.[J400] detected fewer pesticides in POCIS deployed at an upstream site than a
site downstream, observing an increase in concentration with progress downstream for
compounds present at both sites. This result was attributed to the relative importance of
diffuse hputs between the two sitesAguilar et al.,[532] observed a greater number of
pesticides in spot samples at downstream sites in a river catchment dominated by agricultural
inputs. The importance of inputs above site 1 may explain the reduction in the number of
analytes present with increases in catchment size observed in this a®ikputs originating
from point sources (i.e. WWTW) are not supported by multiple inputs throughout the
catchment. Propiconazolea fungicidewith applicatiors for fruit, cereals, mushrooms and
amenity €urf) [404], wasubiquitousat all sitesCommercial greenhousesid mushroom farms
draining to the sewenetwork are located within the catchmerdndit is likely that these are

the source of propiconazolein the WWTW outflowthroughout the year Propiconazole
ubiquity downstream in the catchment ibkely supported by dfuse sources suchise in
agriculture and amenityPesticides used in greenhouses draining to the sewer netivavie a

disproportional impact on water qualityey are more mobile.

Site 1 had the greatest number of unique analytes (27), followed by site 3 (9), and site 2 (5).
Ten analytes detected at site 1 were als@gent at site 2, but absent downstream. Eleven
analytes were present at site 2 and site 3 indicating sources downstre&ite &f Two analytes

were present at site 1 and site 3 indicating that site 1 is not the source of this pollution at site
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3. Analyte present at all sites may result from inputs originating throughout the catchment,
or from inputs upstream of site 1. The 67 analytes detected at site 3 can be split into 4 groups
(highlightedin Figire 19 based on Venn position to rationalise possild&cbhment sources of
pollution at the WSW abstractior8te 3).

Site 1 Site 2
85 entities 71 entities

Site 3
67 entities

Figurel9. Venn diagram showing the number of analytes detected at each site and the nur

analytes detected at multiple sites. Highlighted entitiegresent analytes present at site 3.

4.2.5 Temporal trends
Unsupervised HCA was applied to normalised dataaf@sformed) for mean peak abundance
for each deployment to reduce the complexity of the large data Begife 20. Clustering on
entities (analytey and conditions (deployments) was performed so that temporal trends
shared by groups of entities could be visualised. Entities were separated by a cluster distance
of 20 (Euclidean distance metric). Reducing the cluster distance to approximately eight
produced six clusters of entities with similar temporal trends, within which two clusters were
separated by a distance of approximately 11. Deployments were separated by a greater cluster
distance (22). Reducing the cluster distance to approximately 15 gtbdpployments into
two clusters. Cluster A contained deploymentsZBwhilst cluster B contained deployments
1-14. Cluster A corresponds to summer and early autumn, whilst cluster B corresponds to late
autumn, winter and spring. Deployment4loccurred inautumn 2017 whereas deployments
23-25 occurred in autumn 2018. Clusterst ontained 18, 16, 27, 14, 9 and 27 analytes

respectively.
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Figure 20. Hierarchical clustering of normalized intensity values for entities (clustg)s and
conditions (clusters A and B). Conditions represent an average value for each of Deplag@Bent 1

SimilarityMeasure: Euclidean. Linkage Rule: Wards. Tree scale: True.
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Figure 21shows cluster 3 analytes are associated with increased abundance in summer and
reduced abundance in winter. The median and interquartile range (IQR) of autumn and spring
(seasons separating the peak and trough) are similar differing only in the rangdleDeta
summaries of each cluster are presentedrigure 22To investigate temporal trends between
similar analytes in each cluster, box and whisker diagrams of the seasonal average normalised
abundance of detected analytes at site 3 are presented alongsidedetailed cluster

summaries. Seasonal associations are observed for all clusters.

Log2 Normalized Abundance Values
I

Autumn Spring Summer Winter

Figure21. Box and whisker diagram of average seasonal abundance of cluster 3 analgites3at
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Cluster Nc Dendrogram and cluster heatmdp* Box and whiske?* No. Analyte
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Figure22. HCAand box and whisker plots of analytes present in clust&s-iClusters of pesticides
and deployments and heatmap of normalised deployment average abundafidernfalised

seasonal abundance ) of present pestides in each cluster at Site 3
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4.2.6 Characterisation of pesticide pollution
An example of characterisation of pesticide pollution was performed for cluster 3 analytes
(HCA cluster showim Figure 20. Site 3 was used as it was the location for a potable water
abstraction and the significance of pesticide pollution is greater than at upstream locations as
a result. Data describing the properties of each pesticide has been taken from the Pesticide
Properties Database, which is presentedTiable23[404]. Table24 simplifies this information
so that properties of cluster 3 analytes are accounted in a standardised way. This
characterisation can beepeated for each cluster separately but is only performed for cluster

3 analytes here for brevity.
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Table23. Propertiesof analytes present in cluster 3.

Subcluste Compound Chemical class Pesticide type Status Pest Applications

1-Naphthylacetic acid (N Synthetic auxin  Plant growth regulator Approved, 31/12/2021  Fruit drop Apples, Pears, Plums, Cherries; Potatoes

1 Metobromuron Urea Herbicide Approved, 31/12/2024  Broadleaved weeds (various) Sunflowers; Potatoes; Tomatoes; Soybeans; Tobacco

Penconazole Triazole Fungicide Approved, 31/12/2021  Powdery mildew; Scab; Ring spot; Rusts Vines, ApplesPears, Peaches, Plums, Apricots, Strawberries, Ornamentals, Hops,

Vegetables, Cucumbers, Tomatoes

Carbofurar3-hydroxy Carbamate Insecticide, Nematicide Transformation product Spider mites; Nematodes; Aphids; Coootworms; Weevils Potatoes; Corn; Rice; Soybean; Fruit including Citrus, Grapes; Vegetables; Cotton
2 Acaricide, Metabolite

Fenamidone Imidazole Fungicide Not approved Early and Late blight, Downy mildew, Alternaria leaf spot, Purple blc Bulb vegetable crops; Potatoes; Tomatoes; Lettuce; Curcubits

Pyracarbolid Anilide Fungicide Not approved Rusts; Smuts; Dampingf; Blister blight Coffee; Vegetables; Tea; Ornamentals

Diethyltoluamide (DEET) Unclassified Insecticide, Repellent Not approved Mosquitoes; Ticks; Fleas; Chiggers; Leeches; Gnats; Sand flies; Ste Human skin; Clothing

flies; Harvest mites

3 Imidacloprid Neonicotinoid Insecticide, Veterinary Approved, 31/07/2022  Plant hoppers, Aphids, Termites, Colorado beetle, Fleas, White grul Lawns and turf, Domestic pets; Rice, Cereals; Maize; Potatoes; Sugar beet
substance Crane flies; Crickets, Ants
Warfarin Coumarin Rodenticide Not approved Rats; Mice; Gregquirrels; Gophers Pharm* A rarely used anticoagulant rodenticide
anticoagulant
1.2.3.6Tetrahydrophthalimide Dicarboximide Fungicide Transformation product Seed rot; Dampingff; Grey mold; Berry rot; Spur blight; Brown rot; L Apples, Apricots, Blueberries, Blackberries, Cherries, Grapes, Raspberries, Nectar
(cis) spot; Downy mildew; Bunch rot; Scab Plums, Peaches; Aimonds; Grasses; Roses
DCPMUNlonomethyldiuron)  Phenylurea Herbicide Transformation product Bermuda grass; Fathen; Pigweed; Charlock; Sow thistle; Wild radisl Vegetables Including Asparagus, Peas, Pulses; Fruit Incluingd3, Pineapples,
4 Wild turnip; Cape weed; Dead nettles; Poppies; Barnyard grass Grapes; Cotton; Lucerne; Lupins; Sugarcane; Cereals Including Wheat, Barley, Oz
Triticale; Tea; Ornamentals including tulips, daffodils, iris
Diuron Phenylurea Herbicide Approved, 30/09/2020 Bermuda grass; Fathen; Pigwe&harlock; Sow thistle; Wild radish; Vegetables including Asparagus, Peas, Pulses; Fruit Including Bananas, Pineapple
Wild turnip; Cape weed; Dead nettles; Poppies; Barnyard grass Grapes; Cotton; Lucerne; Lupins; Sugarcane; Cereals Including Wheat, Gatey
Triticale; Tea; Ornamentals including tulips, daffodils, iris
Aldicarbsulfone (Aldoxycarb) Carbamate Insecticide, Nematicide Not approved Honey locust; Gall midge; Nematodes Cotton; Potatoes; Sugar be€rnamentals
Fragm 148 Metabolite
Methothrin Pyrethroid Insecticide None - -
Piperonylbutoxide Fragm 177 Synergist None Synergist (carbamates, pyrethrins, pyrethroids, and rotenone)
DCPU (1.3-dichlorophenyd Phenylurea Herbicide Transformation product Bermuda grass; Fathen; Pigweed; Charlock; Sow thistle; Wild radis| Vegetables including Asparagus, Peas, Pulses; Fruit Including Bananas, Pineappl¢
5 urea) Wild turnip; Cape weed; Dead nettles; Poppies; Barnyard grass Grapes; Cotton; Lucerne; Lupins; Sugarc@wzeals Including Wheat, Barley, Oats,
Triticale; Tea; Ornamentals including tulips, daffodils, iris
Fipronil (NH) Phenylpyrazole Insecticide, Veterinary Not approved Ants, Beetles, Cockroaches, Fleas, Termites, Thrips, Blackegng Hardy ornamentals; Nerdible ornamentals; Turf
substance and other insects
Oxfendazole Benzimidazole Insecticide, Veterinary None Round worms, strongyles and pin worms for a range of livestock -
substance
Pyrethrins: Cinerin Il Pyrethrum Insecticide Approved, 31/08/2022  Various insect pests A nonpersistent insecticide extracted from Pyrethrum, used to control a variety of
pests on crops, in domestic and public health situations
Prometryn (Caparol) Triazine Herbicide Not approved Grasses including barnyard grass, goose grass, ryegrass, prairies g A herbicide used to control annual grasses and beasred weeds in a variety of crop

6 Broadleaved weeds including dead nettle, nightshade, chickweed,
fathen, common spurry

Terbutryn Triazine Herbicide Not approved Chick weed; Poppies; Black grass; Annual meadow grass; Dead ne A preemergence herbicide used to control some grasses and biemced weeds. Also
Cape weed; Hedge mustard; Shepherd's purse; Bind weed; Lupins used to control aquatic algae. Also a pesticide transformation product.

Dioxacarb Carbamate Insecticide Not approved Potato bugsPhyllotreta undulataand Ceutorrhynchus; Leafhoppers; An obsolete insecticide once used to control pests on potatoes, other crops and nc
Aphids; Beetles; Cockroaches; Colorado beetle agricultural sites

Dimethomorph Peak 1 Morpholine Fungicide Approved, 31/07/2020  Downy mildew; Anthracnosé&hytophthora cactorum, Septoria leaf A fungicide effective against various fungal pathogens in vines and other crops
spot; Late blight; Root rot; Crown rot

Thiacloprid Neonicotinoid Insecticide Approved, 30/04/2020  Aphids; Pollen beetles; Blossom midge; Codling moth; Wireworm; F A chloronicotinyl insecticide for use on apples and other crops to control sucking ai
fly chewing insects

Pyroquilon Unclassified Fungicide Not approved Rice blast Anunclassified, systemic fungicide used on rice

Diazinon Organophosphate Insecticide, Acaricide, Not approved Bean fly; Thrips; Caterpillars; Cabbage white butterfly; Loopers; A broad spectrum insecticide used to control sucking and chewing insects on a wic

Repellent Cutworms; Livestock pests including mites, ticks, licehitiy flies range of crops including top fruit. Also has livestock applications.
Dimethomorph Peak 2 Morpholine Fungicide Approved, 31/07/2020  Downy mildew; Anthracnos&hytophthora cactorum, Septoria legjfot A fungicide effective against various fungal pathogens in vines and other crops
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Table24. Accountingof the properties of pesticides in cluster 3

Approval EU Crops Setting
2|3 | 3|8 | |& |8 |3 |2 |83
Herbicides 2 2 2 0 2 2 1 4 0 1 16
DCPMU (Monomethyldiuron) X
DCPU1.3.4dichlorophenylurea) X
Diuron X X X X X X
Metobromuron X X X X
Prometryn (Caparol) X X
Terbutryn X X
Fungicides 3 3 1 0 5 4 1 6 0 2 25
1.2.3.6Tetrahydrophthalimide (cis X
Dimethomorph Peak 1 X X X X
Dimethomorph Peak 2 X X X X
Fenamidone X X X X
Penconazole X X X X X
Pyracarbolid X X X X
Pyroquilon X X X
Insecticides 3 7 1 6 3 3 1 5 5 7 43
Aldicarbsulfone Fragm 148 X X X X X
Carbofurar3-hydroxy X
DEET (Diethyltoluamide) X X X X
Diazinon X X X X X X
Dioxacarb X X X X
Fipronil (NH4) X X X X
Imidacloprid X X X X X X X
Methothrin X
Oxfendazole X X X
Pyrethrins: Cinerin Il X X X
Thiacloprid X X X
Other 1 2 0 1 1 1 0 1 0 1 8
1-Naphthylaceticacid (NH4) X X X X
Piperonylbutoxide Fragm 177 X
Warfarin X X X
Total 9 14 4 7 11 10 3 16 5 11
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Nine analytes have current approval in the EU. Including the insecticide imidacloprid which is
also approved for veterinary use. Two analytes are transformation products of approved
pesticides present in the cluster; namely, diuron metabolites DCPMU anBUDC
Tetrahydrophthalimide is a metabolite of the approved fungicide captan. Carbofitran
hydroxy can be a metabolite of either carbofuran or benfuracarb, neither of which is currently
approved. All four of these transformation products are formed in §iilron is persistent in

soil and its presence alongside its metabolites may suggest historidcugbermore, local
restrictions ban diuron use in the United Kingdom supporting a legacy origin of this pollutant.
Fourteen analytes have no current approwathe EU, including compounds without past approval.

Of the nine analytes approved for use in the EU only fungicides dimethomorph and penconazole,
the insecticides pyrethrins: Cinerin Il, imidacloprid and thiacloprid, and the plant growth regulator,
1-naphthylacetic acid had local approval at the time of samplifige these were approved for

use on fruit suggesting a possible origin for these compounds. Seven analytes are used as
biocides including the insect repellent DEET and the insecticide imidatispich are used in
consumer products, suggesting a wastewater source for these compounds. Likewise, warfarin

is an anticoagulant prescription medication with a probable wastewater source.

Fourteen analytes contained in cluster 3 were detected at sifgg8ire 23 presentthe seasonality

of these detections. Five analytes were detected in all seasons. None of these have current
approval. All 14 analytes were detected in summer. The most likely source for cluster 3 analytes is
continuous inputs from legagyollution originating from groundwater, and/or ongoing discharges

in wastewater. The abundance of these compounds decreases with progress through the
catchment suggesting a catchment source upstream of site 1. Any future monitoring programme
for cluster 3analytes should focus on site 1 and site 3, with an expanded suite in summer.
Catchment interventions to reduce pollution for current use pesticides should focus on potential

point sources, such as rwoff from greenhouses draining to the sewage system.

EL1: Compound EL4 : Compound
‘1 2.3 6-Tetrahydrophthalimi_. |1.2 3 6-Tetrahydrophthalimi ..|1.2 3 6-Tetrahydrophthalimi...|1 2 3 6-Tetrahydrophthalimi

DEET (Diethyitoluamide) DEET (Diethyitoluamide) DEET (Diethyitoluamide) DEET (Diethyitoluamide)
Dimethomorph Peak 2 Dimethomorph Peak 2

Diuron Diuran Diuran Diuron

Imidacloprid Imidacloprid Imidacloprid Imidacloprid

Methothrin Meathathrin

Prometryn (Caparol) Prometryn (Caparol) Prometryn (Caparol)

Terbutryn Terbutryn Terbutryn Terbutryn

Metobromuron Metobromuron

Dimethomorph Peak 1
Fenamidone
Pyracarbolid
Thiacloprid

Warfarin

Spring Summer
7 entities = 14 entities

Figure23. Seasonalityf cluster 3 pesticide detections at site 3. Highlighted sections in the Venn
diagram show the number of detected pesticides. Data table lists pesticides detected in each seasor

(using the colour format from the Venn diagram).
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4.2.7 Risk assessment pésticices at water supply works abstraction
The 67 analytes detected at site 3 were considered in the risk assessment. An initial risk score
was assigned to each analyte based on detection frequency at site 3. These scores are high (-
20), medium (1619), low (59) and vlow (< 5). The position of analytes in the Venn diagram in
(Figure 19 was considered alongside the risk score and the seasonal trends of analytes in each
cluster identified in the HCA-fure 20 presented in Figre 22 Table25 below presents a
summary of the risk score for analytes in cluster® and the number of analytes prioritised

for future monitoring, presented in detail in Tali?é.

Table25. Risk assessmeand prioritisation of monitoring summary.

Risk Score C1 Cc2 C3 C4 C5 C6 Sum
High 1 4 4 2 4 15
Medium 1 1 3 6 3 14
Low 1 1 3 1 3 9
vLow 6 3 8 3 9 29
Total 7 9 14 9 9 19 67
Prioritised* Site 1 Site 2 Site 3 Sum
Autumn 17 16 38 71
Winter 26 28 41 95
Spring 35 35 42 112
Summer 12 16 32 60
Total 45 54 67 166

*no. analytes prioritised for future monitoring.

Fifteen pesticides were assigned a high score and prioritised for monitoring throughout the
year. Trends in the seasonality and spatial variability of analytes with a lower score informed
the prioritisation of monitoring by site and season. The prioritissghitoring list condensed

the monitoring suite to between 32 and 42 analytes per season, with a further reduction in the

suite at upstream sites.
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Table26. Prioritisationand risk assessment of analytes present at site 3.

Compound Site 1 Site 2 Site 3 No. dect RiskScori Venn* Cluster
Dichlorobenzamide A, W,Sp Su 73 High ABC 1
Griseofulvin Sp Sp A, W,Sp Su 74 High ABC 2
Propiconazole | Sp Sp A, W,Sp Su 74 High ABC 2
Propiconazole I Sp Sp A, W,Sp Su 74 High ABC 2
Triphenylphosphate Sp Sp A, W,Sp Su 72 High ABC 2
Diethyltoluamide (DEET) A, W,Sp Su Su A, W,Sp Su 74 High ABC 3
Diuron A, W,SpSu Su A, W,Sp Su 73 High ABC 3
Imidacloprid A, W,SpSu Su A, W,Sp Su 74 High ABC 3
'1r’e2t,rz’r?ydrophthalimidecﬂs) A, W,SpSu Su A, W,Sp Su 59 High ABC 3
Clothiandin A, W,Sp A, W,Sp A, W,Sp Su 59 High ABC 5
Fluxapyroxad A, W,Sp A, W,Sp A, W,Sp Su 57 High ABC 5
Propyzamide (Pronamide) W, Sp W, Sp A, W,Sp Su 72 High ABC 6
Prothioconazole desthio W, Sp W, Sp A, W,Sp Su 62 High ABC 6
Epoxiconazole W, Sp W, Sp A, W,Sp Su 64 High ABC 6
Bendiocarb W, Sp W, Sp A, W,Sp Su 24 High ABC 6
Azoxystrobin Sp Sp Su A, W,Sp Su 54 Medium  ABC 2
Terbutryn Su Su A, W,Sp Su 40 Medium  ABC 3
Metazachlor Fragm 210 A, W,SpSu A/ W,SpSu A, W,Sp Su 38 Medium  ABC 4
2-Hydroxyterbuthylazine A,WSpSu A /WSpSu A W,SpSu 44 Medium  ABC 4
Dimethenamid A, W,Sp Su A, W,Sp Su 20 Medium BC 4
Flufenacet A, W,Sp A, W,Sp A, W,Sp 52 Medium  ABC 5
Cyproconazole Peak 1 A, W,Sp A, W,Sp A, W,Sp 42 Medium ABC 5
Tebuconazole A, W,Sp A, W,Sp A, W,Sp 52 Medium  ABC 5
Cyproconazole Peak 2 A, W,Sp A, W,Sp A, W,Sp 41 Medium ABC 5
Uniconazole A, W,Sp A, W,Sp A, W,Sp 36 Medium  ABC 5
Quinmerac A, W,Sp A, W,Sp A, W,Sp 34 Medium ABC 5
Clomazone (Command) W,Sp W, Sp A, W,Sp 38 Medium  ABC 6
E:c)scrﬁif:g"etabo"te W, Sp W, Sp A, W,Sp 25  Medium ABC 6
Terbuthylazine W, Sp W, Sp A, W,Sp 29 Medium ABC 6
Metolachlor Sp Sp 11 Low BC 2
Prometryn (Caparol) Su Su 31 Low ABC 3
Pyrethrins: Cinerin | A, W A W AW 22 Low ABC 4
E;I;)SC ké]llgir%:gnetabollte AW 6 Low c 4
Chlorotoluron AW AW 10 Low BC 4
Flurtamone AW AW AW 27 Low ABC 5
Fluopyram W, Sp W, Sp W, Sp 42 Low ABC 6
Penthiopyrad W, Sp W, Sp 14 Low BC 6
Boscalid W, Sp W, Sp W, Sp 12 Low ABC 6
Atrazine Su Su 9 vLow BC 1
Carbetamide Fragm 192 Sp Sp 7 vLow BC 1
Fenpyrazamine A 2 vLow C 1
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Compound Site 1 Site 2 Site 3 No. dect RiskScori Venn* Cluster

Atrazinedesethyl Su 1 vLow C 1
Napropamide w w 2 vLow BC 1
Pyrimethanil A 1 vLow C 1
Simazine Sp Sp Sp 6 vlow  ABC 2
Linuron Sp Sp Sp 6 vLow ABC 2
Pyrethrins: Jasmolin | Sp Sp Sp 8 vLow ABC 2
Dimethomorph Peak 2 Su Su 5 vLow BC 3
Methothrin Su Su Su 8 vLow ABC 3
Metobromuron Su Su 3 vLow C 3
Thiacloprid Su Su 3 vLow AC 3
Warfarin Su Su Su 23 vLow ABC 3
Dimethomorph Peak 1 Su Su 2 vLow BC 3
Fenamidone Su 1 vLow C 3
Pyracarbolid Su 1 vLow C 3
Silthiofam A A A 13 vLow ABC 4
Cycluron Su Su Su 12 vLow ABC 4
Dichlorvos AW AW 4 vLow BC 4
:ZAS:‘ 302;2)13 (Trifloxystrobir W " " 16 vLow ABC 6
Fluopicolide Su 4 vLow C 6
Isopyrazam W, Sp W, Sp W, Sp 11 vLow ABC 6
Mesosulfuronmethyl Sp Sp Sp 9 vLow ABC 6
Metrafenone w 3 vLow C 6
Bixafen Sp Sp Sp 6 vLow ABC 6
Carbofuran &eto- A 3 vLow ABC 6
Imazamox Sp Sp 2 vLow BC 6
Metconazole Sp Sp 4 vLow AC 6

*1IABC: present site 1,2 and 3, BC: present site 2 and 3, CA: present site 1 and 3, C: present site\B/&8MNeab4traction
Arun) only Abbreviations: A; Autumn, W; Winter, Sp; Spring, Su; Summer.

Typically risk assessments are based on risk or hazard quotients relating the measured
concentration of individual pesticides in discrete samples to a threshold concentration. Such
approaches neglect the complexity of the processes contributing to pestfei® in surface
waters and highly fluctuating concentrations that result. As such the timing of sampling can
significantly influence any risk assessment informed by discrete sampling methods. The
approach used in this work cannot distinguish between @gis or regular pesticide pollution

but captures both through time integrative sampling. As such this approach is unlikely to omit
pesticides of high consequence within the catchment from the risk assessment or misinterpret
risk due to intermittent presene or variable concentrations. However, only tentative

conclusions may be drawn in the absence of quantitative data on pesticide concentration. This
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work adds to the number of studies using passive samplers to assess PPPs sources, pathway

and fate at the atchment leve[400,410,423,452,497,500,533]

4.3 Conclusions
The presented method characterises pesticide presence and fate in a river catchment and assesses
the risk from pesticide pollution atwater supply works abstraction. This was undertaken with the
objective of improving water quality management, through improved monitoring and data
handling. To this end we coupled several commercially available technologies in a novel way to
provide new isight without the need to expand the scope of monitoring or incur additional costs.
The standardised method combining passive sampling, targeted screening andvanialti
statistics can characterise spatial and temporal trends, and discriminate sifagawithin and
between groups of analytes from a large qualitative dataset. One hundred and eleven pesticides
were detected in the catchment over 12 months. A seasonally prioritised monitoring programme
reduced the monitoring suite significantly at eackedbased on risk. In future a combination of
passive sampling and chemometrics may prove a useful tool for directing quantitative analysis and
designing monitoring programmes. Used in isolation such qualitative assessment of pesticide
pollution can only chracterise risk. However, this method addresses data gaps arising from
infrequent sampling and/or relevant analytes omitted in routine analytical suites and is
complimentary to monitoring and analytical methods employing spot sampling and quantitative
analsis. This approach may also have applications in mixture toxicity assessment, where efforts to
relate measured environmental concentrations to ecological threshold environmental quality
standards and predictedo-effect concentrations are frustrated by ¢havailability and quality of

data for mixtures.
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ChapterFive Passive sampling with suspect screening of polar pesticides
and multivariate analysis in river catchments: Informing environmental
risk assessments and designing future monitgonogrammes

Abstract
Pollution of surface water by polar pesticides is a major environmental risk, particularly in river

catchments where potable water supplies are abstracted. In these cases, there is a need to
understand pesticide sources, occurrence and fate. Hence, wela®ae a novel strategy to
improve water quality management at the catchment scale using passive sampling coupled to
suspect screening and multivariate analysis. Chemcatcher® passive sampling devices were
deployed (14 days) over a 12 month period at eigiglss(including a water supply works abstraction
site) in the Western Rother, a river catchment in South East England. Sample extracts (n = 197) were
analysed wusing higresolution liquid chromatographguadrupoletime-of-flight mass
spectrometry and compands identified against a commercially available database. A total of 128
pesticides from different classes were found. Statistical analysis of the qualitative screening data
was used to identify clusters of pesticides with similar spatiotemporal pollytiatterns. This
enabled pesticide sources and fate to be identified. At the water supply works abstraction site, spot
sampling and passive sampling were found to be complementary, however, the passive sampling
method in conjunction with suspect screeningtected 50 pesticides missed by spot sampling
combined with targeted analysis. Geospatial data describing pesticide application rates was found
to be poorly correlated to their detection frequency using the Chemcatcher®. Our analysis
prioritised 61 pestiaes for inclusion in a future water quality risk assessment at the abstraction
site. It was also possible to design a seasonal monitoring programme to effectively characterise the
spatiotemporal pesticide profiles within the catchment. A work flow of hovintorporate passive
sampling coupled to suspect screening into existing regulatory monitoring is proposed. Our novel
approach will enable water quality managers to target the mitigation {apgineered actions) of
pesticide pollution within the catchmerdnd hence, to better inform drinking water treatment

processes and save on operational costs.
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5. Introduction

Worldwide, drinking water is sourced from rivers and lakes (e.g. in the UK J%&%})however,
mixtures of chemicals frequently contaminate such surface waters. Current research prioritises
identification of the constituents of mixtures, ¢ir origins, and their risk to human and ecosystem
health [373,535] Contaminants include polar pesticidg]. A pesticide is any product used to
prevent the damage caused by pests, such as weeds, insects and3@@piMost pesticides are
used in agriculture, where use of plant protection products (PPPs) is set to increase un{8R050
Other applications of pesticides include their use in veterinary medicine, public health, households
and industry[396]. At present > 1300 compounds are contained within the pesticide database of
the European Uniofd03]. Pesticides can enter the aquatic environment through several pathways
[393]. Their different mobilities and persistence cbimed with spatial and temporal variation in
landscape processes and usage, lead to fluctuating aqueous concentrggh431,480] Gaps

exist in the current understanding of pesticide f@895], particularly for transformation products

(TPs]536].

In the EU monitoring requirements and regulatory limits for pesticides in surface water are
proscribed in the Water Framework Directive (WFD) and its daughter direciB@5416;
419,537,538] Environmental quality standards (EQSs) for priority substances have been
established[398]. Furthermore, successive updates to the Watch List (Directive 2013/39/EU,
Decision (EU) 2015/495, Decision (EU) 284@ and Decision (EU) 2020/1161) have led to the
inclusion of additional polar pesticidg$18,53¢539] Pesticide occurrence in drinking water is also
regulated in the EU, the drinking water quality standard @SY for pesticides and their TPs is 0.1
>31gaAy 3t S LISA G A BGlpesticieR presanfj3os8;5M]. Jimilar worldwide

monitoring programmes for pesticides exist in just 26% of jurisdic{ib2a)].

Monitoring is essential for interpreting the presence and fate of pesticides in water. Discrete, low
volume (22 L) spot samples and targeted analytical methods are currently used within routine
monitoring programmeg373]® 5A AONB UGS YSUiK2Ra 2yf& LINRBOJARS
sampling, neglecting variation occurring between sampling events. In addition, targeted analytical
methods miss detecting compounds outside of the measurement $4@@]. Often large volumes

of waterand/or several sample enrichment steps may be needed to achieve the required limits of
detection (LOD) and quantification (LO@Q1]. A lack of comprehensive sampling stgies and

use of targeted analytical methods limits the quality of monitoring d4€8]. Higher spot sampling
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frequencies and multiple analytical methods can be used, however, for environmental regulators

this would be cost prohibitivgd01].

Passive sampling is an alternative to discrete sampling, achieving increased se[&i®and has

been used within monitoring programmg&0]. Here, analytes are sequestered into a receiving
phase. Sampling is continuous, provided, there is a concentration gradient between the passive
sampling device (PSD) and sampled wi86]. PSDs (e.@€hemcatcher®-DGT and POCIS) have
been developed to monitor polar pesticides in water and have been revi¢i®d36] PSDs have

been used in qualitative assessments such as suspect andargeted screening approaches
[428,452,499,535]These approaches offer several benefits as calibration isetptired and an

expanded list of analytes can be included in the measurement suite.

Screening of complex environmental samples is how performed routinely with high performance
liquid chromatography and higresolution mass spectrometry (H{RMS) achievin detection
limits in the low ng t [523,54X549] Commercially available suspemtreening databases and

automated postacquisition processing have simplified workflowg8,499,535]

Globally, water supply is a regulated industry. Generally, a legislative framework defines a risk
based approach based on the precautionary principle. This ensures potable water is wholesome,
through adherence with DWQS for pietdes (and other parametergb50]. For recalcitrant
compounds, howewe sole reliance on removal of pesticides during drinking water treatment is
insufficient to achieve these standarfs51]. Furthermore, the adoption of advanced treatment
processes is prohibited by their inherent capital and operational dé&8]. Congquently, water
utilities are compelled to adopt neangineered measures to mitigate pesticide contamination.
Hence, catchment interventions are needed to reduce the magnitude and frequency of pesticide
mobilisation at the point of applicatiofp51]. However, catchment interventions must be targeted

to be successful. This requires a detailed understanding of which pesticides are present in a

catchment, where sources of pollution are located, and when pollution o¢66&.

Presently there is no caiistent methodology for identifying and targeting such catchment
interventions across the water industry. Regulators are investigating approaches such as risk
mapping. This seeks to identify pesticides based on treatment difficulty and maps identify@isg are

of high risk to raw water qualitj551]. If targeted catchment interventions can be successfully
integrated into the existing risk management framework based on water safety plans, it may
facilitate adherence with DWQS at substantially lower cost compaoseddopting additional

treatment [550].
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In this study the Chemcatch®PSD was deployed at eight sites in a river catchment in South East
England over 12 months. Sampler extracts were analysed using a suspect screening approach tc
identify polar pesticides withouia priori knowledge of the pollutants present. Multivariate
statistical analysis was performed to reduce the complexity of the qualitative data set. Through this
approach the temporal and spatial occurrence and fate of pesticides was assessed from their point
of entry into, and their journey through, the catchment, ttee downstream water supply works
(WSW) abstraction site. Qualitative data from passive sampling with suspect screening was
compared with pesticide use information and water utility monitoring data. Our approach will allow
water quality managers to unddend which pesticides are present, where they originate and when
they pose a risk to raw water quality. Our definition of risk is based on that adopted by UE84]R

for risk mapping where pesticide usage and spatial datasets are used to determine thdigdoten
risk to raw water. Here, we assume that increasing occurrence and abundance at the potable
abstraction corresponds to an increased risk. This will enable them to (1) select pesticides requiring
mitigation within the catchment (2) target catchment imentions to reduce pesticide pollution

(3) improve the design of future monitoring campaigns and inform the ongoing water safety plan.
Pesticides are characterised and prioritised for monitoring and an approach for incorporating this

method into regulatoy monitoring is outlined.

5.1Materials and methods

5.1.1 Reagents and glassware
Solvents were of HPLC grade or better and were obtained from ThermoFisher Scientific
(Loughborough, Leicestershire, UK). Formic acid was obtained from-8ignth (Dorset, UK). A
Milli-Q®purification system (Merck, Burlington, USA) was used to producepitra water (UPW)
0 mMyodn amwOY X Hpc/ODd !t2 gl & dzaSR Ay &t f
5% Decon 90 solution (Decon Laboratories Ltd, Hove, UK) overnighinaed with UPW then

methanol (MeOH) before use.

5.1.2 Chemcatcher® preparation
The Atlantic version of the Chemcatcher® was obtained from AT Engineering (Tadley, UK). This
comprised a polytetrafluoroethylene (PTFE) base and retaining ringreCleeving phase was a
hydrophilicf A LR LIKAE AO o6t FyOSR nT1 YY-L) (BidNdgd, 2ppsalk, it |
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Sweden) which has a high affinity for analytes over a broad polarity range. Polyethersulfone (PES)
(Supor® 200, 0.2 um pore diameter) shedttained from Pall Europe Ltd (Portsmouth, UK) was
used as diffusion membrane. Each discrete circular membrane (52 mm diameter) was punched
from the PES sheet. Preparation of the Chemcatcher® used in this work has been described
previously[535] (Figure 9. Briefly, this included steps to clean and condition components of the
PSD after which devices were constructed and stored at 4°C in UPW in a sealed polyethylene
terephthalate (PET) container until deployment. Production, solvent and field blanks were similarly

prepared to identify contamination occurring during device prepamand deployment.

5.1.3 Chemcatcher® extraction
Prior to extraction, HLB disks were allowed to reach room temperature and then dried (~ 24 h) in
a laminar flow cabinet. Disks were then placed in an extraction manifold and eluted into glass vials
(60 mL) undr gravity with MeOH (40 mL). One mL of HPLC grade water was added to the glass vials
containing the eluent to prevent the extract from going dry during evaporation. Extracts were
evaporated to ~ 0.5 mL in a Genevae2Ezéntrifugal rotary evaporator (Gemac Ltd, Ipswich, UK)
set at 40°C. Extracts were then transferred to 2 mL deactivated (silanized) vials (Agilent, Santa Clara
USA), adjusted to 1 mL with MeOH, weighed, then stored 8tC prior to instrumental analysis
(typically within one month). Du& financial constraints of the project and being a qualitative
study, only one deployed sampler and one field blank were extracted. The other set of disks were

used as backip samples in case of loss.

5.1.4 Instrumental analysis and filtering procedure

Instrumental analysis took place at Natural Resources Walesinstrumental analytical method

used was liquid chromatography coupled with tiokflight mass spectrometry (L@ TOF). Each
sample extract was analysed in triplicate (three consecutive instruatenhs from each aliquot),

to ensure analytical quality. Reference standards were periodically analysed to confirm the stability
of the instrument and as a check on mass accuracy. A Dionex Ultimate 3000 UHPLC systen
comprising a Dionex Acclaim RSLC 120 ¢ | t @ G A Ol t O2f dzYy O Hdm A OF
particle size), (Thermo Fisher Scientific, Bremen, Germany) and a VanGuard, Acquity URkC BEH (
JdzZt NR O2f dzyYy omedr >Y LI NILAOES aAal Suvz o621 4SNA
separdion. A Bruker Maxis Impact Il electrospray high resolution tofilight tandem mass

spectrometer (GTOFMS) (Bruker Daltonics, Bremen, Germany) was used (capillary voltage, 2500
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V; end plate offset, 500 V; nebulizer pressure, 2 bai);(Nrying gas, 8 min? (N); drying
temperature, 200 °C). The resolution of the instrument was 30,000 at mf2Q80HyStar software

(rev. 3.2) and Target Analysis for Screening and Quantification (TASQ®) 1.4 software (Brukel
Daltonics, Bremen, Germany), were used fatadacquisition and interpretation, respectively. The
O2dzLJt SR KIFNRgINB FTYR &a2F06FNBE INB O2YYSND/
t SEAGAOARS{ ONBSYSNM 6nodm0 RFEGFOFAS F3IFAyald 6K
described previouslib35].

Gradient separation was achieved with mobile phases: A, water containing 10% of MeOH, 5 mM
ammonium formate and 0.01% v/v formic acid and B, MeOH with 5 mM ammonium formate and
0.01% v/v formic acid. Extracts were diluted (1:9 v/v) in mobile phase Aand20 6 | & G KSy
into the column, which was maintained at 30°C. The gradient and flow elution programme was 0
min, 1% B, 0.2 mL min3 min, 39% B, 0.2 mL minl4 min, 99.9% B, 0.4 mL mjrL6 min, 99.9%

B, 0.48 mL mif 16.1 min, 1% B, 0.48 mlimi; 19.1 min, 1% B, 0.2 mL mijrand 20 min, 1% B, 0.2

mL mint. Automatic mass axis calibration was undertaken with a calibrant solution (1 mM sodium
formate in water/isopropanol/formic acid (1:1:0.01 v/v/v)) prior to each analytical run. Data were
acquired in positive ionisation mode, between 0.8 and 15 mins using the broadband cellision
induced dissociation (bbCID) acquisition mode of tRE@FMS. The scan rate was 2 Hz and spectra
were recorded between m/z 30000. In bbCID full scan and MS/MS speetere generated by
alternating between low (MS) and high (MS/MS) collision energies of 6 eV and 3GAX+TASQ®
performed an automatic comparison of extracted ion chromatograms with a signal to noise ratio <
o F3AFAyad GKS2NEB ppnd)bnid retértign imel (DG daly; tO@roduce an nitial

list of identified analytes in the ChemcatcHeextracts. Manual verification of this initial list was
performed to remove false positives, using the following criteria; isotopic fit < 250 mSagpeak
abundance > 5,000 and presence of diagnostic qualifier iamg.analytes present in the mobile
phase were removed from the list of analytes found in the Chemcaltoberacts.As thesampling

rates were unknown the LOD and LOQ could not be calcukatddmalytes present in the field
blank wereremoved if the response & < three times those of the field exposed samplers.

Following filtering a final list of identified analytes was compiled.
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5.1.5 Study area in South East England

Study catchment location

England
Wales

o

Study site location

2 S =
" Petersfield

A Horsham

7 .
Midhurst 5. Iborough
-

Chichester

Legend
0 25 5 3 10 @ Sampling site

T T Chichester ‘l /] [study subcatchment
m Contains OS5 data D Crown Copyright and database right 2020
2 \

Figure24. Map of the Western Rother stdatchment showing theight sampling site locations.
Site 8 is located near to the abstraction point of a water supply works. The two insets show the

location of the catchment within souast England.

The trial was undertaken at eight sites on the Western Rother river canhifraining 350 k)

in South EadEngland (Figure 24%his catchment has variable hydrology depending on location and
diverse point and diffuse pollution sources. Land use within the catchment is primarily arable (28%)
or pasture (47%), with scatteredrban conurbations (e.g. Horsham, Petersfield, Midhurst and
Pulborough), industry, woodland, meadow and amenity grassl&,553] Chalk and lower
greensand aquifers underlie much of the Western Rother catchment and contribute to the

headwaters of many of the tributaries.

This catchment is used as a source for potable water supplies. The alostiaaint on the Western
Rother is located before the confluence with the River Arun at Pulborfa@f]. The contribution

of groundwater supports high and relatively stable natural flows in the catchment, with potable
abstraction licensed up to 75 ML day529].

Site 8 was located < 0.5 km upstream of the sampling point used by the local water utility (Southern
Water Services) for collection of spot water samples at the abstraction point of the WSW. Upstream

sites were selected to be representative of differennddions within the catchment. Four sites
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were located on the main river Rother between the source and the abstraction point of the WSW.
The four other sites were located on tributaries within the catchment. These were strategically
chosen based on the coibution of point sources such as waste water treatment works (WWTW)

(sites 3 and 4) and diffuse sources originating from agriculture, woodland, the built environment,

and animal husbandry. Further details of sampling sites are providedhle 27.
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Table27. Samplesite numbeydescription & location within the Western Rother River catchment.

Site Number Site photo Site Name Type Description Location
Situated in aural location,
primarily ground water 2 km from the
feed, receiving limited groundwater
diffuse pollution from source of the
1 Rother Main surrounding fields and River Rother. 40
source channel woodland. This site is km upstream of
intended to provide a Site 8. Empshott,
baseline with no significant 51.066982,
runoff/discharges upstream. 0.907705.
11km? catchment.
River Rother. 34
Rural location, primarily km upstream of
2 Rother at Main diffuse inputs from Site 8.
Petersfield  channel agriculture.58 km? Petersfield,
catchment. 51.006082,
0.907901.
Situated at the outfall ofa  Stanbridge
) WWTP substantial WWTP, primarily Stream. 33 km
Petersfield . . . .
3 WWTP oytfall at pom_t_sourct_e pollution yvlth upstream _of Site
outfall tributary addltlona_ll diffusepollution 8. Petersfield,
mouth from agriculture 27 kmz2 51.000029,
catchment. 0.904646.
Situated in a rural location
at the outfall of a small
WWTP WWTP, primarilgiffuse 21 k_m upstream
4 Elsted o_utfall at pollution from the of Site 8.
Stream tributary - . 50.990264,
mouth agriculture in the upstream 0.827794.
catchment.14 km?
catchment.
Situated in a rural location
on a tributary receiving 26 km upstream
5 Hammer Tributary  diffuse pollution from of Site 8.
Stream mouth woodland and animal 51.004900;
husbandry 24 km? 0.794444.
catchment.
Situated on the outskirts of (1)?;:2 Lépstream
Rother at Main Midhurst at the midpoint of . ;
6 Midhurst channel the river.194km? Midhurst,
catchment. 50990908,
0.734630.
Rural location on tributary 14 km upstream
. Tributary  with a large agricultural of Site 8.
7 River Lod mouth catchment,primarily 50.990107,
diffuse.53km? catchment.  0.674929.
Situated on the outskirts of Located on the
Rother- . Pulborough, < 0.5 km from
Main . . Rother before the
8 upstream of the abstraction point of a .
channel confluence with

Pulborough

large WSW350 km?
catchment.

the River Arun.

140



5.1.6 Field deployment of PSDs
Chemcatche® PSD were deployed for 14 days at the eight sampling sites for 25 consecutive
deployments over a 12 month period (October 2017 to October 2018). Sampling occurred over a
year to ensure data were inclusive of any seasonal variation effecting pesticideefgteclimatic
conditions, pesticide usage, local hydrology and physiochemical status of the water body. A cool
box was used to transport Chemcatcher® samplers during field deployments. At each site two PSD
were removed from their container and placedoanthe deployment apparatud={gure 11, Figure
12 and Figure 13 The deployment apparatus was lowered into the middle of the channel and
secured to a location on the bank with a chain. A buoy supported the deployment apparatus in the
water column, this ensured the sampling surface of the PSD was orientated parailedit flow.
After deployment Chemcatcher® samplers were removed from the deployment apparatus,
wrapped in aluminium foil and placed in a labelled zip lock bag and transported to the laboratory
in a cool box. In the laboratory Chemcatcher® samplers (deg@land field blank) were
immediately disassembled. The PES membrane was discarded and tHe di$lB was then
removed, wrapped in aluminium foil and stored a.8°C until extraction (within a week). During

each deployment and retrieval operation two n€¥8D were exposed to serve as field blanks.

5.1.7 Spot water sampling and instrumental analysis
Spot water sampling was undertaken by the local water utility company (Southern Water Services)
near to Site 8 (October 2017 to October 2018) as part of their routageilatory monitoring
programme. A total of twenty four samples over this time period (at least one sample per month)
were collected (1 L) in glass bottles and transported to the laboratory and stored (~ 4°C) prior to
analysis. Samples were analysed (@itdirectly or extracted using a SPE cartridge depending on
the class of pollutant) for a préefined number of pesticides using either-GIS/MS or LAIS/MS
in a UKAS accredited laboratory.

5.1.8 Multi-variate statistical analysis and geospatial data
Microsoft Excel and SPSS® statistics were used to calculate descriptive statistics (e.g. Pearsol
correlation coefficient) of identified pesticides after transferring outputs from TASQ®. Multivariate
analysis was performed in Agilent Mass Profiler Professional (BIR2.9.1). Data were imported
to MPP in a generic format and peak area wdrs#Asformed to normalise data. This reduced the

influence of, instrument stability, matrix effects, and sampling rate variation, on the statistical
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significance of the instrumeat response (normalised) over time, so trends within the data could

be interpreted[535].

Qualitative data on occurrence and normalised peak area were used to produce Venn diagrams and
hierarchical cluster analyses (HCA). HCA was applied to all samples to elucidate groupings withir
variables (analytes) and conditions (sites and deployme#ts)ormalised value for each analyte

and sample was used. Interval measures for clustering, within, and between, groups used a

Euclidean distance metric and Wards linkage method. HCA grouped clusters of analytes based on
similarity and dissimilarity in #hdata set. Clustering was performed on analytes and conditions to

interpret temporal trends for related analytg535].

CEH Land Cover® plus: Pesticides 2018 (England, Scotland and Walgs§4], maps average
annualised pesticide application rates at 1 km resolution in mainland Britain for 129 active
substances, using data gathered in the Ferdipiele usage survejt05], between 2012 and 2016.

Data from the Fera pesticide usage suri&35]was used to calculate regional pesticide application

in South East England in 2016. This data was used to calculate pesticide application within the
catchment at 1 krhresolution. The workfiw used to calculate catchment pesticide application

rates is showrn Figire 25 Esri ArcGIS Pro (2.7.0) was used to analyse and present spatial data.
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Figure25. Workflow for the proceduratalculation of application rates and heatmaps for pesticides in the catchment using .tiff files (CEH Land Cover plus:

Pesticides 2032016 (England, Scotland and Walg£4)).
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5.2 Results and discussion

5.2.1 Use ofChemcatche®
Chemcatche® devices were deployed consecutively for two week periods over 12 months (25
individual deployments) at 8 sites, totalling 200 deployments. Three samples were lost in the field
and the remaining 197 samples were retrieved and aswdy The 1.5% loss rate of samples here
was lower than a comparable monitoring programme using POCIS, where 7% of the 306 samples ir
the study were lost or damaged in the figkB7]. The degree of biofouling on the PES membrane
was limited and varied between deployments. PES has a low surface energy and hence, is resistan
to fouling. Furthermore, the relatively short deployment periods alsoimised the impact of
biofouling. Increased fouling at Site 3 was thought to be due to the proximity of this site to a WWTW

outfall.

5.2.2 Pesticides identified b@hemcatche®
Using the Chemcatcher® and analytical workflow a total of 128 pesticides dgfared as actives
and other compounds in pesticide and biocide formulatioffigbg 28 were identified including
approved, banned, and obsolete compounds, in addition to transformation products of these
compounds. Further details of the uses and formigias of the pesticides found is givenTable
29. Many of these pesticides have not previously been monitored for within the oeatoh
However, all of these compounds should be considered as they are within the remit of the DWQS
[551]. This list is not exdustive as compounds may not be sequestered onto the HLB phase (e.g.
some acid herbicides) and/or detected (e.g. glyphosate and metaldehyde) using the instrumental
method. The lod&w Of the pesticides ranged betweet.0 and 5.9. This was similar to trenge ¢
1.9 to 5.3) found byAhrens et al.[389] using the POCIS passive sampler with an HLB receiving

phase.
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Table28. List of pesticides detected in extracts from the Chemcatcher®, their type and parameters used for their instrumental #etgckan = fungicide;
Her = herbicide; Ing = ingredient; Ins = insecticide; IS = internal standards; Mol = mollusdicigibam@rowth regulator; Rep = repellent; Rod = rodenticide;

Saf = safener; Syn = synergist; TP = transformation product. CAS = chemical abstract number. RT = retention time.

Analyte Name Type Elemental Compositior CAS Expected RT [min] Expected m/z
2-hydroxyterbuthylazine TP GoH1gNsO* (6675307-9) 5.7 212.1506
Acetamiprid Ins GioHi2CIN* (13541020-7) 5.17 223.0745
Aldicarbsulfone (Aldoxycarb) Ins GHi10NGS (164688-4) 3.75 148.0427
Allethrin | Ins GCioHhOs1* (58479-2) 12.14 303.1955
Allethrin 11 Ins GigHa7O0s* (58479-2) 12.32 303.1955
Ancymidol PGR  GsHiNOM* (1277168-5) 7.15 257.1285
Atrazine Her GsHisCING* (191224-9) 8.16 216.101
Atrazinedesethyl TP GsHuiCIN* (619065-4) 5.73 188.0697
Atrazinedesisopropyl TP GHoCINY* (1007%28-9) 4.75 174.0541
Azoxystrobin Fun CooHisNsOst* (13186033-8) 9.02 404.1241
Bendiocarb Ins GuiHuNQH (2278123-3) 7.02 224.0917
Benomyl (decomposed to Carbendazim) Fun GoH1oNzO (1780435-2) 5.46 192.0768
Benthiavalicarbsopropyl Fun CigHbsFNO: S (17740668-7) 9.51 382.1595
Bioallethrin Ins CioHo70st* (58479-2) 12.33 303.1955
Bixafen Fun CigHisChRsNO* (58180946-3) 10.59 414.0382
Boscalid Fun CigHi3ChNO™ (18842585-6) 9.4 343.0399
Bromacil Her GH1BrNO* (314409) 7.07 261.0233
BTS 44595 (metabolite prochloraz) TP Ci2Hi6ChNO* (13952094-8) 11.19 325.0272
Carbendazim Fun GoHioNzO2* (1060521-7) 5.46 192.0768
Carbofuran &eto- TP CioHiNQ* (1670930-1) 5.94 236.0917
Carbofuran D3 IS GizHisDsNGsM (100745998-4) 7.01 225.1313
Carbofurar3-hydroxy TP CioHisNQ* (1665582-6) 5.09 238.1074
CGA 321113 (Trifloxystrobin Metabolite) TP GioH18RsN2Os2* (25291385-2) 10.13 395.1213
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Analyte Name

Chlorotoluron
Chlorpropham
Clomazone (Command)
Clothianidin
Coumatetralyl
Cycloxydim

Cycluron

Cyproconazole Peak 1
Cyproconazole Peak 2
DCPMU (43.4DICHLOROPHENS®INETHYL UREA) (Monomethyldiuron)
DEDIA (DesetieisopropylAtrazine)
DEET (Diethyltoluamide)
Diazinon
Dichlorobenzamide
Dichlorvos

Diflufenican
Dimethenamid
Dimethomorph Peak 1
Dimethomorph Peak 2
Dimethylanilin (N.N
Dinotefuran

Diuron

Epoxiconazole
Fenamidone
Fenpyrazamine
Ferimzone

Fipronil

Type
Her
Her
Her
Ins
Rod
Her
Her
Fun
Fun
TP
TP
Rep
Ins
TP
Ins
Her
Her
Fun
Fun
Ing
Ins
Her
Fun
Fun
Fun
Fun

Ins

Elemental Compositior CAS

GuoHh4CINOY
GH/.CINQ**
GHhisCINGY
GH.CINO,S*
GigH1 705"
CirHosNGs S
GiiHaaN2 O
CisHioCINO™
GistheCINOY
GHoCEN,O
GHsCIN*
GioHheNOH
GiaH2N.OsP S+
GHsCENOH
GHsCbOPH
GoHioFsN O
GaHhisCINGSH
GaHbsCINQY
GuHsCINQ
GeHiNH
GHisNaOst*
GoHu1ChN,OM
G7HCIFNOH
GrHisN:0S*
GirH22N:0, S
GisHioNs**
Gi2HsCbRsNsOS*
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(1554548-9)
(101-21-3)
(8177789-1)
(21088092-5)
(583629-3)
(10120502-1)
(216369-1)
(9436106-5)
(9436106-5)
(356762-2)
(339762-4)
(13462-3)
(33341:5)
(200858-4)
(62-73-7)
(8316433-4)
(8767468-8)
(11048870-5)
(11048870-5)
(121:69-7)
(16525270-0)
(33054-1)
(13385598-8)
(16132634-7)
(47379859-3)
(8926964-7)
(12006837-3)

Expected RT [min] Expected m/z

7.98
9.78
8.89
4.9
9.35
11.76
8.47
9.69
10.01
8.22
7.29
8.2
11.04
4.48

11.72
9.26
9.22
9.59
6.04
3.59
8.55

10.26
9.22
9.76
9.36
10.5

213.0789
172.016
240.0786
250.016
293.1172
326.1784
199.1805
292.1211
292.1211
219.0086
146.0228
192.1383
305.1083
189.9821
220.9532
395.0813
276.082
388.131
388.131
122.0964
203.1139
233.0243
330.0804
312.1165
332.1427
255.1604
453.9725



Analyte Name

Flazasulfuron
Flufenacet
Fluopicolide
Fluopyram
Flurtamone
Flutriafol
Fluxapyroxad
Griseofulvin
Icaridin
Imazalil
Imazamox
Imidacloprid
Isopyrazam
Isoxaben
Linuron

Malathion

Maleic Hydrazide

Mefenpyrdiethyl

Mepronil

Mesosulfuronmethyl

Metalaxy!
Metamitron
Metazachlor
Methiocarb
Methomyl D3
Methomyl
Methothrin

Type
Her
Her
Fun
Fun
Her
Fun
Fun
Fun
Rep
Fun
Her
Her
Fun
Her
Her
Ins
PGR
Saf
Fun
Her
Fun
Her
Her
Mol

TP

Ins

Elemental Compositior CAS

GiaHhsRaNsOsS*
CiaH1FN:O S
CiaHoChFsN20M*
GieH12CIRNOM*
GiaHisRNO
GisH1aRNe O
GiaHhsRsNe O
GiH1ClQM™
CiaHoaNO
CiaH1sChNOM
CisHaoNsOs
GH1CING
CaoHaaRNsOM
CiaHsNo O+
GoHhiChNO,1
GioHaoOsP S
CiHsN2 O
GisH1oChN2Os
CirHaoNO*
CirHeoNs oSt
CisHooNO
GioH11NsO*
GiH1CINO?
CuHi NS+
GHsD:NO2S*
GHNS*
GioHo70s!*
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(10404678-0)
(14245958-3)
(239110157)
(65806635-4)
(9652523-4)
(7667421-0)
(90720431-3)
(12607-8)
(11951538-7)
(3555444-0)
(11431132-9)
(13826141-3)
(88168558-1)
(8255850-7)
(33055-2)
(121-755)
(12333-1)
(13559091-9)
(5581441-0)
(20846521-8)
(5783719-1)
(4139405-2)
(6712908-2)
(203265-7)
(139810907-3)
(1675277-5)
(3438829-9)

Expected RT [min] Expected m/z

8.42
10.06
9.5
9.86
9.14
8.12
9.61
8.04
8.79
9.09
4.63
4.76
11.56
9.42
9.3
9.59
1.7
11.1
9.62
7.94
8.22
5.24
8.11
9.34
4.16
4.16
12.47

408.0584
364.0737
382.9727
397.0537
334.1049
302.1099
382.0973
353.0786
230.1751
297.0556
306.1448
256.0596
360.1882
333.1809
249.0192
331.0433
113.0346
373.0716
270.1489
504.0853
280.1543
203.0927
210.068
226.0896
166.0724
88.0215
303.1955



Analyte Name

Metobromuron
Metolachlor
Metribuzin
Metsulfuron-methyl
Monolinuron

Myclobutanil

N.N-DimethytN'-p-tolylsulphamide (DMST. metabolite tolylfluanid)

Naphthalene acetamide
Nicosulfuron

Nicotine

Octhilinone

Oxadiazon

Oxadixyl

Pencycuron
Penthiopyrad
Piperonylbutoxide
Pirimicarb

Pirimicarb Desmethylformamido
Prometryn (Caparol)
Propiconazole
Propiconazole Il
Propoxycarbazone
Propyzamide
Prosulfocarb
Prothioconazole desthio
Pyracarbolid

Pyrethrin: Cinerin |

Type
Her
Her
Her
Her
Her
Fun
P
PGR
Her
Ins
Fun
Her
Fun
Fun
Fun
Syn
Ins
TP
Her
Fun
Fun
Her
Her
Her
TP
Fun

Ins

Elemental Compositior CAS

GoH12BrNO:*
CisHosCINQ
GHisN,OS*
GiaHi16NsO6S*
GoHCINO
GisHieCIN*
GoHisN20, S+
GioHioNOH
CisHioNsOsS*
GioHisNot*
GiiH0NOS*
GisHigChNOs*
CiaHioN20s*
GioH2CINOM*
GieH1RNsO 3+
GiaHisOt*
GitHi1oNsO*
GiiHi7/NJO3
CioHz20NsS*
CisHisChN:O*
GisthsChN-O*
CisthioNO, S
Gi2Hi2ChbNOH
GiaH2NOS*
CiaHi6ChN:OH*
CigHieNO*
GaoHz005*
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(306089-7)
(5121845-2)
(2108764-9)
(7422364-6)
(174681-2)
(8867189-0)
(6684071-9)
(86:86-2)
(11199109-4)
(5411-5)
(2653020-1)
(1966630-9)
(7773209-3)
(6606305-6)
(18367582-3)
(51-03-6)
(2310398-2)
(2721804-8)
(728719-6)
(6020790-1)
(6020790-1)
(14502681-9)
(2395058-5)
(5288880-9)
(12098364-4)
(2469176-7)
(2540206-6)

Expected RT [min] Expected m/z

8.15
10.29
7.07
6.31
7.76
9.74
7.25
6.56
6.62
241
10.19
12.35
6.29
11.38
10.72
12.37
.77
6.87
10.06
10.93
11.05
5.47
9.69
11.92
10.43
7.24
13

259.0077
284.1412
215.0961
382.0816
215.0582
289.1215
215.0849
186.0913
411.1081
163.123
214.126
345.0767
279.1339
329.1415
360.1352
177.091
239.1503
253.1295
242.1434
342.0771
342.0771
399.0969
256.029
252.1417
312.0665
218.1176
317.2111



Analyte Name

Pyrethrin: Cinerin Il
Pyrethrin: Jasmolin |
Pyrethrin: Jasmolin Il
Quinalphos
Quinmerac
Schradan
Silthiofam

Simazine

Spinosyn B or K
Tebuconazole
Tebutame
Terbuthylazine
Terbutryn
Thiabendazole
Thiacloprid
Thifensulfuroamethyl
Triallate

Trietazine
Trinexapaeethyl
Uniconazole
Warfarin

XMC I

XMC Il

XMC IV

Type
Ins
Ins
Ins
Ins
Her
Ins
Fun
Her
Ins
Fun
Her
Her
Her
Fun
Ins
Her
Her
Her
PGR
PGR
Rod
Ins
Ins

Ins

Elemental Compositior CAS

GoiHeOs*
GoiHs10sM*
GoaHsiOs*
Gi2HisNoOsP S+
GiiHCINGH*
GaHosN4OsPot*
GisH22NOSSt
GHisCINY*
CioHsaNOwo*
GieHosCINOM
GisHaaNOH
GHiCINY*
GioH2oNsSH*
GioHsNsSH
GioHioCINS*
GiHiaNsOs S
GioH17CENOS*
GHiCINY*
GisHi7Os*
GisH1sCINO*
GioHi7Ost*
GioH1NG*
GioH1aNOA*
GioH1NG*
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(121-200)
(446614-2)
(117263-0)
(1359303-8)
(9071703-6)
(15216-9)
(17521720-6)
(12234-9)
(16831695-8. 131929630 (B))
(10753496-3)
(3525685-0)
(591541-3)
(886:50-0)
(14879-8)
(11198849-9)
(7927727-3)
(230317-5)
(191226-1)
(9526640-3)
(8365722-1)
(81-81-2)
(265514-3)
(265514-3)
(265514-3)

Expected RT [min] Expected m/z

11.55
13.35
12.16
10.8
4.75
5.36
10.58
7.07
11.23
10.87
10.25
9.36
10.23
6.2
5.62
6.24
12.73
10.15
8.39
10.46
9.27
7.71
7.79
8

361.201
331.2268
375.2166
299.0614
222.0316
287.1396
268.1186
202.0854
718.4525
308.1524
234.1852
230.1167
242.1434
202.0433
253.0309
388.038
306.0062
230.1167
253.1071
292.1211
309.1121
180.1019
180.1019
180.1019



Table29. Characterisatiorfusage and formulation) of detected pesticides together with area and mass applied in South East’Ei@gfaedactives present
in formulation and*2number of products containing active taken from HSE pesticide products da{&bage >Total treated area (hectares) in South East
Englandin 2016 *“total treated mass (kg) in South East Englan@016 using data obtained fronthe Fera pesticide usage surJd®5]. Key: PGR = plant

growth regulator; TP = transformation product.

Number of Area applied Mass applied

Pesticide Class Uses Other actives iformulationg?!
productg? (hectares)3 (kg)4

2-hydroxyterbuthylazine TP terbuthylazine TP -
Acetamiprid Insecticide Triticonazole 23 1709 68.4
Aldicarbsulfone (Aldoxycarb) Insecticide (U [Pl o) SMEEessEs

Ornamentals
Allethrin | Insecticide Domestic -
Allethrin 11 Insecticide Domestic -
Ancymidol PGR Ornamentals -
Atrazine Herbicide Corn; Sorghum; Sugarcane; Turf;

Asparagus
Atrazinedesethyl TP Atrazine -
Atrazinedesisopropyl TP Atrazine -

Wheat, Fruit; Sunflowers; Difenoconazole, tebuconazole
Azoxystrobin Fungicide Vegetables ; Potatoes; Canola; " Lo 66 85,613 10,068

; ) cyproconazole, isopyrazam, fluazinam

Soybeans; Turf; Ornamentals
Bendiocarb Insecticide Indu_strlal and domestic amenity;

Turf; Ornamentals
Benomyl (decomposed to Carbendazir Fungicide E'rils crops; Omamentals; Turf,
Benthiavalicarbsopropyl Fungicide g(:;eggses; VI oo Mancozeb 2 8,957 244
Bioallethrin Insecticide Industrial and domestic amenity -

Fluopyram and prothioconazole,
prothioconazole, prothioconazole and 15

Bixafen Fungicide Cereals tebuconazole, prothioconazole and 122,969 6,372
spiroxamine, Fluopyram, fluoxastrobin
and prothioconazole
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Number of Area applied Mass applied

- oo e
Pesticide Class Uses Other actives ifiormulationg products? (hectares)? (kg

Pyraclostrobin, epoxiconazole,
metconazole, epoxiconazole and 22 42,157 6,948
pyraclostrobin, dimoxystrobin,

Vegetables; Legumes; Soybeans

Boscalid Fungicide Fruits

Bromacil Herbicide Fruits; Industrial amenity -

(parent); tebuconazole, fenpropidin and
BTS 44595 (metabolite prochloraz) TP prochloraz tebuconazole, epoxiconazole, 13 197,902 19,703
proquinazid and tebuconazole
Beans; Lentils; Chickpeas;

Carbendazim Fungicide Sy aTes Caeelh -
Carbofuran Xeto- TP - -
Carbofuran D3 - -
Carbofurar3-hydroxy TP - -
. . (parent); tebuconazole, cyproconazole,
(St 32.1113 Guistio TP Trifloxystrobin Fluopyram, fluoxastrobin and 38 44,932 3,304
Metabolite) . .
prothioconazoleprothioconazole,
Chlorotoluron Herbicide Cereals; Pqtatogs; Maize; Diflufenican and pendimethalin 2 564 324
Vegetables; Fruit
Chlorpropham Herbicide AIES Poltatoes; ST (no coactives) 22 526 198
Tomatoes; Lettuce
Napropamide, metazachlor, metazachlo
Clomazone (Command) Herbicide Vegetables; Potatoes; OSR a_nd napropa_mlde, metribuzin, 46 46,978 4,095
dimethenamidP and metazachlor,
pendimethalin,
Clothianidin Insecticide Corn; OSR; Orchards; Potatoes; - _
Ornamentals; Kohlrabi; Cabbage
Coumatetralyl Rodenticide - -
. . Sugarbeet; Mangels; Linseed; .
Cycloxydim I Herbicide Vegetables; Fruit; Potatoes (no coactives) 1 12,853 2,716
Cycluron Herbicide Vegetables; Sunflowers; Forestry -
Cyproconazole Peak 1 Fungicide Cereals; Vleget'ables ; OSR; Penthlopyrgd, trifloxystrobin, 6 100,887 5279
Sugarbeet; Fruit azoxystrobin,
Cyproconazole Peak 2 Fungicide Cereals; V.egetgbles ; OSR; Penthlopyrz_adIrlfloxystrobln, 6 100,887 5279
Sugarbeet; Fruit azoxystrobin,
DCPMU (43.4DICHLOROPHENSL) ™ Diuron )
METHYL UREA)(Monomethyldiuron)
DEDIA (DesetieisopropyAtrazine) TP Atrazine -
DEET (Diethyltoluamide) Repellent Human skin; Clothing -
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Pesticide

Diazinon
Dichlorobenzamide

Dichlorvos

Diflufenican

Dimethenamid

Dimethomorph Peak 1

Dimethomorph Peak 2
Dimethylanilin (N.N
Dinotefuran

Diuron

Epoxiconazole

Fenamidone
Fenpyrazamine
Ferimzone

Fipronil

Other actives iformulationg?

Flufenacet, flufenacet and metribuzin,
florasulam, pendimethalin, bromoxynil,
iodosulfuronmethylsodium and
mesosulfuroamethyl, glyphosate,
iodosulfuronmethylsodium,
metsulfuronmethyl, metribuzin,
chlorotoluron and pendimethalin,
Metazachlor and quinmerac, quinmerac
pendimethalin, metazachlor, clomazone
and metazachlor,

Pyraclostrobin, propamocarb, mancozel
fluazinam, ametoctradin, zoxamide,
Pyraclostrobin, propamocarb, mancozel
fluazinam, ametoctradin, zoxamide,

Fluxapyroxad, pyraclostrobin,
fenpropimorph and kresoxirmethyl,
metconazole, fenpropimorph and
metrafenone, metrafenone, boscalid,
Isopyrazam, prochloraz, fenpropimorph
and pyraclostrobin, fenpropimorph,
folpet, boscalid and pyraclostrobin,
fluxapyroxad and pyraclostrobin,
dimoxystrobin,

(no coactives)

Class Uses
- Fruit; Horticultural crops;
Insecticide
Vegetables
TP dichlobenil; fluopicolide
. Stored cereal grains; Farm
Insecticide N ) .
buildings; Industrial amenity
Herbicide Clovgrpaseréstures; Field peas;
Lentils; Lupins; Cereals
Herbicide Field corn; OSR; Soybeans; Vine:
Fungicide Vegetables; Potatoes; Fruit
Fungicide Vegetables; Potatoes; Fruit
Ingredient Pesticide manufacturing
Insecticide Vegetables; Fruit; Turf
Herbicide Vegetables; Fruit; Lucerne; Lupin
Cereals; Ornamentals
Fungicide Sugarbeet; Cereals
- Vegetables; Potatoes; Tomatoes;
Fungicide -
Lettuce
Fungicide Vegetables; Fruit
Fungicide -
Insecticide Ornamentals; Turf
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Number of
productg?

110

23

20

20

91

Area applied
(hectares)?

284,630

24,872

5,007

5,007

377,684

8,259

70

Mass applied
(kgy*

17,706

8,706

901

901

22,999

1,200

42



Pesticide

Flazasulfuron

Flufenacet

Fluopicolide

Fluopyram

Flurtamone

Flutriafol

Fluxapyroxad

Griseofulvin
Icaridin

Imazalil

Imazamox

Imidacloprid

Isopyrazam
Isoxaben
Linuron

Malathion

Maleic Hydrazide

Mefenpyrdiethyl

Class Uses

Herbicide Turf; Grapes; Amenity

Corn; Soybeans; Cereals;

Herbicide Potatoes; Sunflowers; Asparagus
- Grapes; Hops; Potatoes;
AUEIEEE Vegetables
Fungicide Potatoes; Sugarbeet; Fruit
Herbicide Cereals; Sunflower; Peas
Fungicide Cereals; Corn; Soybeans; Apples
Funaicide Cereals; Legumes; OSR,
9 Sunflowersfruit; Vegetables
- Humans; Livestock; Domestic
Fungicide .
animals
Humans; Livestock; Domestic
Repellent .
animals
Fungicide Fruit; Cucumbers; Roses; Cereals
Aquatic situations; Legumes;
Herbicide Soybeans; Alfalfa; Sunflowers;
OSR
Lawns and turf; Domestic pets;
Herbicide Cereals; Maize; Potatoes; Sugar
beet
- Cereals; Vegetables; Ornamental
Fungicide . oo
Various speciality crops
. Orchards; Vinyards; Ornamental
Herbicide .
trees and shrubs; Cereals
Herbicide Vegetables; Cereal®rnamentals
. Vegetables; Public health;
Insecticide .
Ornamentals; Store produce
Lawns; Amenity turf, Nooropped
PGR areas; Fruit; Potatoes; Vegetable:
Ornamentals
Safener Herbicide safener

Other actives iformulationg?

(no coactives)

Diflufenican, diflufenican and metribuzin
isoxaflutole, metribuzin, pendimethalin,
picolinafen,

Propamocarb hydrochloride,

Bixafen and prothioconazole,
prothioconazole, trifloxystrobin,
prothioconazoleand tebuconazole,
bixafen,

(no coactives)

Mefentrifluconazole, epoxiconazole,
difenoconazole, epoxiconazole and
pyraclostrobin, metconazole, fludioxonil
and triticonazole,

Ipconazole,

Metazachlor and quinmerac,
metazachlor, quinmerac, pendimethalin,

Cyprodinil, epoxiconazole,
prothioconazole, azoxystrobin,

(no coactives)

Pelargonic acid,
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Number of
productg?

13
85

15

24

24

Area applied
(hectares)?

288,102

3,338

33,337

56,683
1,708

170,943

887

16,284

2,936

59,567

1,032

22,998

2,709

Mass applied
(kgy*
53,975

334

692

6,556
16

10,881

8.4

884

1,050

4,080

158

10,942

1,726



Pesticide

Mepronil

Mesosulfuronmethyl

Metalaxyl

Metamitron

Metazachlor

Methiocarb(Mercaptodimethur)

Methomyl D3
Methomyl Fragm 88

Methothrin

Metobromuron

Metolachlor

Metribuzin

Metsulfuron-methyl

Monolinuron

Myclobutanil

N.N-DimethytN'-p-tolylsulphamide
(DMST. metabolite tolylfluanid)

Class

Fungicide

Herbicide

Fungicide

Herbicide

Herbicide

Molluscicide

TP

Insecticide

Herbicide

Herbicide

Herbicide

Herbicide

Herbicide
Fungicide

TP

Uses

Potatoes; Fruit

Cereals

Potatoes; Soybean; Vegetables;
Tomatoes; Ornamentals; Turf

Sugarbeet

OSR,; Brussel sprouts; Maize;
Ornamentals

Maize; OSR; Pulses; Root & tube
crops; lettuce; Fruit

Lettuce; Artichokes; Rhubarb;
Orchard crops; Sod turf; Alfalfa;
Sugarbeet

Sunflowers; Potatoes; Tomatoes;
Soybeans

Corn; Soybeans; Sorghum;
Potatoes; Fruits; Ornamentals
Soybeans; Potatoes; Barley,
Wheat; Asparagus; Tomatoes;
Peas; Lentils

Cereals; Fallow land

Vegetables; Potatoes; Fruit;
Cereals; Ornamentals; Vines
Perennial and annual crops; Turf;
Ornamentals; Fruit trees; Vines

tolylfluanid

Other actives iformulationg?

lodosulfuronrmethyksodium,
diflufenican and iodosulfuromethyk
sodium, propoxycarbazorgodium,
amidosulfuron and iodosulfuremethyk
sodium,

Mancozeb, fludioxonil, fludioxonil and
sedaxane, cymoxanil and fludioxonil,

Ethofumesate, quinmerac,

DimethenamidP andquinmerac,
dimethenamidP, clomazone, imazamox,
imazamox and quinmerac, clomazone
and napropamide, quinmerac,
dimethenamidP and clomazone,
aminopyralid and picloram, napropamid
and quinmerac,

(no coactives)
Mesotrione,

Diflufenican and flufenacet, flufenacet,
clomazone, diflufenican,

Thifensulfuroamethyl, tribenuron
methyl, fluroxypyr, thifensulfurommethyl
and fluroxypyr, diflufenican,

Cypermethrin,
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Number of
productg?

15

18

42

42

19

72

10

Area applied
(hectares)?

100,254

932

1,276

52,200

1,633

888

1,669

97,587

27,338

Mass applied
(kgy*

1,261

8.8

1,229

27,670

47

1,071

730

398

1,768



Number of Area applied Mass applied

- . . . 1
Pesticide Class Uses Other actives ifiormulationg products? (hectares)? (kg
Naphthalene acetamide PGR Fruit Tomato;_Zuccml; ST - - -
hardwood cuttings
Nicosulfuron Herbicide Maize Mesotrione, thifensulfurommethyl 34 15,738 544
dicamba and prosulfuron, dicamba,
Nicotine Insecticide Lifestyle compound - - -
Octhilinone Fungicide Fruit; Ornamentals - - -
Turf, Industrial and domestic
Oxadiazon Herbicide amenity; Ornamentals; Vines; - 134 60
Trees
. - Barley; Beets; Vegetables; Corn;
Oxadixyl Fungicide Turf & lawns
Pencycuron Fungicide Potatoes; Sugarbeet; Ornamental (noco-actives) 1 - -
Cereals; Potatoes; Sugarbeet;
Penthiopyrad Fungicide Turf; Legumes; Vegetables; Cyproconazole, 9 86,248 9,812
Soybeans
Piperonylbutoxide Fragm 177 Synergist - - - -
Wheat; Fruit; Vegetables;
Pirimicarb Insecticide Potatoes; Beet crops; OSR; (no coactives) 5 10,486 998
Grasshouse crops; Ornamentals
Pirimicarb Desmethylformamido TP Pirimicarb - - -
. Celery; Pigeon peas; Dill;
Prometryn (Caparol) Herbicide Potatoes; Sunflowergarrots ) ) )
Propiconazole | Fungicide MUSTEAES €O STiLms 40,232 2,665
Oats; Fruit
Propiconazole Il Fungicide Mushrooms; Corn; Sorghum; - 40,232 2,665
Oats; Fruit
Propoxycarbazone Herbicide Wheat Mesosulfuronmethyl, 2 - -
Alfalfa; OSR; Beans; Root crops;
Propyzamide (Pronamide) Herbicide Fruit; Artichoke; Clover; Lettuce; Aminopyralid, 55 58,845 47,537
Ornamentals; Amenity
Prosulfocarb Herbicide Cereals; Potatoes Clodinafoppropargyl, 45 73,627 139,429
(parent); bixafen, bixafen and
tebuconazole , bixafen and Fluopyram,
Prothioconazole desthio TP Prothioconazole bixafen and spiroxamine, Fluopyram, 83 666,057 47,001

spiroxamine and tebuconazole,
tebuconazole, benzovindiflupyr,
fluoxastrobin, fluoxastrobin and
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- . . . Number of Area applied Mass applied
Pesticide Class Uses Other actives iformulations'* ) PP 3 ap
productg (hectares) (kg¥
trifloxystrobin, trifloxystrobin,
Isopyrazam, spiroxamine, tebuconazole
and Fluopyram, bixafen and
fluoxastrobin,
Pyracarbolid Fungicide Vegetables; Ornamentals - - -
Pyrethrins: Cinerin | Insecticide Domestic; Public health
Pyrethrins: Cinerin Il Insecticide Domestic; Public health
Pyrethrins: Jasmolin | Insecticide Domestic; Public health
Pyrethrins: Jasmolin Il Insecticide Domestic; Public health
Quinalphos Insecticide Cereals; OSR; Vines - - -
DimethenamidP, dimethenamieP and
metazachlor, imazamox, metazachlor
Quinmerac Herbicide Cereals; OSR; Beet and imazamox, metamitron, 24 31,053 5,983
metazachlor, metazachlor and
napropamide,
Schradan Insecticide Ornamental trees; Potatoes - - -
Silthiofam Fungicide Cereals (no coactives) 2 18,753 826
Simazine Herbicide Fruit; Hops; Vines; Legumes; OSI - 156 234
. - Maize; Vegetables; Potatoes;
Spinosyn B or K (last of3peaks) Insecticide il Hets - -
Prochloraz, fenpropidin and prochloraz,
bixafen and prothioconazole,
difenoconazole and fludioxonil,
spiroxamine and prothioconazole,
Tebuconazole Fungicide Cereals; Grapes; Vegetables trifloxystrobin, prothioconazole, 122 462,046 48,469
azoxystrobin, bromuconazole,
fluoxastrobin, fludioxonil, dédmethrin,
Fluopyram and prothioconazole, sulphu
proquinazid and prochloraz,
Tebutame Herbicide Brassmas;. OSR; Sunflowers; ) ) )
Tomatoes; Soybeans
Terbuthylazine Herbicide Malzg; Sorghum; Fruit; Industrial 11,612 4,561
amenity
Terbutryn Herbicide Cereals; Sorghum; Sunflowers; ) )

Peas; Potatoes
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Number of Area applied Mass applied

- . . . 1
Pesticide Class Uses Other actives ifiormulationg products? (hectares)? (kg
Thiabendazole Fungicide (F:r;'rt] Potatoes; Legumes; Cereal: (no coactives) 1 - -
Thiacloprid Insecticide (F)rg:; WIEEEIEI 28, POEinEs: Fea (no co-actives) 12 2,353 196
Maize: Sovbeans: Tomatoes: Metsulfuronrmethyl, tribenurormethyl,
Thifensulfuroamethyl Herbicide » S0 ' ' nicosulfuron, fluroxypyr and 47 77,384 2,007
Cereals
metsulfuronmethyl,
Triallate Herbicide fj;?nas's; Legumes; Linseed; OSR; coactives) 4 41,943 94,196
Trietazine Herbicide Potatoes; Legumes; Maize - - -
Trinexapaeethyl PGR Cereals; OSR; Amenity turf g;lcci’lrjrrnnequat EEIE L, [PENSEReTS 65 230,590 7,308
Uniconazole PGR Ornamental plants and trees; ) ) )
Tomatoes; Peppers; Cucumber
Warfarin Rodenticide Lifestyle compound - - -
XMC Il (Group of peaks!) Insecticide - - - -
XMC Il (Group of peaks!) Insecticide - - - -
XMC IV (Group of peaks!) Insecticide - - - -
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The three major classes of detected pesticides were herbicides (39 compounds (30.5%)), fungicides
(34 compounds (26.5%)), and insecticides (27 compounds (21.0%). Other types of compounds
detected included transformation products (15 compounds), plant gnowegulators (5
compounds), repellents (2 compounds), rodenticides (2 compounds) and ingredient, molluscicide,
safener and synergist (1 compound each). Using the same passive sampling method and suspec
screening method to monitor a WWTW impacted catchmienSouth AfricaRimayi et al [499]

found fungicides accounted for 37% of total pesticides, whilst the pergentd insecticides (18%)

and herbicides (18%) were leddoschet et al [408] detected 104 parent compounds of which 52%
were herbicides, 30% fungicides and 16% insecticides, in addition to 40 TPs, in five Swiss rivers usin
spot sampling and screening. Passive samplingledup screening on the river Arun in South East
England, detected 111 pesticides, including 37 herbicides (33%), 36 fungicides (32%), and 22
insecticides (20%4%535]. The relative amounts of pesticide present is highly dependent on the land
use within the catchment being monitored, explaining the greater similarity with monitoring in
Englsh and Swiss rivergl08]. Pesticide screening in streams throughout Europe also found a
broadly similar proportion of the three major classes of pesticides (herbicides (45%), fungicides
(34%) and insecticides (21§581].

Fungicides were detected at greatest frequency, occurring 1225 times in all samples, followed by
herbicides occurring 988 times. Insecticides and TPs were detected less frequently, occurring 514
and 499 tines, respectively. Griseofulvin, epoxiconazole, tebuconazole and fluxapyroxad were the
most frequently detected fungicides occurring in > 50% of samples. Only two herbicides
(propyzamide and flufenacet) and two insecticides (imidacloprid and clothiamdtyrred in >

50% of samples. These results were similar to those found by Taylor[&8&l.who investigated

a similar UK river catchment. With the exception of the fungicide tebuconazol¢hanapellent

DEET our detection frequencies watiferent than those found by Moschet et a[408]. The
detection frequency should not be assuméo correlate to the masappliedas passive sampig

has the required sensitivity to detect traqeesticideconcentrations low ng L). Thismay explain

why fungicides wre detectedwith greater frequency tha herbicidesas the former is often applied
pre-emergerce as a protectivewhereas herbicides havegreater applicationparticularly post

emergencen response to pest stre$s0].

Number of detections per pesticide, for each different pesticide classification (number calculated
as total detections/number of compounds detected) was 33 for TPs compadifor insecticides,
25 for herbicides and 36 for fungicides. TPs often possess a greater mobility and persistence in the

environment than parent compoundfs36]. The risk posed by pesticide TPs is likely to be
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underestimated as many TPs have not been identified analytically. Furthermore, TPs have often
been detected at higher concentrations than the parent compound whemd®d in monitoring
programmes [536]. Repellents had the greatest number of detections per classification at 103,
however, ths was due to the ubiquitous (980 %) presence of DEET. DEET is frequently found in
many ground and surface watefs§56,557] DEET is also found at trace concentrations in many
analytical solvents, and hence in laboratory blank sam[B&8]. In our study DEET is reported

present in environmental samples when the response is three times that of the blank.

The numier of detections generally increased with the size of the upstream catchment with
progressively more compounds present at Sites 1, 2, 6 and 8, which are located along the main
channel of the river Rother. Sites located on tributaries receiving WWTW dff{S8érs 3 and 4)

had a greater number of site specific compounds and total number of compounds, than those
receiving primarily diffuse inputs (Sites 5 and 7). The greatest number of compounds were detected
at Site 3, where 85 pesticides were present, udahg 29 unique to the site. Fewest compounds
were detected at Site 1, where 23 pesticides were present, with only one being unique. Thirteen
compounds were present at every site. Out of the 128 pesticides detected, 49 of these were unique
to a single site The number of pesticides detected at each sampling site is showakle 30,
together with the number of pesticides detected unique to each site, the number of pesticides
detected at each site (8) which were detected at multiple sites and thember of pesticides

detected at all sites.
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Table30. The number of pesticides detected at each sampling*3itumber of pesticides detected at each sampling $fidumber of pesticides detected

unigue to each site:>Number of pesticides detected at each sité8)ivhich were detected at multiple sitédNumber of pesticides detected at all sites.

Number of

Site pesticides Uniqueto Detected at Detected at Detected at Detected at Detected at Detected at Detected at
Number detectedt: site*? two siteg®  three site$®  four site¢®  five siteg? six sites®  seven sites®  all siteg*
1 23 1 0 3 1 1 2 2 13
2 42 1 0 1 4 8 4 11 13
3 85 29 8 7 4 10 4 10 13
4 53 4 4 7 3 9 3 10 13
5 48 6 1 5 3 5 4 11 13
6 64 2 7 14 4 9 4 11 13
7 42 3 2 2 0 7 4 11 13
8 69 3 6 15 5 11 5 11 13

All sites 128 49 14 18 6 12 5 11 13
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5.2.3 Seasons
Detectedpesticides varied with seasoRi@ure 26. This was likely caused by changes in pesticide
use due to crop choices and the favourability of conditions for pest species. It is known that
pesticide usage and type alters with season. Climatic conditions aatd have influenced
pesticide mobilisation and transport from the point of applicati&@®9]. Previous monitoring of
seasonal trends using passive gdens showed elevated concentrations during spring

corresponding to intensive application of pesticides to cereals between March and4Rifie

Autumn Winter
84 entities 78 entities

Spring Summer
96 entities 76 entities

Figure26. Venndiagram of the number of pesticides detected in each season (spring (March, April,
May), summer (June, July, August), autumn (September, October, November) and winter

(December, January, February)).

Forty threecompounds were present throughout the year. The greatest number of pesticides were
found in spring (96 compounds) followed by autumn (84 compounds), winter (78 compounds) and
summer (76 compounds). In spring, 18 pesticides were present that were notirsegty other
season. These included the herbicides (e.g. metribuzin and linuron), insecticides (e.g. malathion)
and fungicides (e.g. pencycuron). Of the 32 pesticides that were absent in spring, a number were
unique for each season; summer (7 compoundsiaun (6 compounds) anginter (5 compounds).
Table31 detailsthe detection frequency for the 128 identified pesticides &ch seasorRaised
occurrenceof herbicidesoccurredat the end of autumn agh into early winter This was thought to

result from a dry autumn followed by a flusbllowing rainfall inearly winter.
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Table31. Pesticide detection frequency (%) (by season and site) andtotader of detections (out of the 197 Chemcat€lesttracts analysed).

Pesticide Autumn Spring Summer Winter Sitel Site2 Site3 Site4 Site5 Site6 Site7 Site 8 Number of detections
2-hydroxyterbuthylazine 67 56 31 55 28 44 16 88 96 40 64 44 104
Acetamiprid 2 4 1
Aldicarbsulfone (Aldoxycarb) Fragm 148 2 4 12 3
Allethrin | 13 9 13 4 76 19
Allethrin 11 13 7 13 2 68 17
Ancymidol 6 12 3
Atrazine 33 20 35 40 35 4 36 32 32 44
Atrazinedesethyl 15 4 13 16 36 8 15
Atrazinedesisopropy! 6 4 13 44 11
Azoxystrobin 42 57 38 40 4 92 36 72 56 24 68 88
Bendiocarb 4 4 4 4 4 16 6
Benomyl (decomposed to Carbendazim) Fragm 192 2 4 1
Benthiavalicarbisopropyl 6 4 4 4 3
Bioallethrin 13 9 13 2 72 18
Bixafen 2 9 6 4 28 4 9
Boscalid 21 27 8 51 17 12 68 4 28 32 52 53
Bromacil 2 6 16 4
BTS 44595 (metabolite prochloraz) 2 15 13 4 12 12 16 16 15
Carbendazim 2 4 1
Carbofuran &eto- 4 2 4 8 12 5
Carbofuran D3 2 4 1
Carbofuran3-hydroxy 4 2 12 3
CGA 321113 (Trifloxystrobin Metabolite) 15 24 34 36 52 12 20 24 36
Chlorotoluron 10 6 4 21 12 12 16 32 8 20
Chlorpropham Fragm 172 4 8 2
Clomazone (Command) 25 27 23 17 13 36 4 4 32 40 56 46
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Pesticide Autumn Spring Summer Winter Sitel Site2 Site3 Site4 Site5 Site6 Site7 Site 8 Number of detections

Clothiandin 79 93 54 98 48 65 100 100 68 96 84 88 161
Coumatetralyl 2 4 1
Cycloxydim Il 4 8 2
Cycluron 4 2 8 4 3
Cyproconazole Peak 1 23 42 57 13 36 12 60 40 28 56 61
Cyproconazole Peak 2 23 42 57 13 36 12 64 40 24 56 61
DCPMU (43.4DICHLOROPHENSIMETHYL UREA)(Monomethyldiuro 8 6 6 6 52 13
DEDIA (DesethybeisopropylAtrazine) 2 4 1
DEET (Diethyltoluamide) 100 100 100 98 96 100 100 100 100 100 100 100 196
Diazinon 6 4 2 16 8 6
Dichlorobenzamide 96 87 92 87 28 100 100 100 96 100 100 100 179
Dichlorvos 8 8 13 4 4 8 4 8
Diflufenican 2 11 16 4 4 6
Dimethenamid 13 15 8 6 8 8 28 40 21
Dimethomorph Peak 1 2 13 2 4 16 12 8
Dimethomorph Peak 2 4 15 2 8 20 12 10
Dimethylanilin (N.N 8 20 8 17 44 4 20 36 4 27
Dinotefuran 2 4 1
Diuron 31 44 23 43 8 39 100 28 28 12 68 70
Epoxiconazole 56 89 42 85 4 61 100 80 76 76 64 88 136
Fenamidone 6 8 4 3
Fenpyrazamine 2 4 1
Ferimzone 4 4 4 2
Fipronil (NH4) 10 6 8 6 60 15
Flazasulfuron 2 4 1
Flufenacet 73 66 96 44 65 68 60 48 68 56 60 116
Fluopicolide 8 20 15 32 72 40 36 37
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Pesticide

Fluopyram
Flurtamone
Flutriafol
Fluxapyroxad
Griseofulvin

Icaridin

Imazalil

Imazamox
Imidacloprid
Isopyrazam
Isoxaben

Linuron

Malathion

Maleic Hydrazide
Mefenpyrdiethyl
Mepronil
Mesosulfuronmethyl
Metalaxyl
Metamitron
Metazachlor Fragm 210
Methiocarb (Mercaptodimethur)
Methomyl D3
Methomyl Fragm 88
Methothrin
Metobromuron
Metolachlor

Metribuzin

Autumn

40

7

10

88

42

10

13

Spring Summer

13

64

95

84

11

13

31

11

11

2

23

98

17

13

88

15

10

15

13

Winter

17

70

94

7

23
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Sitel Site2 Site3 Site4 Site5 Site6 Site7 Site 8

4 16 4 4 4
20 12 4
8
39 84 72 4 60 48 88
84 96 84 92 100 84 96 92
28 8
60 4 4
4
4 100 100 100 68 100 100 100
9 28 4 8 12 8
8
4 4 4
4
16
4
20
4 4 8 8 12
8 4
4 8 4
35 12 4 4 84 48 80
4 4 4 4
64 4
8 4 4
76 4
4 20 12
12 12
4 4 4

Number of detections

98

180

17

166

17

66

17

20



Pesticide Autumn Spring Summer Winter Sitel Site2 Site3 Site4 Site5 Site6 Site7 Site 8 Number of detections

Metsulfuronrmethyl 2 4 1
Monolinuron 2 4 1
Myclobutanil 4 2 2 16 4
N.N-DimethytN*p-tolylsulphamide (DMST. metabolite tolylfluanid) 2 4 1
Naphthalene acetamide 4 8 2
Nicosulfuron 4 8 2
Nicotine 4 4 4 15 4 36 4 8 13
Octhilinone 2 4 1
Oxadiazon 4 4 16 4
Oxadixyl 10 11 23 4 64 32 24
Pencycuron 2 4 1
Penthiopyrad 31 31 6 60 30 76 24 36 52 36 63
Piperonylbutoxide Fragm 177 4 4 10 6 48 12
Pirimicarb 6 6 4 8 4 4 4 6
Pirimicarb Desmethylformamido 2 4 1
Prometryn (Caparol) 17 13 21 17 26 88 4 16 33
Propiconazole | 27 66 40 43 48 100 36 24 52 28 68 88
Propiconazole I 27 66 40 43 48 100 36 24 52 28 68 88
Propoxycarbazone 4 4 4 2
Propyzamide (Pronamide) 44 73 35 92 12 57 80 36 64 68 92 80 121
Prosulfocarb 8 2 6 16 8 8 8
Prothioconazole desthio 44 67 44 66 8 30 68 40 80 64 68 84 110
Pyracarbolid 2 2 6 12 4 4 5
Pyrethrins: Cinerin | 67 15 27 23 32 44 20 60 20 32 20 32 64
Pyrethrins: Cinerin Il 6 11 6 40 8 12
Pyrethrins: Jasmolin | 4 11 10 4 20 8 16 4 13
Pyrethrins: Jasmolin |1 2 4 1
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Pesticide Autumn Spring Summer Winter Sitel Site2 Site3 Site4 Site5 Site6 Site7 Site 8 Number of detections

Quinalphos 6 12 3

Quinmerac 35 9 36 22 16 32 44 44 39
Schradan 29 36 35 28 96 100 60 8 64
Silthiofam 10 4 4 16 8 7

Simazine 2 24 8 9 16 9 32 12 12 8 22
Spinosyn B or K (last o#43peaks) 2 4 1

Tebuconazole 50 75 46 70 8 65 16 88 84 56 92 76 120
Tebutame 2 4 12 3

Terbuthylazine 31 33 23 47 8 9 8 64 76 48 4 48 66
Terbutryn 21 22 27 23 35 88 12 24 28 46
Thiabendazole 13 9 13 6 80 20
Thiacloprid 7 17 2 13 8 20 12 13
Thifensulfuronmethyl 6 8 4 3

Triallate 2 2 17 9 16 8 4 4 10
Trietazine 13 4 11 56 14
Trinexapaeethyl 31 4 13 12 8 8 12 4 15
Uniconazole 17 27 49 24 8 60 40 8 44 46
Warfarin 13 7 10 4 68 17
XMC Il (Group gdeaks!) 10 0 8 2 40 10
XMC Il (Group of peaks!) 10 2 8 2 44 11
XMC IV (Group of peaks!) 10 2 8 40 10
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5.2.4 Spatiotemporal trends in passive sampling data
Interpretation of spatiotemporal trends in pesticide occurrence and fate can give information that
enables the prioritisation of subatchments that require further investigation and compounds that
pose a risk to drinking water quality. Quantitative peskicmonitoring allows direct comparison of
concentrations of pesticides within and between all samples. Interpretation of spatiotemporal
trends in quantitative monitoring data can be enhanced with secondary data such as discharge,
enabling calculation ofgsticide load. In contrast, qualitative monitoring data is typically evaluated
using pesticide occurrence only. This approach, however, neglects a significant amount of
additional information contained within large qualitative data sets that can providdeo to
spatiotemporal trend4560]. Such an approach is particularly suited to the large qualitative data

set obtained through the combination of passive sampling and suspect screening.

With our qualitative screening data sete undertook unsupervised HCA of normalised peak area
on all 197 samples. Pesticides were clustered according to variation in peak area within conditions
(deployment and site). It was expected that pesticides would group in clusters and subclusters
accordng to shared spatiotemporal trends. Groups within the HCA can then be mapped onto
expected pollutant profiles based on their composition, and linked to the time(s) and location(s) of
sources of pollution and similarities in fate. HCA reduced the compl@fitour dataset so
spatiotemporal trends could be visualisdeéldure 27. Normalised peak areas are represented by a
blue (low) to red (high) colour scale. The HCA produced three major clusters of pesticides (cluster
1: 34 pesticides (blue); cluster 2: pdsticides (orange); cluster 3: 40 pesticides (green)) which could
be separated into 10 subclusters. TaBRgives the number of pesticides within each cluster and
subcluster and describes their associated spatiotemporal trends, together with theimmndk

suggested actions in future monitoring campaigns.
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Figure27. Hierarchicalclustering of normalized intensity values for pesticides and 197 samples
(Similarity Measure: Euclidean; Linkage Rule: Wards; Tree scale: True). Normalised peak areas fc
each sample and pesticide are represented on a colour scale of blue (low) throediftigh). HCA

produced three major clusters (cluster 1: blue; cluster 2: orange; cluster 3: green).
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Table32. Numberof pesticides within HCA clusters and subclusters and their associated spatiotemporal trends (sites, seasons, typessantcéste)

together with their risk and suggested actions in future monitoring campaigns.

HCA No. pest
1 34
la 19
1b 8
1c 7
2 54
2a 4
2b 11

Sites

3, 4 and 5 (limited
downstream detections
at site 6), only Pyrethrins:
Cinerinll present at site
8, however absent at
intermediatory sites in
the catchment.

Present at all sites.
Detection frequency
greater at Sites 3 and 4
for several compounds,
whilst other compounds
are ubiquitous in most
samples. Only DEET is
frequently detected at
Site 1.

3 with no downstream
detections. Icaridin
detected at Site 8
infrequently but absent
at intermediatory sites.

Site 3 only (no detection
downstream sites).

All but site 1. 10 detected
at site 6 and site 8. Only
N.N-DimethyN'-p-
tolylsulphamide not
detected at downstream
sites following upstream
detection.

Seasons

2 -4 seasons, most occurring
throughout year. Present in @20
samples.

No seasonality in occurrence,
present throughout yar. Greater
abundance in summer when
relative contribution of WWTW to
discharge is greater

Limited 1¢ 2 seasons, infrequent
occurrence in samples most often
in summer. Present ind.9
samples.

All detected in spring, however
Maleic Hydrazide also detected in
autumn and winter. (> 5 detection
each pesticide)

1¢ 3 seasons most common in
spring. Slightly lower summer
occurrence, with a few detections
in autumn and winter

Sources

WWTW (point source),
ongoing input. Site 3 is the
predominant source of
pollution.

WWTW (primary), diffuse
(secondary). Point source
pollution originating at Site
3 is the dominant source,
with significant additional
diffuse inputs originating
throughout the catchment.

WWTW (point source)
outfall at Site 3.

WWTW, (2 PGRs and 1
insecticide with domestic
use) other compound
pirimicarbTP

Specific tributaries, with
downstream detections at
site 6 and site 8 for most
pesticides. Diffuse
agricultural (primary source)
and point sarces from
WWTW (secondary).
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Types

Predominantly
insecticides and
fungicides with domestic,
amenity use.

Repellents and
insecticides used in
sprays and pet
shampoos. Fungicides,
herbicidesand
insecticides used on fruit
and ornamentals in
greenhouses, as well as
cereals, vegetables and
potatoes.

Herbicides, insecticides
and fungicides used for
domestic and amenity,
ornamentals and fruit, in
addition to repellents
used on humans and
livestock.

Nonagricultural
compounds originating
from WWTW.

Mostly herbicides and
fungicides used on
potatoes, tomatoes,
vegetables, OSR and
cereals. Fungicides have
protective and curative

use, whilst herbicides are

likewise pre and post
emergence.

Fate

Frequent detection at pollution
source. High attenuation reduces
downstream detections,
effectively removing pollution
before abstraction.

Inputs predominantly originating
from site 3, supplemented from
various other sites. Minimal
instream attenuation resulting in
downstream detectiorand
transport to the abstraction.
Inputs from WWTW make a
disproportionate contribution to
the total pollution at abstraction.

Infrequent detection at Site 3,
occurring more frequently in
summer. Attenuation effectively
removes pollution before
abstraction.

Pollution at Site 3 only.
Attenuation effectively removes
pollution before abstraction.

Infrequently detected at various
upstream sites. Upstream
detection likely to result in
downstream detection. Instream
attenuation ineffective at
removing pollution before
abstraction. Infrequent
detections suggest post
emergence/ curative use of
pesticides.

High risk pesticides

None.

DEET,

Dichlorobenzamide,
Diuron, Imidacloprid,
, Propiconazole (I &
1), and Terbutryn. 7
pesticides in cluster.

None.

None.

All 2b pesticides
except DMST hig
risk. Risk profile is
different between
compounds.

Actions

Exclude all 1a pesticides
from future moritoring.

Future monitorng at
Site 3, 4, 6 and 8 for all
1b pesticides.
Monitoring throughout
the year. Catchment
interventions must
locate sources of
pollution upstream of
WWTW.

Exclude all 1c pesticides
from future monitoring.

Exclude all 2a pesticides
from future monitoring

Bespoke monitoring
program for 2b
pesticides. Catchment
interventions to reduce
pollution also bespoke.
Site and season can be
targeted.



HCA No. pest
2c 26
2d 13

3 40
3a 12

Sites

Found at sites
throughout catchment,
however,dissimilar
patterns for each
pesticide. Upstream and
downstream, detections
for 11 pesticides. 8

pesticides present at site

8.

Found at sites
throughout catchment,
however dissimilar
patterns for each
pesticide. Upstream
detection inconsistently
results in downstream
detection. 7 pesticide
present at site 8.

Tributaries and
downstream sites on

main river. Except site 1.

Sites 2 and 3 have
greatest detections
upstream.

Seasons

Pesticide occurrence ranged
between 1¢ 64, with the most

frequently detected compound

schradan present in every month.
Presentm 1-4 seasons however

fewer detections where generally

observed in winter. More
detections in summer, autumn anc

spring.

1¢ 3 seasons, favouring detection:
in spring. Lower occurrence in
other seasons.

1¢ 3 seasons, occurring
infrequently within samples.
Trends favour occurrence in wintel
for all pesticides. Spring and
autumn favoured less. Relatively
infrequent occurrence, rangingql
17, in all samples.

Sources

Groundwater (point source)
is responsible for pollution
originating at Site 1. Mixed

inputs from groundwater,

WWTW and diffuse uselal
contributed to pollution at

Site 4 and Site 5. Other
sources of pollution are
insignificant for 2c

pesticides. Point sources in

groundwater at sites 1, 4
and 5 thought to account

for the majority of pollution.

Origins throughout

catchment at sites 1, 2, 3, 4,

5 and 7. Diffuse use in
agriculture (predominant
source).

Diffuse use in agriculture

(predominant source)with
additional point sources in
WWTW (secondary and of

lower significance) (e.g.
quinalphos only site-3
domestic use)
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Types

Wide variety of obsolete,
banned and approweé
herbicides, fungicides,
insecticides and TPs.
Notably atrazine and
several TPs which are
banned and the obsolete
organophosphate
insecticide schradan. No
pesticides in this

grouping thought to be in

widespread use in
catchment during
monitoring.

Fungicides and herbicides

approved for potatoes,
hops, ornamentals, OSR
and fruits, with some

additional use on cereals

and vegetables. st

pesticides approved, with

protectant and post
emergence modes of

action. Certain pesticides

now banned include pre
and post emergence
actives.

Mostly herbicides and
fungicides approved for
cereals, potatoes and
OSR, with a few

exceptions with domestic

origins in WWTW
outfalls.

Fate

Each pesticide has unique fate in
the catchment. 4 of 8 pesticides
at site 8 were not detected at
intermediary site after upstream
detection indicating source
closer to site 8. 2 pesticides at
site 8 have multiple catchment
sources. Schradan source is site
andfate shows progress through
entire catchment, with a 40%
reduction in occurrence at the
midpoint (site 6) and < 90%
reduction in occurrence at site 8.
Oxadixyl at site 8 originates at
site 4. Fate of 2c pesticides is
characterized by point sources ir
grourdwater at upstream sites
and instream attenuation that
reduces occurrence at
downstream sites. Attenuation is
thought to occur primarily
through dilution

Attenuation between upstream
and downstream sites significant
Majority of pollution originates
from sites i close proximity.

Attenuation between upstream
and downstream sites significant
Majority of pollution originates
from sites in close proximity.
Pollution at the abstraction can
be appointed to single sites.

High risk pesticides

8 2c pesticides have
potential high risk at
abstraction.
Fenamidone and
fenpyrazamine have
a source Iose to site
8. Atrazine, and
scradan have ground
water sources
upstream that are
diluted with progress
downstream.

5 2d pesticides have
potential high risk at
abstraction.

6 3a pesticides have
potential high risk at
abstraction.Bixafen,
diflufenican,
flurtamone,
isopyrazam,
prosulfocarb and
triallate.

Actions

Monitoring of schradan
and atrazine at sites 1,
2, 6 and 13, other high
risk pesticides at site 8
only. Monitoring

tailored to seasonal ris

Seasonal monitoring at
site 8 for 5 pesticides
that are high risk.
Seasonal monitoring at
site 6 for pesticides
originating from site 4
or 7 to determine
source at site 8.

Seasonal monitoring at
site 8 for 6 pesticides
that are high risk.
Seasonal monitoring at
site 6 for pesticides
originating from
upstream sites.



HCA No. pest
3b 12
3c 16

Sites

Frequently detected at
site 8 with origins
throughout catchment
contributing to pollution.
Only clothiandin and
flufenacet common at
site 1.

Various tributaries except
1 with downstream
detection and detection
at site 8. Occurrence
lower than pesticides in
3b.

Seasons

3-4 seasons, generally greater in

Sources

Diffuse usen agriculture

spring and winter (likely spring anc (predominant source).

winter wheat, potatoes etc.)

2 -4 seasons, generally greater in
autumn and winter being slightly

less likely in spring and less likely
summer, except for pestides also

used on OSR such as

dimethenamid, Metazachlor and
clomazone (cectives in certain
formulations applied to OSR)

Diffuse use in agriculture
(predominant source).

Types

Mostly herbicides and
fungicides approved for
cereals and OSR, beet,
vegetables etc. Exception
is clothianidin, insecticide
used on same crops and
uniconazole a PGR.

Mostly herbicides and
fungicides approved for
cereals and OSR, beet,
vegetables etcException
is Dichlorvos an
insecticide use on stored
grains.
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Fate

Inputs originating from all

upstream sites, supplenmeed

from sites throughout the

catchment. Minimal instream

attenuation resulting in
downstream detection and

transport to the abstraction.

Upstream detections correspond
to downstream detections, little

attenuation instream, with

pollutions from upstream sites
compounding downstream.

High risk pesticides

All 3b pesticides high
risk. Risk is
potentially greater
for post emergence
herbicide
applications. Many
fungicidesare co
actives in pesticide
formulations.

14 3c pesticides
posed a risk at Site 8.

Actions

Seasonal monitoring at
site 8 for 12 pesticides
that are high risk.
Seasonal monitoring at
upstream sites for all 12
pesticides.

Seasoal monitoring at
site 8 for 15 pesticides
that are high risk.
Seasonal monitoring at
upstream sites for all 15
pesticides.



Cluster 1 comprised three distinct subclusters-{t3, that were predominantly fungicides and
insecticides associated with point sources originating from WWTW. Subcluster 1a contained 19
compounds, these had little seasonality and were frequently detected at Site 3 throughout the year.
There was dilution at the downstream sites leading to conceiung below the limit of detection.
Subcluster 1c contained 7 compounds that shared sources and fate with 1a compounds, but lower
frequency, with dilution again limiting their detection at downstream sites. Most detections of 1a
and 1c compounds occurred Site 3 with the frequency of detection favouring summer months

for 1c pesticides. Subcluster 1b contained 8 compounds associated with WWTW inputs and diffuse
sources from agriculture use throughout the catchment. The 1b pesticides were found at both
upstream and downstream sites, with the greatest abundance at Site 3. These compounds
underwent attenuation through dilution. However, they were detected in the passive sampler
extracts due to supplementation of the pesticides from other sources lower dotire icatchment.

The relative contribution of diffuse and point inputs varied seasonally, with 1b compounds most
abundant in the summer months when the relative contribution of WWTW input to river flow is
greatest. The risk to water quality at Site 8 (dmtkivater abstraction) was present throughout the

year for 7 compounds in subcluster 1b. Compounds in subclusters 1a and 1c did not pose a risk to

water quality at Site 8.

Cluster 2 comprised four subclusters{2d), characterised by infrequent detectiortiin samples.
Subcluster 2a contained four compounds (PGRs and insecticides used domestically) only occurring
at Site 3, being greatest in spring. The eleven 2b compounds (fungicides and herbicides applied to
potatoes, tomatoes, vegetables, oil seed rgf@SR) and cereals) were detected throughout the
catchment with greatest occurrence in spring. Ten of the 2b compounds posed a risk to water
quality at Site 8. Subcluster 2c contained 26 compounds with origins (ground water and diffuse use
in agriculture) hroughout the catchment, however, detection at downstream sites was only
observed for 11 compounds. Eight 2c compounds including several banned and obsolete
compounds (e.g. atrazine and schradan) posed a risk to water quality at Site 8. Subcluster 2d
contaned 13 compounds, most were approved fungicides and herbicides used in potatoes,
ornamentals, fruit, OSR and cereals. Their occurrence was greatest in spring. Dilution was important
with only seven pesticides being detected at Site 8. Five 2d compousds paisk to water quality

at Site 8, which was highest in spring.

Cluster 3 comprised three subclusters {&3. Cluster 3 compounds had diffuse inputs and were
mostly fungicides and herbicides applied to potatoes, OSR and cereals. Subcluster 3a ddritaine

compounds, these occurred infrequently with between 1 and 17 detections, with dilution reducing
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number of detections at downstream sites. Six 3a pesticides posed a seasonal risk to water quality
at Site 8, this was greatest in winter. Subcluster 3htaimed 12 compounds, these occurred
frequently throughout the catchment and showed less seasonality than 3a compounds, with
between 36 and 161 detections. Throughout the year 3b compounds posed a risk to water quality
at Site 8. Subcluster 3c contained ¢émpounds, having similar spatiotemporal trends to 3b
compounds. 3b compounds were mainly applied pastergence whereas 3¢ compounds had

more use preemergence. Fourteen 3c compounds posed a risk to water quality at Site 8.

Spatiotemporal trends in our data revealed that pesticides can be grouped into categories based
on their pollution profile; WWTW exclusive (subclusters 1a, 1c and 2a), mixed WWTW and diffuse
(subcluster 1b), diffuse or point with distinct origins (subaus®b, 2¢ and 2d) and diffuse multiple
origins (cluster 3). It is likely that the type of clusters identified here will be repeated in other river
catchments. For example, HCA performed on binary occurrence data of 168-pultrtants
(pesticides and phanaceuticals) detected in the Hudson River estuary identified clusters with
similar characteristics, namely, WWTW exclusive, mixed WWTW and diffuse, and diffuse from
agriculture[561]. These types of clusters can beadgo characterise pesticide pollution in other
river catchments, although the constituents of clusters will vary according to monitored

compounds.

5.2.5 Comparison of passive sampling and spot sampling at Site 8
For routine regulatory monitoring purposes, sgaimples of water were collected (n = 24) at Site 8
over the period of the study. A suite of pesticides were quantitatively determined. Nineteen
pesticides detected using the Chemcatcher® screening approach were also detected in spot
samples Table 33. Three pesticides (flufenacet, propyzamide and prosulfocarb) exceeded the
drinking water quality standard (DWQS) of 0.1 fig Apart from linuron, concentrations of the
remaining pesticides in spot samples did not exceed 60% of the DWQS, and were close to t

analytical limit of detection in most samples.

The detection frequency at Site 8 was greater using passive sampling for twelve compounds, these
compounds had optimal physicochemical properties to be sequestered byClmmncatcher®
Detection frequeng was equal for both sampling methods for one compound (pirimicarb), and
greater using spot sampling for the remaining six compounds. Pesticide detection frequency is
typically higher with passive sampling than spot sampl#6,497] Four (linuron, tridhte,
diflufenican, and prosulfocarb) of the six compounds detected more frequently with spot sampling

were moderately nonpolar (~84.5 logkow). These compounds are likely to have longer lag phases
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as they may be absorbed into the PES membrane ofChemcatcher@nd hence may not be
detected in the HLB extract. Such observations have been reported with the POCIS passive sample
[444]. Hence, if the timing of spot sampling is opportune, stochastic pollution events can be
detected. This is in contrast to passive sampling where insufficient analyte may be sequestered over
this short time interval toenable its detection. However, excluding detections in spot samples
where the concentration was less than 0.01 figokoduces a greater or equal rate of detection in

passive samples for all pesticides.

Table33. List of pesticides found in spot samples of water (n = 24) and in extracts from the
Chemcatché®passive sampler (n = 25) at Site 8 over the deployment period. Data are shown for
number and percentage of detections together with the minimum, maximum andnme
concentration (ug £) and the number of times the concentration in the spot samples of water

exceeded the Drinking Water Quality Standard (DWQS) of 0.2 ug L

. . . No.

pesiide | JO.(7) Moteenon gmron M Mo S escoasa
' ' DWQS

Boscalid 6 25 52 0.005 0.021 0.012 0
Carbendazim/Benomyl 3 13 0 0.001 0.003 0.002 0
Chlortoluron 1 4 8 0.003 0.003 0.003 0
Cyproconazole 2 8 56 0.001 0.010 0.011 0
Diflufenican 4 17 4 0.002 0.035 0.012 0
Epoxiconazole 9 38 88 0.002 0.018 0.005 0
Flufenacet 6 25 60 0.003 0.485 0.089 1
Flutriafol 1 4 0 0.002 0.002 0.002 0
Fluxapyroxad 3 13 88 0.003 0.060 0.023 0
Linuron 3 13 4 0.007 0.096 0.037 0
Metazachlor 5 21 80 0.002 0.025 0.009 0
Pirimicarb 1 4 4 0.001 0.001 0.001 0
Propiconazole 2 8 68 0.002 0.006 0.004 0
Propyzamide 15 63 80 0.002 1.456 0.233 5
Prosulfocarb 5 21 8 0.003 0.360 0.077 1
Quinmerac 6 25 44 0.003 0.060 0.016 0
Tebuconazole 11 46 76 0.002 0.017 0.007 0
Terbutryn 4 17 28 0.001 0.003 0.002 0
Triallate 6 25 4 0.005 0.032 0.010 0
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The utility of passive sampling is not greatly reduced if low concentrations are sometimes missed,
providing pollution events of greater significance to water quality are reliably detected and can be
interpreted in relation to longer term trends. A drawlkaaf spot sampling is there is no information

on pesticide concentrations occurring between sampling evgtit§,431,480] Comparison of spot
sampling concentrations and qualitative passive sampling screening data (peak area) for the four
pesticides which approached (linuron) or exceeded (flufenacet, propyzamide and prosulfocarb) the
DWQS is shown irigure 28.
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Figure28. Comparison of spot sample concentrations (black vertical line) and integrated peak area
in Chemcatcher®@xtracts (grey horizontal bar), for (1) flufenacet; (2) linuron; (3) propyzamide; (4)
prosulfocarb, at Site 8 between October 2017 and October 2018.

There was good agreement between the two data sets. High concentrations in spot samples were
generally reflected in increased peak areas in the passive sampler extracts at the same time points.
The exception was propyzamide where the pattern was more cexadlhe concentration of this

pesticide exceeded the DWQS in spot samples on five occasions during winter (24 NQ©@ 2ah7
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2018) Figure 283)). Over this period passive sampling did not relate directly to the spot sampling
concentration although théwo highest peak areas occurred during this time. The passive sampling
data highlighted there was a need for increasing the spot sampling frequency for propyzamide over

the months (January and February) following this period.

5.2.6 Comparison of passive samplidata alongside pesticide usage
CEH Land Cover plus: Pesticides 28016 (England, Scotland and Walg§4] contained data for
40 of the 128 pesticides detected in tHehemcatcher®xtracts. This was used to calculate
percentage application at the catchment scale (% of 2dauares in the catchment), total mass of
active substance applied (kgnd maximum and mean application of active substance (k§.km
The 2016 regional scale pesticide usage su@@y]was used taalculate total values for the mass
(kg) and treated area (kin (basic area treated multiplied by the number of treatments in the
calendar year) in South East England. This information together with the detection frequency of
these pesticides found in thgassive sampler extracts at Site 8 is shown in Table 3. The additional
metric showing the relationship between the catchment (C) and regional (R) geospatial pesticide
usage data (% mass C/R) is also shown. The % mass C/R ratio was calculated to comgatieehe
intensity of application of each compound within the catchment in terms of application rates across
the whole region. The C/R ratio was between @58 % for 31 compounds, with most compounds
falling in a narrower range betweerg2 %. The variain in the C/R ratio shows how geospatial data
can be unreliable if it is out of date or lacks sufficient spatial resolution. Seven of the remaining nine
compounds had relative application rates significantly higher within the catchment, including two
compounds (chlorotoluron and methiocarb) where the total mass of active applied within the
catchment exceeded the regional total. Regional data was unavailable for the remaining two actives

(carbendazim and clothianidin).

Application rates Table 3) within the catchment were calculated using data gathered over five
years, spatial interpolation was necessary to fill in gaps in the data between years and where the
crops and areas included in the survey differed. This approach means pesticides that have dropped
in use are overrepresented in the catchment scale data. Likewise, survey data of regional
application in 2016 may be unrepresentative of use within the catchment as the crops and areas

surveyed change each year.
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Table 34. Pesticide use in the Western Rother River catchment (CEH Land Cover plus: Pesticide
2012-2016 (England, Scotland and Walgf4]) and South East England (2016 Fera pesticide usage
survey[405]), together with pesticide detection frequen€&hgmcatcher@t Site 8) and the % mass

C/R ratio.

Catchment (C) Chemcatcher® Regional (R)
Pesticide - . - % C/R
% catchment Mass Max Mean % detection at  Area applied  Mass applied (mass)
applied applied (kg) (kg m?) (kg m?) Site 8 (km?) (kg)
Azoxystrobin 100.00 283.62 4.50 0.79 68 856.13 10,068 2.8
Benthiavalicarb_isopropyl 1551 3.15 0.24 0.06 4 89.57 244 13
Bixafen 100.00 99.36 1.33 0.28 4 1229.69 6,372 1.6
Boscalid 86.43 249.65 3.40 0.80 52 421,57 6,948 3.6
Carbendazim 85.60 59.97 1.46 0.19 0 NA NA NA
Chlorotoluron 85.60 511.01 6.70 1.65 8 5.64 324 158
Clomazone 78.39 79.56 1.72 0.28 56 469.78 4,095 1.9
Clothianidin 87.26 167.67 2.38 0.53 88 NA NA NA
Cycloxydim 78.39 119.40 3.26 0.42 0 128.53 2,716 4.4
Cyproconazole 86.15 109.56 1.61 0.35 56 1008.87 5,279 2.1
Diflufenican 100.00 210.15 2.83 0.58 4 2846.30 17,706 1.2
Epoxiconazole 100.00 238.14 3.60 0.66 88 3776.84 22,999 1.0
Flufenacet 100.00 635.53 9.02 1.76 60 2881.02 53,975 1.2
Fluopyram 85.60 12.46 0.30 0.04 4 333.37 692 1.8
Flurtamone 84.21 97.82 1.64 0.32 4 566.83 6,556 15
Flutriafol 78.67 3.29 0.07 0.01 0 17.08 16 20
Fluxapyroxad 100.00 83.63 1.21 0.23 88 1709.43 10,881 0.8
Imazalil 80.06 1.81 0.09 0.01 0 8.87 8.4 22
Imazamox 56.51 15.47 0.56 0.08 0 162.84 884 1.8
Imidacloprid 86.15 46.89 0.99 0.15 100 29.36 1,050 45
Isopyrazam 85.60 131.55 2.74 0.43 8 595.67 4,080 3.2
Linuron 80.61 251.94 7.95 0.87 4 229.98 10,942 2.3
Mesosulfuron_methyl 85.60 17.45 0.27 0.06 12 1002.54 1,261 1.4
Metamitron 57.62 1122.26 36.32 5.40 0 12.76 1,229 91
Metazachlor 72.85 448.76 9.51 1.71 80 522.00 27,670 1.6
Methiocarb 100.00 117.33 2.73 0.33 4 16.33 47 249
Metribuzin 15.51 40.88 3.03 0.73 4 16.69 730 5.6
Metsulfuron_methy! 100.00 3.80 0.08 0.01 0 975.87 398 1.0
Nicosulfuron 69.53 14.90 0.48 0.06 0 157.38 544 2.7
Penthiopyrad 85.60 171.27 2.27 0.55 36 862.48 9,812 1.8
Pirimicarb 86.43 171.75 2.79 0.55 4 104.86 998 17
Propiconazole 100.00 120.82 1.69 0.33 68 402.32 2,665 4.6
Propyzamide 77.01 782.90 13.63 2.82 80 588.45 47,537 1.6
Prosulfocarb 86.43 1807.33 39.50 5.79 8 736.27 139,429 1.3
Quinmerac 72.85 71.34 2.02 0.27 44 310.53 5,983 1.2
Silthiofam 84.21 12.85 0.19 0.04 8 187.53 826 1.6
Tebuconazole 100.00 525.77 6.84 1.46 76 4620.46 48,469 11
Terbuthylazine 65.10 212.90 4.57 0.91 48 116.12 4,561 4.7
Thiacloprid 77.84 26.23 0.59 0.09 12 23.53 196 13
Thifensulfuron_methyl 100.00 26.41 0.61 0.07 0 773.84 2,007 1.3

Using pesticide usage data at the catchment or regional scale to predict risks to water quality is
OKIFfftSyaayad ¢KS LISNOSydl3IsS FLIWX AOFGAZ2Y o6t Sl
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adzy FLILX ASR o6t SFNER2yUYa -~ noonindigationsgidr th& detectian K S
FNEdzSyoe +id {AGS yod ¢2d4Ffa F2N GKS | LILX ASR
South East England had greater correlation, but were similarly poor indicators of detection
frequency atSite 8. The O 1A 2 RAA&LI F @SR GKS 3INBFGSald O2NN
how secondary metrics derived from geospatial data may improve on uncertainties arising for low
resolution or out of date data at the catchment scale. Further information is pravidd able 35.

It is possible that the observedigher correlation betweerapplication area and deteicin with

passive samplings opposed to mass appligesults from theincreasedpossiblyof mobilisation

with increasing areaHowever both are only weakly correlated witdetection thraugh passive

sampling.

Table 35. Correlation (Pearson) of pesticide application rates in the Western Rother River
catchment (CEH Land Cover plus: Pesticides-201% (England, Scotland and Walfs54]) and

South East England (2016 Fera pesticide usage s|498j) with pesticide detection frequency in
Chemcatchétextracts at Site 8.

Correlations

Chemcatcher
% catchment Mass Max Mean % CIR Area applied Mass % detection
applied applied (kg) (kg m?) (kg m? (mass) (km?) applied (kg) at Site 8
% catchment  Pearson 1 0.051 -0.079 -0.075 438 463" 0.176 0.269
applied Correlation
Sig. (2ailed) 0.755 0.628 0.645 0.012 0.003 0.290 0.093
N 40 40 40 40 32 38 38 40
Mass applied Pearson 0.051 1 0.954" 0.973" 0.318 0.166 0.835" 0.109
(kg) Correlation
Sig. (2ailed) 0.755 0.000 0.000 0.076 0.318 0.000 0.503
N 40 40 40 40 32 38 38 40
Max Pearson -0.079 0.954" 1 0.987" 0.216 0.019 0.693 -0.012
(kg m?) Correlation
Sig. (2ailed) 0.628 0.000 0.000 0.234 0.911 0.000 0.939
N 40 40 40 40 32 38 38 40
Mean Pearson -0.075 0.973" 0.987" 1 0.253 0.066 0.709 0.055
(kg m?) Correlation
Sig. (2ailed) 0.645 0.000 0.000 0.162 0.695 0.000 0.734
N 40 40 40 40 32 38 38 40
% C/IR Pearson 0.438 0.318 0.216 0.253 1 0.829 0.428 0.484"
(mass) Correlation
Sig. (Zailed) 0.012 0.076 0.234 0.162 0.000 0.015 0.005
N 32 32 32 32 32 32 32 32
Area applied  Pearson 0.463 0.166 0.019 0.066 0.829" 1 0.382 0.424"
(km?) Correlation
Sig. (2ailed) 0.003 0.318 0.911 0.695 0.000 0.018 0.008
N 38 38 38 38 32 38 38 38
Mass applied Pearson 0.176 0.835" 0.693" 0.709" 0.428 0.382 1 0.217
(kg) Correlation
Sig. (2ailed) 0.290 0.000 0.000 0.000 0.015 0.018 0.191
N 38 38 38 38 32 38 38 38
Chemcatcher  Pearson 0.269 0.109 -0.012 0.055 0.484" 0.424 0.217 1
% detection Correlation
at Site 8 - -
Sig. (2ailed) 0.093 0.503 0.939 0.734 0.005 0.008 0.191
N 40 40 40 40 32 38 38 40

* Correlation is significant at the 0.05 levelt@@led).**. Correlation is significant at the 0.01 levelttgled).
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Kiefer et al.[536] found that the likelihood of pesticide occurrence in Swiss ground waters was
poorly correlated with pesticide sales data and that landwas a better indicator. They found the
LISNOSy G 3S 2F | ANROdz GdzN¥ £ FyR dzNbly fFyR A
0.34) to the detection frequency of agricultural pesticidééoschet et al.,[408] found that
pesticides with higher sales numbers occurred more frequently in Swiss rivers. Sales data, however,
could not determine pesticide profiles at monitoring sites unless very detailed usage data were
available. Comprehensive screening was suggeasethe best approach to determine the scale

and nature of pesticide pollution.

High resolution pesticide usage data cannot be used to infer occurrence at the site level or the risk
to water quality within a catchment. It may, however, assist in targetatghment interventions if

used in conjunction with information from passive sampling. In our study, flufenacet was detected
at every site with similar analytical integrated peak areas for sites, 2, 3, 4, 6 and 8. Using data from
CEH Land Cover plus: Restes 2012016 (England, Scotland and WalEg$4], it was possible to
produce a heat magusing Esri ArcGIS Pro (2.7.0)) of application rates for flufengicatd 29.

The map shows that there were hotspots for this herbicide throughout the catchment. Our method,

however, was able to identify specific hotspots, thus allowing better targetingterventions.

In the UK, Phase 1 of the UKWIR pesticides risk mapping approach employs some of the same
source data (1 kAwraster data on land use) and spatial interpolation methodologies as the CEH
Land Cover plus: Pesticides 2eA®16 (England, Sdahd and Wales) dat§p51,554] The risk
mapping approach is more sophisticated, however, incorporating pesticide modelling, site
observations, and hydrological features, in order to calculate risk indices. Similar approaches to
pesticide risk mapping are undertaken worldwif62,563] Incorporation of passive sampling
screening data into risk mapping could aid selection targeting of catchment interventions
during phase 1 of risk mapping, and may promote consistency if adopted across the water industry

both in the UK and worldwide.

Catchment data on pesticide usage may be valuable in prioritising pesticides likeljotra with
stochastic concentrations. For example, the difference between mean and maximum application
rates (kg krf) may be indicative of the magnitude and duration of pollution events. In our study
the herbicides, flufenacet, linuron, metazachlor, pyzamide and prosulfocarb have high
maximum application rates (7.95 to 39.5 kg®mwhich are many times their mean rates in the
catchment. As such itis possible these compounds will be found at higher concentrations and have

greater variability during @lution events.
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Figure29. Heatmap of flufenacet usage data in the Western Rother gagchment, showing application rates of®@kg kn? (at 1 kn? resolution). Data

calculated from CEH Land Cover plus: PesticidesZ®(England, Scotland and Walgs§4].
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5.2.7 Prioritisation of future monitoring and catchment interventions
Spatiotemporal trends of groups identified in the HCA were used to prioritise pesticides based on
the risk they posed to water quality at Site 8. This information was used to design a monitoring
programme (based on site and season) to assess the ongsingoriwater quality in relation to
location of catchment sources of pollution. HCA results showed that sampling should focus on three
sites on the main channel of the river. These sites were Site 2 (before any tributaries), Site 6 (mid

point of the river),and Site 8 (located at the WSW abstraction).

Sixtyone of the 128 pesticides detected by passive sampling coupled to screening were prioritised
for future monitoring. All prioritised pesticides were detected at Site 8. Eight of the 69 pesticides
detected at Site 8 posed no risk to water quality based on their catchment sources and fate and
hence were omitted from the monitoring programme. The pesticides included in the monitoring
programme are shown iffable36. This provides detailed additional inforni@ on the type of
pollution, sources of pollution, seasonality, catchment fate, proposed monitoring (site and season),

and actions conditional on monitoring.

The future measurement suite is largest in spring (45 compounds), followed by winter (41
compourds), autumn (35 compounds), and summer (32 compounds). Fewer pesticides are to be
monitored at upstream sites with 27 and 16 compounds included in monitoring at Site 6 and Site 2
respectively. Pesticides at downstream sites need to be monitored to at&ibotirces responsible

for pollution at Site 8 and to understand long term trends. Where specific catchment sources are

known, monitoring at upstream sites is not necessary.

The same approach on the River Arun (Sussex, UK) was recently undertakagidogt al.,[535]

who found the number and seasonality of pesticides prioritised for moaimg were similar to this
study. It should be noted that any list of prioritised pesticides is dynamic and relates to both
available monitoring data and agricultural practices within the catchment. Over time it is expected
that the number of prioritiseghbesticides will reduce as more monitoring data becomes available. A
list of prioritised pesticides means resources can be focused on monitoring and catchment
interventions to reduce pollution for pesticides with known presence and fate within the

catchment
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Table36. Listof pesticides to be included in a future monitoring programme based on data obtained from HCA together with detailspenahé $purces

of pollution, seasonality, catchment fate, proposed monitoring (site and season) and actions conditional onimgoKigy: Au = Autumn; Sp = Spring; Su =

Summer; Wi = Winter; DWQS = Drinking Water Quality Standard; GW = Ground water; WWTW = Waste Water Treatment Works.

HCA Pesticide

1b

2b

DEET
(Diethyltoluamide)

Dichlorobenzamide
Diuron

Imidacloprid
Propiconazole |
Propiconazole Il

Terbutryn

Benthiavalicarb
isopropyl

DEDIA (Desethyl
DeisopropydAtrazine)

Dimethomorph Peak 1
Dimethomorph Peak 2
Fluopyram

Linuron

Methiocarb

(Mercaptodimethur)

Metobromuron

Type pollution

Mixed WWTW &
diffuse
Mixed WWTW &
diffuse
Mixed WWTW &
diffuse
Mixed WWTW &
diffuse
Mixed WWTW &
diffuse
Mixed WWTW &
diffuse
Mixed WWTW &
diffuse

Diffuse specific

GW (pointsource)

Diffuse specific
Diffuse specific
Diffuse specific
Diffuse specific
Diffuse specific

(event)
Diffuse specific

Sources

All Sites (3 main)
All Sites (3 main)
All Sites (3 main)
All Sites (3 main)
All Sites (3 main)
All Sites (3 main)

All Sites (3 main)

Site 4

Site 8

Sites, 4 and 6
Sites, 4 and 6
Sites, 2, 4 and 5
Sites 5, 6 and 8
Sites, 3, 5and 8

Sites 5, 6 and 8

Seasonality Fate

All year (ubiquitous) Minimal attenuation

All year(ubiquitous) Minimal attenuation

All year (variable) Moderate attenuation

All year (ubiquitous) Minimal attenuation

All year (variable) Minimal attenuation

All year(variable) Minimal attenuation

Seasonal (Sr,Su,Au) Moderate attenuation

Summer Minimal attenuation
(infrequent)
Spring (infrequent)  Minimal attenuation

(source near Site 8)

Summer Minimal attenuation
(infrequent)
Summer Minimal attenuation

(infrequent)

Spring (infrequent)  Moderate attenuation
(dilution)

Significant attenuation
(source near Site 8)
Significant attenuation
(source near Site 8)
Minimal attenuation

Spring(infrequent)
Spring (infrequent)

Spring and summer
(infrequent)
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Monitoring

Site 8
Wi,Sp,Su,Au
Site 8
Wi,Sp,Su,Au
Sites 2, 6 and-8
Wi,Sp,Su,Au
Site 8
Wi,Sp,Su,Au
Site 8
Wi,Sp,Su,Au
Site 8
Wi,Sp,Su,Au
Site 8 Sp,Su,Au

Site 8 Su

Site 8 Sp

Site 8 Su
Site 8 Su
Site 8 Sp
Sites 6 and 8Sp
Sites 6 and 8Sp

Sites 6 and -8Sp,
Su

Actions

Monitoring to confirm DWQS not exceeded, alter
monitoring.

Monitoring to confirm DWQS not exceeded, alter
monitoring.

Monitoring to confirm DWQS not exceeded and
confirm sources, alter monitoring.

Monitoring to confirm DWQS not exceeded, alter
monitoring.

Monitoring to confirm DWQS not exceeded, alter
monitoring.

Monitoring to confirm DWQS not exceeded, alter
monitoring.

Monitoring to confirm DWQS na&txceeded, alter
monitoring.

Monitoring to confirm DWQS not exceeded, alter
monitoring

Monitoring to confirm DWQS not exceeded,
maintain monitoring for surveillance of lofgrm
trends

Monitoring to confirm DWQS not exceeded, alter
monitoring

Monitoring to confirm DWQS not exceededter
monitoring

Monitoring to confirm DWQS not exceeded, alter
monitoring

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions
Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions
Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions



HCA Pesticide

2c

2d

Metribuzin
Thiacloprid

Atrazine

Atrazinedesethyl

Fenamidone
Fenpyrazmine

Methomyl (Fragm 88)

Pirimicarb

Pyracarbolid

Schradan

BTS 44595

Fluopicolide

Mensosulfurormethyl

Metolachlor

Type pollution

Specific (uncertain
input)
Diffuse specific

GW (point source)

GW (point source)

GW (point source)
GW (point source)

GW (point source)

Specific (uncertain
input)

Specific (uncertain
input)
GW (point source)

Diffuse specific

Diffuse specific

Diffuse specific

Diffuse specific

Sources
Site 4

Sites, 2, 5and 6

Sites, 1, 3,4 and 8

Sites 4 and 8

Site 4 and 8
Site 8
Site 8 (Site 1 and 6

also sources)

Sites, 3, 4and 7 (3
caused pollution at
site 8)

Site 3

Site 1

Sites, 4 and 7

Site 4

Sites, 2 and 7

Site 6

Seasonality

Spring (infrequent)

Summer
(infrequent)

Spring, summer and

autumn

(ubiquitous)

Spring and summer
(infrequent)

Summer
(infrequent)
Autumn
(infrequent)

Winter (infrequent)

Spring and summer
(infrequent)

Summer
(infrequent)
All year (ubiquitous)

Spring and winter
(infrequent)

Winter, spring,
summer
(infrequent)
Winter and spring
(infrequent)

Spring
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Fate

Minimal attenuation

Moderate attenuation

Minimal attenuation

Moderate attenuation

Moderate attenuation

Minimal attenuation
(source near Site 8)
Moderate attenuation
(source ofpollution at
Site 8 is close due to
attenuation)
Signifcant attenuation
(significant reduction
with progression
through catchment)
Significant attenuation

Moderate attenuation
(due to dilution)

Minimal attenuation

Moderate attenuation

Moderate attenuation

Minimal attenuation

Monitoring
Sites 6 and 8Sp

Sites 6 and 8Su
Sites, 2, 6 and-8
Sp, Su, Au

Sites, 6 and-8Sp,
Su

Sites, 6 and -8Su
Site 8 Au

Site 8 Wi

Sites, 6 and -8Sp,
Su
Site 8 Su

Sites, 2, 6 and-8
Sp, Su, Au, Wi

Sites, 6 and 8Sp,
Wi
Site 8 Wi, Sp, Su
Sites, 6 and -8Wi,
Sp

Site 8 Sp

Actions

Monitoring to confirm DWQ8ot exceeded,
monitoring to target catchment interventions
Monitoring to confirm DWQS not exceeded,
monitoring to target catchmeninterventions

Monitoring to confirm DWQS not exceeded,
maintain monitoring for surveillance &ng-term
trends

Monitoring to confirm DWQS not exceeded,
maintain monitoring for surveillance of losigrm
trends

Monitoring to confirm DWQS not exceeded, remo\
from suit if no risk.

Monitoring to confirm DWQS not exceeded, remo\
from suit if no risk.

Monitoring to confirm DWQS not exceeded, remo\
from suit if no risk.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions

Monitoring to confirm DWQS not exceeded, remo\
from suit if no risk.

Monitoring to confirm DWQS not exceeded,
maintain monitoring for surveillance of losigrm
trends.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, or
removal from monitoring suite.

Monitoring to confirm DWQS naxceeded, remove
from suit if no risk.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchmeninterventions,
remove from suit if no risk.

Monitoring to confirm DWQS not exceeded, remo\
from suit if no risk.



HCA Pesticide

3a

3b

Simazine

Bixafen

Diflufenican
Flurtamone

Isopyrazam

Prosulfocarb

Triallate

Azoxystrobin

CGA 321113
(Trifloxystrobin
Metabolite)

Clothianidin
Cyproconazole Peak 1

Cyproconazole Peak 2

Epoxiconazole

Type pollution

GWi/diffuse
(uncertain)

Diffuse specific

Diffuse specific
Diffuse specific

Diffuse specific

Diffuse specific

Diffuse speci€

Diffuse multiple

Diffuse multiple

Diffuse multiple

Diffuse multiple

Diffuse multiple

Diffuse multiple

Sources

Sites, 1, 4,5, 7and €

Sites, 2, 3and 8

Site 3
Site 3

Sites, 2, 3and 7

Sites, 3,6 and 8

Sites, 2, 3,4,6and €

Sites, 3, 4, 5, 6,7 anc

8
Sites, 3,5and 7
Sites, 23,4 and 7

(main sources,
present all sites)

Sites, 2, 3,4,5and 7

Sites, 2,3,4,5and 7

All sites

Seasonality

Allyear
(infrequent), spring
at Site 8

Spring (infrequent)

Winter (infrequent)
Winter (infrequent)
Winter (infrequent)
Winter and autumn
(infrequent)

Winter (infrequent)

All seasons
(greatest in spring)

Winter and spring

All seasons
(ubiquitous)

Winter (greatest),
autumn and spring

Winter (greatest),
autumn and spring

Winter and spring
(greatest), autumn
and summer
(lesser)
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Fate

Significant attenuation

Substantiahttenuation
(only sources near site €
relevant)

Significant attenuation

Moderate attenuation
Moderate attenuation
Substantial attenuation
(only sources near site ¢
relevant)

Substantial attenuation

(only sources near site ¢
relevant)

Minimal attenuation

Moderate attenuation

Minimal attenuation

Minimal attenuation

Minimal attenuation

Moderate attenuation
(sources close to site 8
most relevant)

Monitoring

Site 8 Sp, Su, Au,
Wi

Site 8, Sp

Site 8 Wi

Site 8 Wi

Sites, 6 and -BWi
Sites, 6 and-8Au,
Wi

Site 8 Wi

Sites, 2, 6 and-8
Sp, Su, Au, Wi

Sites, 6 and-8Wi,
Sp

Sites, 2, 6 and-8
Wi, Sp, Su, Au

Sites, 2, 6 and-8
Wi, Sp, Au

Sites, 2, 6 and-8
Wi, Sp, Au

Sites, 2, 6 and-8
Wi, Sp, Su, Au

Actions

Monitoring to confirm DWQS not exceeded, reduc
monitoring is risk allows.

Monitoring to confirm DWQS not exceeded, reduc
monitoring is risk allows.

Monitoring to confirmDWQS not exceeded, reduce
monitoring is risk allows.

Monitoring to confirm DWQS not exceeded, reduc
monitoring is risk allows.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring totarget catchment interventions, alter
monitoring if needed.



HCA Pesticide

3c

Flufenacet

Fluxapyroxad

Penthiopyrad

Propyzamide
(Pronamide)

Prothioconazole
desthio

Uniconazole

2-
hydroxyterbuthylazine
Boscalid

Carbofuran &eto-
Chlorotoluron
Clomazone
(Command)

Dimethenamid

Griseofulvin

Type pollution

Diffuse multiple

Diffuse multiple

Diffuse multiple

Diffuse muliple

Diffuse multiple

Diffuse multiple

Diffuse multiple

Diffuse multiple

Diffuse specific

Diffuse specific

Diffuse multiple

Diffuse speciti

Diffuse multiple

Sources

Sites, 2, 3,4,5,6, 7
and 8

Sites, 2, 3,4, 7and €

Sites, 2,3,5and 7

Sites, 2, 3, 5, 6, 7 an
8 (Site 7 most
important)

All sites, with
greatest inputs at
sites, 7 and 8

Sites, 3,4, 5, 6, 7 an

8 (Sites 6 most
important)

All sites (sites 4 and

5 most important)
Sites, 3,4, 7 and 8

Site 7 and site 8
Site 7

Sites, 2, 34,5, 6, 7
and 8

Sites, 3 and 6

All sites(ubiquitous)

Seasonality

Autumn, winter,
and spring

Winter and spring
(greatest), autumn
and summer
(lesser)

Autumn, winterand

spring

Winter and spring
(ubiquitous),
autumn and
summer (lesser)
Winter and spring
(ubiquitous),
autumn and
summer(lesser)
Winter (greatest),
autumn and spring

Autumn, winter,
and spring
Autumn, winter,
and spring

Autumn, winter,
and spring
(infrequent)
Winter

Summer and spring
(greatest), autumn
and winter (lesser)
All seasons
(greatest in spring)

All seasons
(ubiquitous)
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Fate

Minimal attenuation

Moderate attenuation
(sources close tate 8
most relevant)

Moderate attenuation
(sources close to site 8
most relevant)
Moderate attenuation
(sources close to site 8
most relevant)

Minimal attenuation
(sources close to site 8
most relevant)

Minimal attenuation

Minimal attenuation

Moderate attenuation
(sources close to site 8
most relevant)
Substantial attenuation
(only sources near site ¢
relevant)

Significant attenuation

Minimal attenuation
(sources close to site 8
most relevant)

Minimal attenuation
(sources close to site 8
most relevant)

Minimal attenuation

Monitoring

Sites, 2, 6 and-8
Au, Wi, Sp

Sites, 2, 6 and-8
Wi, Sp, Su, Au

Sites, 2, 6 and-8
Au, Wi, Sp
Sites, 2, 6 and-8
Wi, Sp, Su, Au

Sites, 2, 6 and-8
Wi, Sp, Su, Au

Sites, 2, 6 and-8
Au, Wi, Sp

Sites, 6 and-8Au,
Wi, Sp

Sites, 2, 6 and-8
Au, Wi, Sp

Site 8 Au, Wi, Sp

Site 8 Wi

Site 8 Wi, Sp, Su,
Au

Site 8 Wi, Sp, Su,
Au

Site 8 Wi, Sp, Su,
Au

Actions

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions,
maintain monitoring for surveillance of losigrm
trends

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS netxceeded,
monitoring to target catchment interventions,
maintain monitoring for surveillance of lofgrm
trends.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions,
maintain monitoring for surveillance of losigrm
trends.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions|ter
monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring to target catcment interventions, alter
monitoring if needed.

Monitoring to confirm DWQ8ot exceeded, alter
(reduce) monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
monitoring if needed.
Monitoring to confirm DWQS not exceeded, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
(expand) monitoring if needed.



HCA Pesticide

Metazachlor Fragm 21C

Pyrethrins: Cinerin |

Quinmerac

Silthiofam

Tebuconazole

Terbuthylazine

Trinexapaeethyl

Type pollution

Diffuse multiple

Diffuse multiple

Diffuse multiple

Diffuse specific

Diffuse multiple

Diffuse specific

Diffuse specific

Sources

Sites, 2, 3,6, 7and €

All sites

Sites, 2, 3,6, 7and €

Site 7

All sites

Sites, 4, 5and 6

Sites, 2,4,5and 7

Seasonality

Winter and autumn
(greatest), spring
and summer
(lesser)

Winter and autumn
(greatest), spring
and summer
(lesser)

Autumn, winter,
and spmg
(infrequent)
Autumn and winter
(infrequent)

All seasons

Winter and autumn
(greatest), spring
and summer
(lesser)

Autumn
(infrequent)
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Fate

Minimal attenuation
(sources close to site 8
most relevant)

Moderate attenuation

Minimal attenuation
(sources close to site 8
most relevant)
Moderate attenuation

Minimal attenuation

Moderate attenuation

Significant attenuation

Monitoring

Site 8 Wi, Sp, Su,
Au

Site 8 Wi, Sp, Su,
Au

Sites 6 and 8Au,
Wi, Sp
Site 8 Au, Wi

Sites, 2, 6 and-8
Sp, Su, Au, Wi

Site 8 Sp,Su, Au,
Wi

Site 8 Au

Actions

Monitoring to confirm DWQS not exceeded, alter
(expand) monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
(expand) monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded,
monitoring to target catchment interventions, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
monitoring if needed.

Monitoring to confirm DWQS not exceeded, alter
monitoring if needed.



5.2.8 Utility of passive sampling and suspect screening
Passive sampling is increasingly being used in the monitoring of pesiitld86] The accuracy
and reproducibility of data obtained from PSDs can be limited byusedl proficiency and gaps in
the mechanistic understanding of analyte uptake into the devices. This has often led to a reluctance
to adopt PSDs in routine regulatory mormitog programmes in the water industry. However, time
integrative monitoring has been shown to provide greater temporal representativeness and an
improved ability to discriminate spatiotemporal trends within monitoring dgt@7]. An area of
recent interest is combining PSDs with qualitative suspect scrept®9g535,564] as this provides
a comprehensive list (~ 1000 compounds), without the need fatioriknowledge of the pollutants
present in the sampled waters. This is in contrast to regulatory spot water sampling where only a
limited pre-described list of compounds is analysBapansion of the measurement suite has been
demonstrated to correlate to increases in the number of detected analjg6é5]. Adogion of a
measurement suite based on geospatial data describing pesticide sales and application, crop type
and land use have been proposed as a way to prioritise pesticides for inclusion in measurement
suites[566]. In practice obtaining geospatial data of sufficient spatial and temporal resolution to
make such determinations has proved challengid®8,536] Our solution; qualitative screening

means the measurement suite can be greatly expanded within a practicable workflow.

Spot sampling and passive sampling can be used to give complementary information in river
catchment monitoring programmes. The maximum utility for risk assessment purposes is by
combining information obtained from botimonitoring approaches. Our study has shown how
passive sampling can be integrated into the workflow of current catchment pesticide risk
assessmentdHgure 30. Monitoring at representative sites in the upstream catchment should be
performed in the firstteration of passive sampling. The data obtained can be used to decide on the
compounds to be measured in the spot water samplessubsequent iterations of the work flow
spot water sampling may be suitable at fewer sites located along the main river ehamrfuture
cycles of the work flow passive sampling deployments can be either expanded or reduced
depending on the data review process. This targeted approach could reduce the cost of the
monitoring programme, compared to highequency spot sampling tobtain the same quality of
data. The incorporation of qualitative passive sampling into the work flow of current catchment
pesticide risk assessmentBigure 30 fits into the World Health Organisation (WHO) water safety
plan (WSP) framework. This is preed and considered standard throughout the world regardless
of the size or sophistication of the water supply sys{@&®0,567]. Qualitative screening data can

inform several steps within the WSP system assessment modules.
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Module 1: Preliminary actions P ti
(assemble team) pbasatich
Determine pesticide use, crop types, geology,
:" =1 topography, and hydrology within catchment
: Module 2: Describe the water
I * supply system (river
1 catchment)
1 Model pesticide; removal during treatment,
1 toxicity, mobility and persistence and catchment;
: hydrological connectivity, pollution sources
1
' !
1
1
1 Passive sampling and qualitative screening
1
1
| !
1
1
1 Interpretation of trends in the qualitative screening Module 3: Identify the hazards
1 dataset and assess risks
1
? | I
Y
o 1
S 1
S Occurrence and fate of pesticides in catchment
= 1 System
g 1 Assessment
g '
L
1 Prioritise pesticides for inclusion in the
: measurement suite for quantitative spot sampling Module 4: Determine and
I validate control measures,
1 reassess and prioritise the
1 risks
1
1 Select and target catchment interventions
1
1
1
1 Module 5: Develop,
L L Tl S - implement, and maintain an
improvement/upgrade plan
 J
Quantitative spot sampling programme for Module 6: Define monitoring
prioritised pesticides of control measures
Y e
Module 7: Verify the
. . effectiveness of the WSP
DWQS for pesticides in raw water at WSW (Does the system meet health
based targets)
Module 8: Prepare
management procedures Management
and
Module 9: Develop supporting Communication
programmes
Module 10: Plan and carry out
periodic review of WSP
Feedback and
Improvement
Module 11: Revise WSP
following incident

Figure 30. Workflow for incorporation of passive sampling into catchment monitoring for
pesticides. Passive sampling is applicable for use within Modules 3 and 4 of the WHO water safety
plan (WSP) risk management framework. DWQS = dgnkater quality standard; WSW = water

supply works.
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Future monitoring programmes should include the use of passive samplers with different receiving
phases (e.g. anioriexchange, molecularly imprinted polymefigldn order to sequester pesticides
with a wider range of physicochemical propertig89,410,568] Figure 31shows how these
different passive sampler configurations can be incorporated into quantitative and qualitative
workflows for the monitoring of pollutants. This would enable a more complete understanding of
the pesticides present within the catchment. If PSDs with other configuratiwe deployed, then

an additional catchment pesticide assessment needs to be performed.

MIPs
(Glyphosate
& AMPA)
FSD . AX (ionic exchange acid herbs)
configuration
for studied
analytes HLB (log Kow -1 to 4.5)
[ C18 (log Kow 310 7)
Y J
Methed for —h-[ Elution ]“
sample [ 7
pre-treatment -
[ Enrichment ]
L] )
[ Separation/measurement ]
A
Instrumental [ Quantitative Qualitative
method
Y Y
Reference standards Spectral [ibrary
Non-target
l »| SCreening
Post [ Filteri P ] workflow
acquisition itering procedure
processing - T
Y \J
[ Calculate M. ] Occurrence and
abundance
Monitoring %
data
Use M. to calculate
TWA,

Figure31. Flowchartof passive samplers using different receiving phases for the sequestration of
a wide range of pesticide classes. Key=Mampled mass; MIP = molecularly imprinted polymer;

PSD = passive sampling device; T¥W#neweighted average concentration.
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5.3Conclusion
This study provides the first comprehensive characterisation of pesticides in the Western Rother
river catchment over a 12 month period. Using passive sampling we detected 128 pesticides from
multiple classes, including compounds not usuallyedttd in surface waters in the UK. Other
classes of pollutants (e.g. pharmaceuticals and personal care products) are also likely to be
sequestered by the sampler, but where not the focus of this study. This shows the benefits of using
the powerful combinabn of the Chemcatcher® with an HLB receiving phase with suspect
screening. Use of a multivariate statistical approach enabled the complex qualitative passive
sampling data set to be interpreted. HCA identified clusters of pesticides with similar
spatiotenporal pollution patterns, with clusters linked by shared sources of pollution and
similarities in fate. ldentified clusters and subclusters were mapped onto expected pollution
profiles that could be applicable to other river catchments. Discrete and iatiegr sampling
methods were found to be complementary with nineteen pesticides detected in both spot water
samples and Chemcatcher® extracts near the WSW abstraction site. However, an additional 50
pesticides were detected by the Chemcatcher® includinglyte® in the spot sampling
measurement suite. Geospatial data describing pesticide use were found to be poorly correlated
with detection frequency using passive sampling. We found, however, that treated area had a
slightly higher correlation with detectidinequency than applied mass, regardless of the resolution
of geospatial pesticide usage data. Geospatial data, however, should be used cautiously at smaller
spatial scales. At the site upstream of the WSW abstraction point, 61 pesticides were prioritised
according to their risk to water quality. At three sites in the catchment it was possible to design a
seasonal monitoring programme for prioritised pesticides, and actions for managing their ongoing
risk. Actions comprised control measures, validated aockased by compliance with threshold
concentrations (DWQS) determined through regulatory monitoring, triggering responses
(mitigation or altered monitoring), tailored to each pesticide (Sexble 3. This study illustrates
how passive sampling coupled soispect screening can enhance the understanding of pesticide
pollution at the catchment scale and sets out how such monitoring can be incorporated into the
WSP risk management framework. Widespread adoption of the methods presented in this research
can provide the insight and evidence to design and implement better policies for the management

of the use of pesticides within river catchments.
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Chapter SixPesticide fate during drinking water treatment determined
through passive samplimgpmbined with targeted screening and
multivariate statistical analysis

Abstract
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 sammlupled to targeted screening and
multivariate analysis to describe pesticide fate throughout the treatment stream of an operational
drinking water treatment plant. ChemcatcHepassive sampling devices were deployed at sites (n

= 6) positioned at all st&g of the treatment stream during consecutive deployments (n = 20) over

a twelve month period. Sample extracts (n = 120) were analysed usingdsighution liquid
chromatographyguadrupoletime-of-flight mass spectrometry and compounds identified against
commercially available database. A total of 58 pesticides from different classes were found.
Statistical analysis of thgualitativescreening data wagserformedto identify clusters of pesticides

with similar fate during ozonation, GAC filtratioand chlorination. Spot sampling and passive
sampling were found to be complimentary, however, passive sampling detected 50 pesticides
missed by spot sampling. The performance of each treatment process was investigated. Adsorption
to GAC media was found to aceudor the greatest proportion of pesticide attenuation (average
removal of 70% based on occurrence), however operational performance varied for certain
pesticides during periods of episodic and sustained pollution. GAC breakthrough occurred for 21
pesticdes 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

responsesfor six pesticides prioritised based on their current and future tskreated water

quality.
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6. Introduction

Large quantities of pesticides are intentionally released into the environment as a consequence of
their use[569] leading to pesticide contamination of waters throughout every environmental
compartment[10,535] A pesticide is any product used to prevent damage caused by pests, such
as weeds, insects and furi§96]. Pesticides are present within complex mixtures in raw drinking
waters[10]. Pollution profiles differ substantial depending on the environmental compartment raw
water is sourced from, andther variables includindgand use, hydrology, geology and topography
within the upstream catchmenf10,570] Due to the risk to human and environmental health
current research places a priority on identifying the constituents of mixtures iofopollutants

(inc. pesticides) in environmental wate[873,535,571] The need to identify this risk during
drinking water treatment is more acute, and various treatment processes have been adopted to

remove pesticide§401,569,572575].

In the UK and EUthe drinking water quality standasd(DWQS) for individual pesticides and
LIS&EGAOARS ¢1&a A yWHt Sn dS a>0K OfprRHe Guin of pédlicides presers 3 |
[398,540] Supply of potable water iseavily regulated, within a legislative framework defining a
risk-based approach founded on the precautionary princifg0]. Drinking water safety plans
specifying critical limits for pesticides at control points throughout the water supply system are
compiled and maintained. Control measures must then be determined, vatidand monitored

to ensure potable water is wholesonjB67]. Treatment alone cannot be relied upon to remove
pesticides occurring in raw waters owing to the recalcitrance of many compounds during
conventional andadvanced treatment processgfor example metaldehyde, and the prohibitive
capital and operational cost of implementing further treatmdbi2]. Mitigation of pesticide
pollution through catchment interventions to reduce pesticide migration from thenpof

application is a more economical alternative curigri&voured by water utilitie$551].

Monitoring is performed to establish variation in pesticide occurrence and fate associated with
event driven pollution and lonterm trends [10]. Monitoring typically comprises discrete spot
sampling coupled to quantitative analysis ofaprioritarget measurement suitf873]. Analysis of
environmental samples can routinely detect trace concentrations of aqueous pesticides {mg L

> 31) B95]. These sampling and analytical methods have recognised limitations impeding their
utility within pesticide monitoring401]. Spot sampling onlyJN2 @A RS&a | aayl LJ aKk
sample collection, lacking the temporal resolution to accurately describe pesticide flux, ahilst

priori measurement suites necessarily neglect pesticides not included, despite the potential
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presence of such pestied [400]. Increasing the resolution of spot sampling through higher
frequency discrete sampling, or composite sampling, is prohibitively expensive, demanding
considerable resource and expertise. Likewesganding the target measurement suite eventually
requires the adoption of additional sample extraction and enrichment steps, in addition to

development of the instrumental metho@d01].

Comprehensive methods for pesticide monitoriftat overcome these limitations are needed
[408]. Consequentlypassive sampling is increasiypgised as an alternative, or to complement
discrete sampling10]. During passive samplingeely dissolved pesticides are sequestered in the
receivingphase of the passive sampling device (PSD) duriaiudeployment in sampled waters.
Sampling is continuous providing a positive diffusion gradient exists in the direction of the PSD
[436]. Passive sampling is time integrative, offering increased sensitivity and temporal
representativeness versus discrete spampling[373]. Chemcatchétand polar organic chemical
integrative sampleXPOCIBPSDs have previously been deployed in the drinking water treatment
stream [413,431,44]. Principles of the theory and trends in the application of thesesHaie

been recently reviewed alongside other PSDs used in aqueous polar pesticide moritQfiagd

monitoring of hydrophobic organic contaminanised. pesticides) in watgA-36].

The desire for more comphensive analytical methods has encouraged the qualitative application
of PSDs in suspect and ntarget screening approachegl28,452,499,535,571]Qualitative
screening can substantially expand the size of the measurement suite, and benefits from the
elimination of PSD calibration and instrumental quantification steps present in the quantitative
work flow (for each pesticidgb35,571] However affinity, selectivity and sensitivitghould be
confirmedfor the PSD configuration amdonitoredpesticidesprior to use in qualitative monitoring
[10,535] High performance liquid chromatography coupled to higholution mass sgrtrometry
(LGHRMS) allows for routine screening of environmental sampf3,54%549] Suspect
screening has been simplified following the availability of itkey software and hardware
packageswhich allow for predefined sysect lists and automated post acquisition processing
[428,499,535]

Combining comprehensive monitoring throughout the drinking water treatment stream and
multivariate statistical anghkis may provide the understanding necessary to better select pesticides
for catchment interventionslt may als@rovide significantly improved insight for the development
of water safety plans and large cost saving for water utilities compavéd the aurrent

methodology.
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In this study Chemcatcher® PSDs were deployed at six sites in the process stream of a drinking
water treatment(DWTP)n South East Englandver 20 consecutive deployments lasting twelve
months. PSD extracts were analysed withaygrioriknowledge of pesticides present in sampled
waters, using a screening approach to identify polar pesticides contained in the suspect
measurement suite. A fering procedure was manually applied to the workflow to increase
confidence in pesticide identification. Devices were deployed to describe pesticide fate and select
pesticides persisting through treatment for catchment interventions to mitigate pestmideation.
Routine monitoring (spot sampling) at several sites in raw waters and the treatment stream is
evaluated alongside qualitative screening datam&ans clustering was applied to reduce data
complexity and highlight similarities in fate within abétween groups of pesticides during several

drinking water treatment processes.

Our approach coupling passive sampling data to qualitative screening at representative sites in
DWTPprocess stream within a loAgrm, temporally representative monitoringrpgramme for
polar pesticideshas never been attempted until now. This research will enable water utilities to (1)
select pesticides for mitigation through catchment interventions (2) describe pesticide fate during
treatment (3) identify appropriate contols, triggers, and responsder water quality management

plans(4) improve the design of future monitoring campaigns in river catchsiand DWTR

6.1 Materials and methods

6.1.1 Overview of the study DWTP
The trial was undertaken in a DWTP located in the Arun and Western Rother river catchment in
South East England. Six sites were located at points throughout the treatment stream. A description
of the type and position of processes within the treatment atrge along with site location is
presented in Figur82. The locatiosof the six sites in the treatment stream wetbhosenbased on
the same rational@asthose selected by Stackelberg et f8.76](i.e. to account for the introduction
of raw waters and pesticide attenuation during treatment processefth each study differing in

terms of the types btreatment processes present in the respectd@&/TPs

194



L

Abstraction
(75 MLday) [T |
Treated dirty backwash '_
water ret Combined
ater return feeeemee e B
(2 ML day)

[ PACI contact tank 1 I PACI contact tank 2 ] PACI contact tank 3 ]

o

¥ ¥
[ Clarifier 1 I Clarifier 2 l Clarifier 3 ] ‘
L. T "
‘w 77777777777777777777777777777 i ___________________________________________________________ Abstraction
¥ ¥ v Y ¥ ¥ (36 M day)

L L S R

v ¥
Ozone contact tank 1 Ozone contact tank 2
o 0y
CT:J — e :-.—:
[ GAC1 I GAC 2 I GAC 3 I GAC 4 l GACS l GAC 6 ] :
L L T T L T E
<> )
_________________________________________________________________ Transfer
i (15 ML+ day)
v AJ
Cl; contact tank 1 Cl; contact tank 2

g
a
=2 DU 4 D )
=
g
=1

.............. -
Drinking water License type "
Legend Chemical dosin Sampling site
9 treatment process (ML day) ¢ P h::e\:rnv:zr:.: ;Trr::r?\h

Figure32. Samplingsites in the DWTP treatment stream and details of source waters and treatment
processes. Coagulant; poly aluminium chloride (PACI), Flocculant; polyacrylamide, RGF; rapic

gravity filter, GAC; granular activated carbon.

195



The catchmensupplying 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 cateht, whilst the final
abstraction is groundwater, occurring from a wellfield on the DWTP site. The wellfield comprises
numerous boreholes with differing water quality parametekdultiple boreholes are in operation

at anygiventime. It is necessary to &hd these boreholes with the two surface water sources to
manage the different risks to water quality originating from each discrete source (borehole or river).
Blending must manage #risk in response to shoterm changes in water quality resulting from
climatic conditions, seasonaljtand longefterm changes occurring over muitear scales. The
Arun and Western Rother river catchment has been described previfa@by571] The primary

land use within the catchment igasture (47%pr arable (28%)in addition to scattered urban
industry, woodland meadow, amenity grassland and urban conurbations (e.g. Pulborough,
Horsham, Midhurst and Petersfield»25553] The two rivers within the catchment are the
Western Rotherdraining 350 krfy and the Arundraining 380 kr These rivers meet at Pulborough
where there are surface water abstractions each river, alongside a groundwater (greensand)
abstraction for public supply. The Western Rother catchment is underlaid by chalk and lower
greensand aquifers, which contribute to the headwaters of many of the tributaries. Tributaries
underlain by the uppr greensand on the Arun are not primarily groundwater fed and-ofin
following precipitation and discharges constitute the majority of flow. Consequently, where the
influence of groundwater is lowethe hydrological regime is flashier as raff and digharges are
precipitation dependan{525]. For these reasonsatural flows on the Western Rloér are high

and relatively stable and natural low flows on the Arun are comparativelydo@&ML day. This is
augmented by daily discharges (primarily wastewater treatment works (WWTi§lIs, totalling

18 ML day}), meaning tangible low flow on tharun is 23 ML day The river Arun is tidal beloits
confluencewith the Western Rothe[525].

The abstraction on the Arun is located after the confluence with the Rother and is licensed up to 10
ML day?, with this abstraction going to bankside storg@®29]. The abstraction on the Rother is
located < 0.5 km before the confluence with the Arun and goes directly to the DWWiERe it is
blended with water pumped from the Arun abstract@rbankside storage pon@dgmbined raw

water sump before entering the treatment streaf®29]. The Rother abstraction and wellfield have

a combined license of 75 ML dawf which the wellfield is limited to 36 Miay* [529]. Raw water

from the boreholes entexthe treatment stream before filtrationproducing a progression in the
composition of groundwater and surface water mixture across the RGF gallery (groundwater

greatest in RGF 6) (see Ufig 32. In addition to the thee water sourcesthere is a 15 M day*
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transfer of treated water (groundwater source) from an outside DWAltich isblended with water

in the treatment stream immediately before the final chlorination contact tank. A dirty backwash
water return tank of dewatered and treated water from clarifier sludge and backwash water from
the RGF filters and GAC adsorbers, is licensed to supplydayiito the head of the treatment
stream, where it is mixed with the surface water abstractions. Operating condiop®cesses in

the treatment stream(e.g. retention timeand chemical dosingare optimised to achieve desired

performance in response to water quality and are comparable to similar DWTP in the UK.

6.1.2 Reagents and glassware
Solvents were obtained from ThermoFisher Scientific (Loughborough, Leicestershire, UK) and were
of HPLC graderdetter. Formic acid was obtained from Sigdlarich (Dorset, UK). Ultjaure
6L GSNI 6!'t20 06BH mMyodn amwlOY XQpuifcdton systend (MédKP R dz
Burlington, USA) and used in all laboratory procedures. Glassware was soaked ineadsf/®®
solution (Decon Laboratories Ltd, Hove, UK) overnight and rinsed with UPW then methanol (MeOH)

before use.

6.1.3 Chemcatcher® preparation
A hydrophilieft A LR LIKAETAO ol tl yOSR nt1 YY-L) (Bbtdde| Ubpsalal G f |
Sweden) with a highffinity for analytes over a broad polarity range was used as receiving phase
within the Atlantic version of the Chemcatcher® (AT Engineering, Tadley, UK), overlain with a
circular 52 mm diameter Polyethersulfone (PES) (Supor® 200, 0.2 um pore diamétsiprdif
membrane. Each discrete diffusion membrane was punched from a PES sheet, obtained from Pall
Europe Ltd (Portsmouth, UK). Previous research details preparation of the Chemcatcher® used in
this work[535,571](Figure9). Preparation includes steps to clean and condition PSD components,
followed by construction and storage at 4°C in UP\Vd sealed polyethylene terephthalate (PET)
container before deployment. 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.
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6.1.4 DWTP deployment of PSDs
Chemcatcher® PSivere deployed at the six sampling sites (location details are given in Bgure
for 20 consecutive deployments over tarelve month period (March 2019 to March 2020).
Deployments lasted 2 - 3 weeks, with an average duration of approximately 2.5 weeks. The
discrepancy in deployment length was unavoidabke access tthe DWTP had to be coordinated
with operational personelat the water utility. Sampling occurred over a year to enstine effects
of seasonal variaility on pesticide occurrence and abundance in raw waters and/or removal
efficacy during treatment processesere captured e.g. climatic conditions, pesticide usage,
operdional conditions, and physiochemical status of the raw waters. A cool box was used to
transport Chemcatcher® samplers during DWTP deployments. At eadiveifeSD were removed

from their container and placed into the deployment enclosure (Fi@®andFigure34).

A

Figure33. Chemcatcheé® deployment enclosudeployed in DWTRxeneath a running tap which
will cause the tank to fill and overtppreating flow over the sampling surface.

a) Pipe with hole at top to let tap water enter and holes at bottom to allow eater to exit taking
water to the bottom of the enclosure.

b) Mount plate containing three Chemcatcher® passive sampling devices.

c) Chemcatcher@assive sampling device.

The deployment enclosure contained two mounting disks, each able to hold three P8DPSH
were secured with the sampling surface facing downwards in the deployment enclosure to ensure

water exiting the inlet pipe at the bottoraf the enclosure flowed over the sampling surface.
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Figure34. Photographs of a deployment module attached to sampling cabinet (A); Chem@tcher
devices in situ within deployment module (B); fouled Chemcatcher® devices in mount plate during
retrieval (C); (unfouled) Chemcatcher® devices in mount plate during retrieval (D); Clips holding
Chemcatché®devices in mount plate during deployment (E) £&hemcatcher® devices wrapped

in aluminium foil after retrieval (F).
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Positioning PSEwith the sampling surface facing downwaralso reduced the extdrof fouling at

sites with particulate and colloidal matter in sampled water. A valve controlled the flow rate of the
sample line connected to the inlet pipe of each deployment enclosure. The sample line was secured
to the inlet pipe to prevent short circting of sampled waters within the deployment enclosure.
Valves were adjusted to achieve comparable flows at each site. After deploy@eeincatcher®
samplers were removed from the deployment enclosure, wrapped in aluminiuppfaded in a
labelled zip dck bag and transported to the laboratory in a cool box and stored at°€ until
extraction, which usually occurred on the same day. During each deployment and retrieval

operation, two new PSBwere exposed to serve as field blanks.

6.1.5 Chemcatcher® extragn
Exposed and blank Chemcatcher® samplers were disassembled in the laboratory. The HLB disk ar
PES membrane were removiahd the later discarded. The HHBdisls werethen dried (~ 24 h)
on MeOH rinsed aluminium foil at room temperature, after whilbhy were stored at18°C, then
thawed prior to extraction. HL-B disks were extracted in a manifold, using 40 mL of MeOH to elute
disks into glass vials (60 mL) under gravity. One mL of HPLC grade water was added to the glass vie
containing the eluent ssan analyte retainer during evaporation. Extracts were evaporated to ~ 0.5
mL in a Genevac EZcentrifugal rotary evaporator (Genevac Ltd, Ipswich, UK) set at 40°C. Extracts
were then transferred to 2 mL deactivated (silanized) vials (Agilent, Santg OBA), adjusted to
1 mL with MeOH, weighednd then stored at-18°C prior to instrumental analysis. Only one

exposed and one blank were extracted. The other set of disks were used as back up samples.

6.1.6 Instrumental analysis and filtering procedure
Instrumental analysis of passive sampling extracts was performed with liquid chromatography
coupled with timeof-flight mass spectrometry (G- TOF). One instrumental run of each aliquot
were undertaken for analysis of each sample. Instrument stability and raassracy was
periodically checked through analysis of reference standards. A Dionex Ultimate 3000 UHPLC
system comprising a Dionex Acclaim RSLC #2h@lytical column (2.1 i.d. x 200 mm length, 2.2
>Y LI NIAOES aiAxil S03 6 ¢ Germang) and A HakGubkdl, AdQUinSUPLAABERN O
Gg 3dzZl NR O2fdzyYy omedtr >Y LI NIAOES &AT Soz 621}
chromatographic separation. A Bruker Maxis Impact Il electrospray high resolutiorotiftight

tandem mass spectrometer (DFMS) (Bruker Daltonics, Bremen, Germany) was used (capillary
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voltage, 2500 V; end plate offset, 500 V; nebulizer pressure, 2 bardifying gas, 8 L min(Ny);

drying temperature, 200 °C). HyStar software (rev. 3.2) and Target Analysis for Scrawhing a
Quantification (TASQ®) 1.4 software (Bruker Daltonics, Bremen, Germany), were used for data
acquisition and interpretation, respectively. The coupled hardware and software are commercially
FGFATFotS yR 2LIAYAA&ASR T2 tdbaseNgapsswhRbasanpesiniers O A
screened. The full method has been described previds8y,571]

Mobile phases A (water containing 10% of MeOH, 5 mM ammonium formate and 0.01% v/v formic
acid) and B (MeOH with 5 mM ammonium formate and 0.01% v/v formic acid) were used to achieve
gradient separation. The column was maintained at 30°Cramd >[ 2F SEGNI Ol F
phase A (1 : 9 v/v) was injected. The gradient and flow elution programme was 0 min, 1% B, 0.2 mL
min; 3 min, 39% B, 0.2 mL minl4 min, 99.9% B, 0.4 mL mjrl6 min, 99.9% B, 0.48 mL nin

16.1 min, 1% B, 0.48 mLind; 19.1 min, 1% B, 0.2 mL mijnand 20 min, 1% B, 0.2 mL min
Automatic mass axis calibration was undertaken with a calibrant solution (1 mM sodium formate in
water/isopropanol/formic acid (1:1:0.01 v/v/v)) prior to each analytical run. Data wasigexin

positive ionisation mode, between 0.8 and 15 mins using the broadband coliiglaned
dissociation (bbCID) acquisition mode of thefQFMS. The scan rate was 2 Hz and spectra were
recorded between m/z 30000. In bbCID full scan and MS/MS speeotrere generated by
alternating between low (MS) and high (MS/MS) collision energies of 6 eV and 3GAX+TASQ®
performed an automatic comparison of extracted ion chromatograms with a signal to noise ratio <

o F3IAFAyad GKS2 NS Iippa)land reventianitime (©Wbdzi), O prodacg annnjiial

list of identified analytes in the ChemcatcHezxtracts. Manual verification of this initial list was
performed to remove false positives, using the followanteria: isotopic fit < 250 mSigmaith a

peak abundance > 3,000. Any analytes present in the mobile phase were removed from the list of
analytes found in the Chemcatcieextracts. Analytes present in the field blank were also removed

if the response was < three times those of the fielg@sed samplers. Following filteripgfinal list

of identified analytes was compiled

6.1.7 Spot water sampling and instrumental analysis
Spot water sampling was undertaken by the local water utility company (Southern Water Services)
(March 2019 and March 2020) as part of their regulatory monitoring programme and operation
monitoring of the DWTP. Sampling occurred at sites in raw watersvéhih the treatment stream.
Samples were collected (1 L) in glass bottesl transported to the laboratory and stored (~ 4°C)

prior to analysis. Samples were analysed (either directly or extracted usirgP& cartridge
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depending on the class of pollutg for a predefined number of pesticides using either-GIS/MS
or LGMS/MS in a UKAS accredited laboratd@pot water sampling was performed fate sites in
this work At Site A sampling of raw river watessas performedorior to entering the DWTFAL Site
B the combined raw waters originating from the ground water abstracti@ne sampled Spot
sampling in the treatment stream took place at the same locations as passive safig, 5

and 6

6.1.8 Multi-variate statistical analysis
Microsoft Excel wassed to calculate descriptive statistics of identified pesticides after transferring
outputs from TASE) Multivariate analysis was performed in Agilent Mass Profiler Professional
(MPP, B.14.9.1). Data was imported to MPP in a generic format. Pesticideenoeu(detection
frequency) and abundance (peak area of instrumental respongif) progression through the
treatment stream of the DWT,Rvere interrogated using4heans clusters. This identified trends in
fate for identified pesticides and characteris#éue efficacy of removal by treatment processes.
Multivariate statistical analysis usingnieans clustering enabled data dimensionality reduction so
clusters within the large data set could be visualised for grafipgsticides possessing similar fate
throughout treatment processedn addition to elucidatingtrends in the removal efficacy for
different processes over tim@&he e/aluation of qualitative passive sampling data during catchment
monitoring with multivariate statistics hgsreviouslybeen perfamed to reduce data complexity
and identify trend4535,571]

6.2 Results andliscussion

6.2.1 Use ofChemcatcher®
Sampling was performed at six siteger 20 deployments lasting twelve months, totalling 120
deployed samples (120 duplicate Chemcatcher@sP 3 samples were retrieved and analysed.
Significant fouling on the PES membrane was limited to Site 1 and varied between deployments.
The ncreased fouling at Site 1 was due to the greater turbidity and suspended particulate matter
present in raw water Previously, this version of the Chemcatcher® has been used for monitoring
polar pesticides in river catchmer[#30,499,535,571]Deployment of Chemcatcher® in a river next
to the abstraction of a DWTRNd post clarification in the seenDWTP to monitor metaldehyde

found that passive sampling provided comparable results to online monitoringlbahighlighed
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the differential effect of ambient conditions on uptake kinetics between PSDs deployed in surface
waters and DWTHg31]. As aldeploymentsoccurredin uniform enclosureswithin the treatment

stream the dissimilarityin ambient hydrologicatonditionsis expectedto be lower in this work,
however a difference in matrix composition is expected at each site as a consequence of DWTP
treatment. It shouldbe acknowledged that although effort was made to equalise flows across all
enclosures, changes in head within the treatrhstream during deployment did lead to variation

in flow. Additionally, flow entering enclosures was reduced on several occasions by staff at the
water utility to accommodate site operation, in addition to an instance at Sitehre sediment
blocked theinlet pipe of the enclosure causing short circuiting of water. THas®rsare thought

to havehad only minimal effect on device performance, with any variation substantially lower than

that observed in surface watera/here large variation in ambient oditions is possibl§l0,571]

The se of passive sampling is particularly advantagewithin the treatment stream of DWTPs
because Chemcatcher® PSD are a time integrative sampling methad avoids the need to
development ofcomplex sampling strategies to account for the process retention time and/or
variation in DWTP operation. Strategies typically used in monitoring approaches employing discrete
methods include flow and/or time proportional composite samplifiy6], or timing of spot

samples to account for process retention tifaa 7].

6.2.2 Pesticides identified b@hemcatcher®
Passive sampling with ChemcatcReroupled to suspect screening identified a total of 58 pesticides
(here defined as actives and other compounds used in pesticide and biocide formulations) (Table
37). Approximately half of the identified pesticides have not been monitored within the DWTP
previously and extensive monitoring to determine pesticide fate has been performed for fewer still.
Identified pesticides are those that were amenable to the sampling and instrumental methods used
in this work and are not exhaustive of all pesticides ptitdly present. Such potentially present
pesticides include acid herbicideshich are not sequestered onto the HLBeceiving phase used
in this version of the Chemcatcher®, and metaldehyddich is not amenable to mass
measurement with the instrumentahethod used here. The |d§. of identified pesticides ranged
between-1.83 and 5.9with the exception of merphos (lo&w = 7.67) which was only detected
twice. This is a similar range to that found by Ahrens efaB9](-1.9 to 5.3) using the POCIS passive
sampler containing HLB receiving phase, and Taylor ef5d@ll] (-1.0 and 5.9) using the same

configuration of Chemcatcher® as this work.

203



Table37. List of pesticidedetected in extracts from the Chemcatcher®, their type, instrumental paramatersummary of occurrence at each site and in
all samples. Key: Fun = fungicide; Her = herbicide; Ins = insecticide; PGRBrewthrregulator; Rep = repellent; TP = transformation product. CAS = chemical
abstract number. RT = retention time.

" : Site Site Site Site Site Site No. %
Analyte Name Type Composition CAS RT [min] Mass [m/z] 1 2 3 4 5 6 detection Detection
2-hydroxyterbuthylazine TP GoHigNsOM* (6675307-9) 5.7 212.1506 3 2 3 1 9 8
Atrazine Her GeHisCIN* (191224-9) 8.16 216.101 1 15 13 2 2 33 28
Atrazine 2Hydroxy TP GgHiNsOM (216368-0) 5.03 198.1349 1 1 1
Atrazinedesethyl TP GsHi1CIN* (619065-4) 5.73 188.0697 1 8 11 2 3 25 21
Atrazinedesisopropyl P GHCIN* (1007:289) 4.75 174.0541 2 2 4 3
Azoxystrobin Fun GooHigNaOs* (13186033-8) 9.02 404.1241 1 1 2 2
Boscalid Fun CigH13ChN,OH (18842585-6) 9.4 343.0399 6 4 5 1 16 13
Chlorotoluron Her CioH14CINOH (1554548-9) 7.98 213.0789 1 1 1
Clomazone (Command) Her CoHisCINQY (8177789-1) 8.89 240.0786 1 1 2 3 7 6
Clothianidin Ins GHsCING,S+ (21088092-5) 4.9 250.016 6 1 5 5 2 19 16
Cycluron Her CriHsNL, O (216369-1) 8.47 199.1805 1 1 1
Cyproconazole Peak 1 Fun CisHioCINOM* (9436106-5) 9.69 292.1211 1 1 2 4 3
Cyproconazole Peak 2 Fun CisH1oCINOM* (9436106-5) 10.01 292.1211 1 1 2 4 3
DEET (Diethyltoluamide) Rep CioHigNO+ (13462-3) 8.2 192.1383 20 19 20 19 20 20 118 98
Dichlorobenzamide TP GH;CINO* (200858-4) 4.48 189.9821 19 17 19 18 7 2 82 68
Dichlorvos Ins CHsCLO,P* (62-73-7) 7 220.9532 2 2 4 3
Dimethomorph Peak 1 Fun GoHasCINQH* (11048870-5) 9.22 388.131 1 1 2 2
Dimethomorph Peak 2 Fun GiHCINQY* (11048870-5) 9.59 388.131 1 1 2 2
Dimethylanilin (N.N TP GeHioN* (121-69-7) 6.04 122.0964 2 2 2
Diuron Her GyH11ChN, O (33054-1) 8.55 233.0243 1 2 3 1 7 6
Epoxiconazole Fun Ci7H14CIFNO™ (13385598-8) 10.26 330.0804 5 7 4 2 18 15
Esbiothrine (NH4) Ins CigHzoNGs1* 26035957-5. 58479-2) 12.33 320.222 1 1 1
Ethoxyquin Fun CigHoNO+ 91-532 10.11 218.1539 2 2 4 3
Fluopicolide Fun CisHoCERN, O (23911015-7) 9.5 382.9727 1 3 4 3
Fluopyram Fun CiH12CIRN, O (65806635-4) 9.86 397.0537 2 1 4 7 6
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Analyte Name

Flutriafol
Fluxapyroxad
Foramsulfuron
Griseofulvin
Hymexazol
Imidacloprid
Isomethiozin
Maleic Hydrazide
Melamine
Merphos
Metazachlor
Metobromuron
Metolachlor

Metribuzin

N-2-4-Dimethylphenylformamide

Nicotine
Nitenpyram
Oxadixyl

Pirimicarb
Propazine
Propiconazole |
Propiconazole Il
Propyzamide
Prothioconazole desthio
Pyrethrin: Jasmolin |
Quinmerac
Schradan

Sebuthylazine

Type

Fun
Fun
Her
Fun
Fun
Her
Her
PGR
TP
PGR
Her
Her
Her
Her
TP
Ins
Ins
Fun
Ins
Her
Fun
Fun
Her
TP
Ins
Her
Ins

Her

Composition

CigHiaRNzO*
CigHiaFsN;OH
Ci7HNsO, S
Ci7HisCIQ
GHNG
GHiCINOM
CioH1N,0S*
GHN O
GoHNe*
CioHeP S
Ci1H1sCINO*
GHiBING,*
CisHsCINQY
GgHisN,OS*
GHLNC
CioHisNoH+
Ci1H16CINO
CigHi1gN O
CuHigNs O
GHCIN
CisH1sChNOM
CisHisChN:O*
CioHi,CINOH
CiaHieChNOM
GoHa 05"
CuHCINQ
GoHsNaOsPH*
GHCIN

CAS

(7667421-0)
(90720431-3)
173159574
(12607-8)
(1000444-1)
(13826141-3)
(5705204-7)
(123331)
108781
(150505)
(6712908-2)
(306089-7)
(51218452)
(2108764-9)
(6039777-5)
(54-11-5)
15082447-8
(7773209-3)
(2310398-2)
139402
(6020790-1)
(6020790-1)
(23950585)
(12098364-4)
(446614-2)
(90717036)
(152169)
(728669-3)

RT [min] Mass [m/z]

8.12
9.61
7.37
8.04
13
4.76
11
1.7
1.45

8.11
8.15
10.29
7.07
6.67
241
3.9
6.29
7.77
9.16
10.93
11.05
9.69
10.43
13.35
4.75
5.36
9.09
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302.1099
382.0973
453.1187
353.0786
100.0393
256.0596
269.1431
113.0346
127.0727
299.1085
210.068
259.0077
284.1412
215.0961
150.0913
163.123
271.0956
279.1339
239.1503
230.1167
342.0771
342.0771
256.029
312.0665
331.2268
222.0316
287.1396
230.1167
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1
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Site Site Site Site Site  Site No. %

Analyte Name Type Composition CAS RT [min] Mass [m/z] 1 2 3 4 5 6 detection Detection
Simazine Her GHCIN (122349) 7.07 202.0854 5 9 1 15 13
Tebuconazole Fun CigHaaCINOH (10753496-3) 10.87 308.1524 6 3 9 8 2 28 23
Tebufenozide Fragm 297 Ins CigHbiN O+ (11241023-8) 10.45 297.1598 1 1 2 2 6 5
Terbuthylazine Her CoHhCIN (591541-3) 9.36 230.1167 1 1 1 6 9 8
Uniconazole PGR CisHhoCINO (8365722-1) 10.46 292.1211 2 2 2
Sum detections 116 70 158 198 59 46 647

Mean 5.8 35 7.9 99 295 23 54
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Filtering of the initial suspect list and removal of 24 pesticides present in blanks left 58 pesticides.
Fungicides and herbicides each accounted for 31% (18 compounds) of detected pesticides, whereas
insecticides and ™WPeach made up just 16% (9 compoundsith PGRs (3 compounds) and
repellents (1 compound) accounting for 5% and 2% of detected pestjcesgsectively. There were

647 total detections within 120 samples, with a mean of 5.4 pesticides detected per sdmple.
filtering criteria of 15ppm, 250 msigma, and presence diagnostic ion are apgiieedumbers of
identified pesticides and total detections were reduced to 44 and 504, reductions of 25% and 22%,
respectively. Herbicides had the most detections (2023 Xollowed by TPs (140, 22%), fungicides
(138, 21%), and repellents (118, 18%), with significantly fewer detections of insecticides (44, 7%)
and only 6 detections of PGRs (1%). If the mean detections per compound for each pesticide type
is calculatedthis is greatest for repellentst 118, solel\dueto DEETwhich is often found to be
ubiquitous in samples during monitoring in various environmental compartmgss,557,571]

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 detectio

frequency > 50%, with the next highest occurrence being the herbms&tazachlor at 31%.

During the preceding twelve months, catchment monitoring in the source waters of the studied
DWTP was undertaken and reported elsewhere, with 12 and 16 of the pesticides detected here
absent in catchment monitoring on the rivers Rotlaed Arun, respectivel}p35,571] Similarly, 11
pesticides detected here were absdnbm both rivers howeverit should be noted that detections
have been made according to slightly different filtering criteria here and in each of these studies.
Furthermore 129 and 111 pesticides were detected on the rivers Rother and espectively,
approximately double the number present in the DW5B5,571] Fewer pesticides were detied

at the raw water abstractions on each river however, with only 69 and 67 detections on the river
Rother and Arunrespectively|535,571]

It is unsurprising that fewer pesticides are presesmd occurrence is lower within a DWTP, as
treatment processes are designed to remove various suspended, colloidal and dissolved fractions
from process waters leading to attenuation of pesticides amenable to removal. It could be
reasonably anticipated that pesticide occurrence would be greatest immediately after entering the
treatment stream, with reductions observed at subsequent sites. Counterimélyf this trend is

not universally observed at all sites in our study. Reduced occurrence between sites 1 and 2, 4 and
5 and 5 and 6 is observed, and an increase in abundance between sites 2 and 3 can be attributed
to groundwater entering the process sam here. However, an increase in occurrence between

sites 3 and 4 is not a result of any inputs. Site 4 had the largest values among all sites for occurrence
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number of pesticides and mean compounds per sample, M8 total detections, 48 pesticides

and9.9 compounds on average

6.2.3 Treatment processes employed in the DWTP
Pesticide attenuation during drinking water treatment occurs through removal (e.g. adsorption to
carbonaceous sorbents, reverse osmosis and nanofiltrgtiandl transformation via chemical
oxidation (e.g. ozonation and chlorinatiomnd photodegradation (e.g. ultraviolet}10,575]
Removal most commonly occurs through adsorption to atéigs carbon sorbents deployed in
granular form in filter bed§578]. Adsorption is concentration dependant and affected by ambient
conditions (e.g. temperature, pH, presenof competing adsorbates), similarly the enthalpy of
adsorption depends on the surface chemistry of adsorbent and adsorbate and the morphological
constrictions governing surface interactions between th€sey. molecular size, pore shape)
[579,580] The capeity of the adsorbent reduces overtime causing reduced removal efficacy,
moreover, providing it is energetically favouraplgesorption may also occur, reintroducing
pesticides into the treatment streanfb79,580] The properties (i.e. material, pore structure,
surface area, applied treatment) of the different adsorbegiffect their associated removal efficacy
for different pesticides, as does retention time in the filter bed and thike pre-oxidation is
practiced[579,580] Transformation occurs after oxidant dosing at various points throughout the
treatment stream, with oxidation through ozonation and chlation in widespread usg69,581]
Pesticide transformation products (TPs) and other disinfectiopriogucts (DBPs) may result from
chlorination [569] and ozonation[582]. TPs may retain the biocidal properties of their parent
compound, and/or e present at higher concentrations, however relatively little is known about
the presence and fate of kmmn TPs, and many remain unidentifig6,583] The chemical oxidant
dose and contact time can be optimised to achieve the desired efficacy whilst keeping TP and DBP
formation to a minimum582]. Ozonation is routinely performed as a greatment to condition
waters so the removal of organics, such as polar pesticides through GAC filtration/adsorption is

promoted[579,580]

Table38 presents a review of treatment process performance for a selection of polar pesticides.
Comparison of process performance between studies must be done cautiously -bBaskdb
investigatiors are often not representative of an operational DWTP (e.g. unrealistically high oxidant
dose; 18 mg Gl* (seeTable38)). Likewisgthe configuration and operation of processes can differ

significantly between DWTPS84].
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Table38. Review ofemoval efficacy for GAC, PAC, ozonation and chlorination for a selection of
polar pesticides and treatment conditions.

Removal efficacy (%)

Pesticide Sources
GAC PAC O3 O;+PAC  NaOClI Treated vs Raw

Carbendazim 34*1 88 [574]
Tebuconazole 18* <10 67-88 [573,574]
Imidacloprid ~20% <10 4877 [573,574]
Boscalid 46 [574]
Epoxiconazole 71 [574]
Azoxystrobin ~30% <10 90-100 [573,574]
Diuron 65-100 75*2;, 70100  95*2-100 100* [572,585]
3,4-Dichloroaniline 70 85+*2 100*2 100%8 [572]
Metholachlor 75 70%2 85*2 <1025*3 54 [572,574]
Simazine 62 55-88 65*2 85*2 0-50*2 [572,585]
Propazine 55 50%2 75%2 30%3 [572]
Terbuthylazine 60 45%2 80*2 30*3 [572
Prometryn 60 45%2 100*2 100% [572]
Terbutryn 65 55%2 100*2 100% [572]
Diazinon 71 65-100 >05 [569,585]
Glyphosate 1090 322 96*5; 60->99 71->99* [585,586]
AMPA 20-70 0-12 >99% >99% [586]
Metaldehyde 81-93 ~0 ~0 [587,588]
DEET 2575 40-70 4973 35, 8898, 0 [576,58%591]
Metazachlor 58-86 [592]
Atrazine 55 50*2 80*2 20%3 97.5100 [572,589]
Atrazinedesethyl 40 55%2 60*2 95+3 88.499.9 [572,589]

*1(0.51.5 mg QL*); *2(4.3 mg QL*Y); *3 (18 mg GIL*Y); *4(1.381.56 mg GIL*Y); *5 (2 mg Q LbY).

In our discussionwe focus on the fate of pesticides through the treatment stream during each unit
process by evaluating monitoring data from PSDs deployed at sites positioned between said
processes (see FiguB2). A summary the pesticide occurrence at each site is ptesgeim Table

37. Evaluated treatment processes are clarification, rapid gravity filtration (RGF), ozonation and
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disinfection by chlorination. A summary of pesticide occurrence at each site is presented in Table
39below.

Table39. Summary opesticide occurrence and removal at sites 1 to 6 located in the treatment
stream of a DWTP, determined through monitoring with the Chemcatcher®.

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
Mean detections per sample 5.8 3.5 7.9 9.9 2.95 2.3 5.4*
No. pesticides absent previous site - 5 22 11 1 2

No. pesticides present previous site - 18 18 37 20 9

No. pesticides first occurrence 34 5 9 9 0 1

No. pesticides final occurrence 2 2 3 28 12 11

Reduction % no. occurrences - 40 -126 -25 70 22 93*2
Removal % no. pesticides - 32 -74 -20 56 48 81*2

*IMean detections for all sample®? Calculated based on sum at all sites and value at Site 6.

i) Abstraction of raw waters

Abstracted raw surface waters enter the DWTP where they are sampled at Site 1 prior to
undergoing clarification. 34 pesticides were present at Siteith a total of 116 detections. Most

of the pesticides present at Sitevlere herbicides and fungicides used on OSR and cerieals
addition to insecticides and repellents with both diffuse and point sources. Two pesticides detected
at Site 1were not se@ at subsequent sitesamely, dimethylaniline and maleic hydrazide, which

are a TP and a PGR, respectively. These were present in < 10% of samples at Site 1

1)) Clarification
Clarification employs coagulation and flocculation to separate colloidal and sdeggrarticles
into sludge which is retained in the clarifiers. Three clarifiers are operated in parallel in the studied
DWTP. Clarification removal efficacy was 48étermined by the change in the total number of
occurrences, and 32%letermined by the bange in the total number of pesticides present.
Clarification was found to be a minor route for pesticide attenuation by Stacklberg ¢52b],

accounting for only 15% of pesticide removal. Héris likewise thought that clarification does not
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contribute significantly to pesticide attenuation asly two pesticides present at Site 1 are absent
at all subsequent sitegnd five pesticides appear for the first time at Site 2. Of the 34 pesticides
present at Site lnine are absent at Site 2 but occur later in the treatment stredimese
compoundswere either not removed by clarification or were reintroduced to the treatment
stream. Clarification removal efficacy over a wide range 718%) was observed by Stacklberg et
al.,[576], and it is likely that attenuation was partly responsible for the reductiortké@mumber

of occurrencesand pesticidesobserved between sites 1 and 2 in this work.

HuertaFontela et al.[577] observed that moderately hydrophobic micropollutants with a Keg

> 2.5 could sorb to particles during clarification. Nam et(@014)found between 9 and 100%
removal for micropollutants durip clarification, with the removal of micropollutants with a LQg

> 2.5 increasing with turbidity, supportirtiye idea that removal of these compounds does occurs
through particle association and retention in sludge. Henee found that removal during
clarification was not correlated to Ld§w and solubility, although we found removal occurred over

a similar range to Nam et a]584]. The removal of more hydrophilic compounds during clarification
was suggested to occur due to hydrolysis during coagulation by Stacklberg E76l,,who
hypothesised this explanation fahe removal of pharmaceuticalsuch as sulfamethoxazole or
acetaminophen, in addition to Hueraontela et al.[577]who observed a similar reduction for the
hydrophilic pharmaceutical hydrochlorothiazide (Lkg < 0). Nam et al.,[584] attribute the
removal of several polar micropollutants idog clarification to aggregation with coagulant cations.
Understanding the mechanisms driving attenuation during clarification here is a low priority as
subsequent treatment steps contribute to a greater proportion of attenuation of pesticides present

in potable water.

Changes to the physiochemical properties of the sampled water after pH optimisation and
coagulant/flocculant dosing during clarification may have influenced uptake into PSDs. Such altered
uptake cannot be ruled out and could occur in seVerays. Firstly, any changes in the speciation

of dissociated pesticides may lead to a reduction in neutral species amenable to sampling. A similar
effect was observed by Tran et g456] for ionised species of several polar pesticides that were
retained in a polystyrene divinyl benzene sorbent (similar to the HLB sorbent used here) in their
neutral forms only during passive sampling. Secondly, the coagulant acts to increase the zeta
potential of the bulk water, that is to reduce the repulsive forces. Whether this could affect uptake
into PSDs, or by what phenomena is unclear, as at present we do not have a complete mechanistic
understanding of the uptake process for polar compoufid}437,438] Finally, it is possible the

flocculant could have promoted fouling on the DM surface, reducing the sampling rate of pesticides
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according to transport through the fouling film or due to pore obstruction. No fggmit fouling

was observedso any effect would be anticipated tme minimal, and increase based on solute
hydrophobicity, with such a relationship having been observed previously with uptake of PAHs to
POCI$5]. Based on the uncertainty swunding the processes responsible for the differences in
passive sampling monitoring data in water exiting the clarifiers (Sitarg) the reduction in
pesticide occurrence at this site, it may not be appropriate to deploy passive samplers in such

watersuntil the effects of matrix compaosition on solute uptake into passive samplers is understood

iii) RGF filtration and groundwater dilution

Groundwater enters the treatment stream in the RGFs where it is mixed with the supernatant water
from the clarifiers. Thenixing process is unevemeaning the composition of water in the RGFs
favours the clarifier supernatant composed of surface water towards R@RdAgroundwater
towards RGF,Focated at the opposite end of the filter gallery. Arrangements where grouteiwa

is introduced to the treatment stream after clarification or filtration are not unusual in DWTPs with
raw water abstractions of surface water and groundwater. For exarhjlertaFontela et al.[577]
undertook monitoring throughout the treatment stream of a DWTP where dilution of water in the
treatment stream with between 6 and 30% groundwater took place after sand filtration, broadly
similar to the dilution range in the DWTP studied here. The taihlrae of the combined surface
water and groundwater abstractions was greatest in summer due to the increased demand for
water in months with lower rainfall. A range of boreholes are located onsite, these are periodically
used and rested to manage water mgce quantity, whilst abstracted water from all boreholes is
mixed to manage the water quality risks associated with each borehole. Monitoring of boreholes
for pesticide pollution is performed by the water utility but was not performed in this work iouiav

of monitoring the treatment stream after the introduction of borehole water.

RGFs contained an anthracite medidnich is designed to polish water (reduce turbidity) arriving
from the clarifiers. Backwashes occur at regular intervals or in responsectedance of critical
limits for turbidity in RGF filtrate. 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. However, RGF filtation is not performed for pesticide removal and limited
removal is anticipated for most pesticides. The importance of any removal due to sorption to RGF
media is not thought to be of significant consequence to pesticide occurrence in treated water as
compounds are expected to experience far greater adsorption to GAC media if removal occurs

during RGF. The removal efficacy between sites 2 and 3 ¥26% determined by the change in
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the total number of occurrences and74% determined by the change in thetal number of
pesticides present. Only two pesticides have their final occurrence in the treatment stream at Site
2, whereas nine pesticides appeared for the first time at Site 3. Simazik@own groundwater
contaminant is detected for the first timeat Site 3, whilst the frequency of atrazine occurrence
(75%) is significantly greater than at previous sitesere it is only detected in a single sample.
Atrazinedesisopropyl a TP of both simazine and atrazine formed i34, is likewise detected

for the first time at Site 3. Whilst atrazirgesethyl, a atrazine TP also formed in g&M], displays

a similar relationship to its paresbmpound at Site 3 with significantly increased occurrence. These
four pesticides were also detected during monitoring of surface waters in the catchment supplying
the DWTH535,571] however monitoring here suggests the ground water abstraction is the major
source of these pesticides in the DWTP. Pesticide occurrence in groundwater iseuetiahted
[393,498,536,570]0ur observations support the hypothesis that removal in the RGFs is negligible,
with the apparent negative removal rates caused by pesticides entering the treatstigram in
groundwater, leading to supplementation of pesticides already present, and/or the introduction of

pesticides not found in raw surface waters

iv) Ozonation

Ozonation has been used during drinking water treatment as botlismfectant, and for pre
treatment of process water prior to absorptipprocessessuch as is practiced at the DWTP in this
work. Ozone is an oxidanwhich selectively attacks functional groups rich in electrons (e.g. double
bonds, amines and aromatiings)[581]. Two ozone contact tanks are operated in parallel, with
each containing three dosing points that maintain the residual ozone concentration through the
tank (~1 mg ). Residual ozone is removed before water enters the GAQraels. Site 4 and Site

5 are located before and after the ozone contact tanks. The mean removal through ozonation was
- 25%, based on the number of occurrences at sites 3 and 4¢ 2084 based on the number of
pesticides, with negative removal occurrif@y many compounds. This compares to removal of
between 18 and 100% in a variety of lab and field trails investigating ozone doses of between 0.5
and 4.3 mg ©L*. Dong et al.[574] found that tebuconazole and imidacloprid removal ifiud

scale DWTP with a residual dose of 0.5 to 1.5 md*) was ~20% and slightly greater for
azoxystrobin at 30%. This is a similar dose to the DWTP studied in this work, where mean removal

of tebuconazole and imidacloprid was 11% aid%, respectisly.

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
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PSBas the same mechanisms drive both phenomena. Sudffect is supported by the instances

of negative removal observed during ozonation in the passive sampling data, which is broadly the
same whether abundance or occurrence is used in this calculation. For examplejattiee
herbicidessimazine (80 or 90%@trazine-desethyl (38 or 48%), argtopazine, sebuthylazine and
terbuthylazine(500 or 527%), with the latter three herbicides occurring in the same samples,
probably due to the isobaric nature of these compouffsi30]. Ormad et al.[572] investigated a
higher dose (4.3 mg ") in laboratory testsfinding ~50% removal for a range of triazine
herbicides unlike our work where the only triazine herbicide with reduced occurrence and/or
abundance following ozonation was atrazinel®%).HuertaFontela et al.[577] also applied a

high ozone dose in laboratory experimeigismg Q L*%), observing removal over a large range for

a variety of micropollutants. They were only partially able to explain the variation observed through
the presence and distribution of moietie @dzf Yy SNl 6t S G2 RANBOG NBI O
The effect of high pesticide concentrations and the interference of other oxidants during ozonation
was highlighted alongside the influence of matrix composition (raw water type) as potential
expanations for the unexpected observations for removal of micropollutants. Heeeobserve

little pesticide attenuation during ozonation possibly duettee comparatively low dose used
operationally compareavith benchtop studiesand the confounding efféd¢hat ozone conditioned

water may have in promoting uptake into PSDs

V) GAC adsorption

Six GAC adsorbers are operated in parallel at the study DWTP. All six adsorbers are typically ir
operation, however regeneration of GAC media occurs at intervals. Regemeis necessary as
removal efficacy falls as media become saturated with[698]. During regeneation, an adsorber

will be removed from service for a period and then slowdintroducedthrough a process of
increasing flow over several weeks. This is necessary to accommodate metal desorption (e.qg.
manganese) from newly regenerated media. As susdich adsorber must have its media
regenerated in turn, and the age of the media in everyaaber and resultantlytheir sorption
capacity and removal efficacy, are different. Understanding the implications of changes in GAC
performance over time is important for water quality managers, as substantial loss in performance
can occur unnoticed. Thimppens because it is difficult to capture episodic pollution events leading

to breakthrough at concentrations above the DWQS using discrete spot saififlingikewise, the

loss of performance with media age can also leadesorption of pesticides and breakthrough in
GAC filtratg593].
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48 pesticides were detected at &, whereas 21 pesticides were detected at Site 5. 28 pesticides
were removed entirely in the GAC adsorbers. There was one instance (primicarb, one occurrence)
where pesticides present at Site 5 were absent at Site 4, indictitaiglesorption from GAC adia

may be the source. The mean GAC removal efficacy was 7@%éd on the total number of
occurrences at Site 4 (198) and Site 5 (59), whereas removal efficacy was 56% based on pesticide
present at each site. Removal efficacy was also calculateskferal pesticides present at Site 5,
however due to the qualitative nature of monitoring dathis is presented in a later section. The
frequency of GAC breakthrough (defined as the number of detections at Site 4 vs Site 5 for each
pesticide) varied betweeh00% and 0%with DEET and foramsulfuron each occurring on one more
occasion at Site 5. Negative removals may result frosituformation of TPs following degradation

of a parent compound, unrepresentative sampling, or due to analytical artifa®#], however
desorption fom GAC media is the suspected cause here. Considéwigbreakthrough frequency

for the pesticides present at Site 5 that did not always break through, this ranged from 11%
(simazine) to 86% (metazachlor). Stacklberg et[al6] 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 minutes investigated is unusually short and may not be analogous to the®?DWT

this study

Vi) Final disinfectiorand transfer

The final treatment process is disinfection through chlorination (dosed in the form of hypochlorite;
NaOCI) leaving a residual for distribution (~ 1.2 nig Chlorination occurs in two contact tanks
immediately after an oubf-area transfer joins the treatment stream. Site 5 is located before the
transfer and Site 6 is located after treated water exits the contact,taefore entering distribution.

21 pesticides were detected at SitevBhereas eleve pesticides were detected at Site 6. Twelve
pesticides were removed entirely during disinfection. There was one instance (isomethiozin, one
occurrence) where pesticides present at Site 6 were absent at Site 5, possibly indicatitige
transfer is thesource of the detection at Site 6. The detection frequency of pestiddesctedat

Site 6 rangsfrom 5% (three pesticides) to 100% for DEET. Removal efficacy was 22% (number of
occurrences at sites 5 and, 8y 48% (number of pesticides at sites 5 andr&sticides detected at

Site 6 included the six herbicides, four TPs, one repellent, and one fungicide. No insecticides were

present after disinfection

215



6.2.4 Pesticide fate through the treatment stream
Stacklberg et al.[576] found that more hydrophilic micropollutants could persist through the
treatment stream at detectable concentrations in treated waters more often, with peiage
removal in treated waters ranging from 28.00% for all micropollutants. Matsushita et §669]
similarly found a negative correlation between hydrophilicity and removal by PAC. Of the five
pesticides measured by Stacklberg et f76] only DEET had incomplete removal (35% removal
efficacy). 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 adsorben{569,572,574,576]For this reason, pesticide fate at sites 3, 4, 5 and 6
is thought to be of grater importance to understanding the risk posed by pesticides occurring in
treated waters in the DWTP studied in this work. The 23 pesticides occurring at either Site 5 or Site
6 are likewise thought to pose the greatest risk as detection at these sitksates either GAC
breakthrough, formation during disinfection, or introduction in the transfer entering the treatment

stream after the GAC adsorbers.
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Figure35. K-means clustering at sites 3, 4, 5 and 6esticides present at Site 5 grdalculated
based on mean normalised abundangsing a differential distance metric (50 iterations). Six
clusters (coloured Clusterg®) alongsidea mean line for each cluster (black) are presented.
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Figure35 presentsclustering 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 determined according tofdeans clustering of the normalidaverage peak abundance at

each sitemeasured through passive sampling coupled to screerifferential distance metric

was used kmeans partitions clusters of data points according to the closest random centroid
(number of centroids equahumber of clusters selected), followed 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 separatinglustersfrom the cluster centroids is minimised@his albws forsimilarities

in variation at progressive sites within qualitative datagetbe identified.

Table40 presents the pesticides present in each cluster alongside associated values for removal
efficacy calculated based on occurrence, normalised abocglathe sum of raw abundance and

the average of raw abundanc# pesticidesn samplesvhere positivedetectionsare made
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Table40. Pesticidepresent in Clusters<b alongside associated values for removal efficacy between sites 3 and 6.

Pesticide clustering Removal efficacy % (no. occurrence*') Removal efficacy % (normalised average peak abundance*?) Removal efficacy % (sum raw abundance*®) Removal efficacy % (average raw peak abundance**)
(3-4) (4-5) (5-6) (3-6) (3-4) (4-5) (5-6) (3-6) (3-4) (4-5) (5-6) (3-6) (3-4) (4-5) (5-6) (3-6)
Cluster 0 (1)
Epoxiconazole 43 50 100 100 36 57 100 100 -1 82 100 100 =77 63 100 100
mean 43 50 100 100 36 57 100 100 -1 82 100 100 =77 63 100 100
Cluster 1 (4)
Foramsulfuron 50 -100 0 0 45 -80 -4 -2 32 -24 -40 -18 -36 38 -40 -18
Nicotine 0 0 100 100 -12 18 100 100 -117 81 100 100 -117 81 100 100
Nitenpyram 0 0 100 100 -23 6 100 100 -368 13 100 100 -368 13 100 100
Pirimicarb - - 100 - - - 100 - - - 100 - - - 100
mean 17 -33 75 67 3 -19 74 54 -151 23 65 61 -174 44 65 61
Cluster 2 (5)
Atrazinedesethyl -38 82 -50 63 -48 83 -44 63 -69 81 -5 67 -23 -2 30 12
Fluxapyroxad 0 83 100 100 -9 84 100 100 -36 85 100 100 -36 9 100 100
Imidacloprid -11 80 100 100 -21 82 100 100 -54 90 100 100 -38 50 100 100
SIMAZINE -80 89 100 100 -90 90 100 100 -89 90 100 100 -5 8 100 100
Tebuconazole 11 75 100 100 3 7 100 100 -20 85 100 100 -35 38 100 100
mean -24 82 10 79 -33 83 71 92 -53 86 79 93 -27 21 86 82
Cluster 3 (7)
2-hydroxyterbuthylazine -50 67 100 100 -63 70 100 100 -110 80 100 100 -40 40 100 100
Boscalid -25 80 100 100 -35 82 100 100 -57 87 100 100 -26 36 100 100
Clothiandin 0 60 100 100 -8 63 100 100 -33 70 100 100 -33 26 100 100
DEET (Diethyltoluamide) 5 -5 0 0 -1 7 4 10 -11 57 36 69 -17 59 36 69
DIURON -50 67 100 100 -57 64 100 100 -41 -26 100 100 6 -278 100 100
Metazachlor Fragm 210 13 14 17 38 2 26 17 40 -76 70 22 60 -101 66 7 35
Propyzamide (Pronamide) -50 67 50 75 -64 66 57 76 -116 29 89 83 -44 -114 78 32
mean -23 56 61 73 -32 54 68 43 -63 52 78 87 -36 -24 74 7
Cluster 4 (2)
Atrazine 13 85 0 87 6 86 1 87 -21 86 11 85 -40 9 11 -12
Dichlorobenzamide 5 61 71 89 0 65 71 90 -1 79 64 92 -6 46 -26 27
mean 9 73 36 88 3 75 36 88 -11 83 38 89 -23 28 -8 7
Cluster 5 (4)
Hymexazol 0 -500 6 -512 -473 14 -633 14 -22
Isomethiozin
Melamine 0 0 -200 -200 -3 4 -210 -206 22 -15 -307 -265 22 -15 -36 -22
N-2-4-Dimethylphenylformamide
mean 0 0 -350 -200 -3 5 -361 -1074 22 0 -470 -265 22 0 -29 -22

*1Percentage removal based on numbelocturrences*?Percentage removal based on average normalised)(ldmundance in all samples at sitéP&rcentage removal based on sum of raw abundance in all

samples at site.*Percentage removal based on average abundance in samples with positive detections at site.
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i) Cluster 0

Cluster 0 contains one pesticide (epoxiconazoidlich is completely removed during treatment
with ozonation, @C filtration and chlorinationwith each contributing to removal. If the number

of occurrences at subsequent sites is used to calculate attenuatiponation (43%) and GAC
filtration (50%) are each responsible for a similar percentage of removal. Howetee sum of
abundance at each site is used, GAC filtration is responsibtedonajority of attenuation (82%)

with additional attenuation during chlorination effectively removing any epoxiconazole in GAC

filtrate.

i) Cluster 1

Cluster 1 contains foypesticides, 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 detectionstet5Sis
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, arg24% based on the sum of raabundance at these sites, indicating

that the GAC still reduces the concentration of foramsulfuron during episiodi®@ases All
pesticides in cluster 1 occur infrequentbt very low abundance and are thought to pose little

risk in the treatment stram, despite the apparent ineffectiveness of GAC for their removal

iii) Cluster 2
Cluster 2 contains five pesticides, one of which (atraziesethy) 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, and significant removal during GAC filtration, followed by
complete removal durig chlorination for all but atrazindesethyl. GAC removal efficacy for
atrazinedesethyl based on occurrence, normalised abundance, and the sum of raw abundance,
show good agreemerat 82, 83, and 81%, respectively. This is slightly better than the 608aaff
observed by Ormad et a]572]. However, if the average raw abundance in samples where atrazine
desethyl is detected at sites 4 and 5 is used to calculate removal, this is slightly nega®ve (
Inspection ofthe deployment specific occurrence data at sites 4 and 5 for atradiisethyl reveal
that the first of the two occurrences at Site 5 followed five deployments of raised abundance at Site

4. The second detection at Site 5 occurred following a gap oflagieent, where atrazinedesethyl
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was absent at Sites 4fter resumedraised abundance at Site 4, again lead to GAC breakthrough.
This indicates that GAC removal efficacy for atraziegethly drops after sustained presence in the
treatment stream, possilyldue to saturation of GAC media. It should be noted that removal in GAC
adsorbers is concentration dependefi79,580] On occasions GAC breakthrough occurred the
abundance at Site 4 had beenstainedandstable (~ 10,000 peak aredf)the abundance at Site 4
increasedin this situation it is probable that removal efficacy would likewise increase until GAC
media again became saturated. Unlike other pesticides in clusteegative removal is observed
for atrazinedesethyl between sites &nd 6. Deployment specific occurrence data suggests this is
likely attributable to the presence of atraziesethyl in the oubf-area transfer entering the
stream between these sites, supplementing GAC breakthrough. At present atdesethyl is not
thought to pose a risk to water quality at the DWTP howesgrcentration in the groundwater
abstraction and oubf-area transfer should be confirmed through spot sampling. If the

concentration of atrazinelesethyl increases in futur&AC performance shoulk reassessed

iv) Cluster 3

Cluster 3 contains seven pesticides, three of which (DEET, metazachlor, 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, taeachlor and diuron depending on the calculation
method. The mean ozonation removal efficacies for cluster 3 pesticides2@e 32, - 63, and-

36%, based on occurrence, normalised abundance, the sum of raw abundance, and the average
raw abundance, repectively. Like clust&, this is likely due to ozonation promoting PSD uptake, 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 cBiaterdivergent during GAC
filtration. For example, GAC breakthrough of clothianidin occurs on two occasions. The first of these
happened following three deployments of clothianidin presence at the GAC inlet, over which the
abundance was falling from anitial peak. The second occurred after a gap where clothianidin was
absent at the inlet for the next deployment, with its resumed presence at the GAC inlet, again
leading to breakthrough. GAC breakthrough of clothianidin and atred@sethyl happened durn

the same deployments 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 incompletmonal 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 episodee GAC effectively removes clothianidin, however
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as the inlet concentration fallsso does renoval efficacy until desorption results in higher

abundance at the outletwhich we observed in the deployment specific data.

Boscalid and -hydroxyterbuthylazine each display similar fate to clothianidin. Diuron did not
display the same behaviour howevyeas 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 stricter filtering criterjgimilar to those used by Taylor et §&71], would omit this result

on these grounds. Despite thishlorination effectively removed all pesticides in cluster 3 except

DEET, metazachlor, and propyzamide.

Propyzamide and metazachlor displayed partial GAC breakthrough during episodic pollution.
Propyzamidevas 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 removehosffof 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
propyzamideat 75, 76, or 83% based on occurrence, normalised abundance and the sum of raw
abundance, respectively. Metazachlor fate is similar to propyzamide in that GAC breakthrough
occurs during the initial peak of a pollution episode, however breakthrough is mazéutai
throughout sustained periods of pollution, and similar to clothianidin appears to be influenced by
the degree of saturation of GAC media. Metazachlor removal efficacy during GAC w@8%6
based on abundance at sites 4 and 5, which is comparablela & al.[592], who observed GAC
removal efficacy between 5886%. 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 thoght to pose a risk to water quality throughout sustained pollution evenith

this risk greatest during the initial, and any subsequent, peaks in pollution.

DEET is ubiquitously observed in environmental wajtes$,557]and here it displays incomplete
removal between sites &nd 6, with zero removal based on occurrence and 69% removal if
abundance is used. This second figure is similar to those reported previously by Stacklberg et al.,
[576];, 25-75%, Ling et al[591]; 40- 70%, and Troger et a[589]; 88 - 98%. The concentration of
DEET at Site 6 should be confirmed with spot samples but is not thought to pose a risk to water

quality despite its ubiquity

V) Cluster 4
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Cluster 4 contains two pesticides (atrazine and dichlorobenzamide). Ozonation has little effect on
the fate of these pesticides, however significant removal occurs during GAC filtration. Cluster 4
pesticides occur in > 50% of samples at the GAC inletr&?Adval efficacy is higher for atrazine
(85-86%) than dichlorobenzamide (619%) if calculated using occurrence, normalised abundance
or sum raw abundance at sites 4 and 5. GAC breakthrough of atrazine occurred after periods of
sustained raised abundap at the GAC inlet, whilst dichlorobenzamide breakthrough was more
regular. However, the magnitude of dichlorobenzamide breakthrough increased during periods of
sustained raised abundance at the GAC inlet. Dichlorobenzamide underwent attenuation during
chlorinationwhichwas 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 chiation. Chlorination was only
found to have 20% efficacy at 18 mg K&t by Ormad et al.[572], a far larger dose than that used

in the studied DWTP. Dichlorobenzamigi@ot thought to pose a risk to water quality in the DWTP.
Likewise, atrazine is not thought to pose a risk at present but may in future if its abundance in the

groundwater abstraction increases

Vi) Cluster 5

Cluster 5 contains four pesticidewhich all @cur 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. Likewisédt is possible some occurrences of cluster 5 pesticides are false positives, or that
detection is more favourable at sites located towards the end of the treatment stream, due to the
corresponding reduction in matrix effects during analysis of these Chehw® extracts.
Ultimately, it is not thought cluster 5 pesticides pose a risk to water quality at the DWTP and there
IS no need to confirm the sources of these pesticides in the treatraeaamat present. Although

spot sampling at Site 6 should be pmrhed for melamine and hymexazol periodically to confirm

this risk has not changed

6.2.5 Comparison of spot sampling and passive sampling in the DWTP
For, routine regulatory, and operational, monitoring purposes, spot samples of water were
collected (n = 300at five sites over the study period. Two spot sample sites were located outside

the DWTP in raw surface waters (Site A), and raw groundwaters (Site B). The remaining three sites
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were in the treatment stream at Site 4, 5, and 6. A suite of 27 pesticides determined
quantitatively in spot samples (Tabl). 25 pesticides were detected in spot samples. Seven
pesticides detected in spot samples were absent using the Chemcétstieening approach,
namely, flufenacet, carbendazim/benomyl, diflufenican,pisauron, prosulfocarb, triallate, and
trietazine. Linuron and carbetamide were not detected using either sampling method. All 27
pesticides in the spot sampling suite have been detected during past monitoring programmes using

the Chemcatcher® and screegiim the catchment supplying the DW[E35,571]
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Table41. Listof pesticides found in spot samples of water (n = 300) at sites, A (raw surface water), B (raw borehole water), 4 @hdancegtracts from

the Chemcatcher® passive sampler (n = 100) at Sites, 1, 3, 4, 5, andhé alemidyment period. Data are shown for number of detections (ND), percentage

of detections (DF), and max concentration (tj(Max), in spot samples, and percentage of detections (DF PS) in passive samples, and the number of times
the concentration ex@eded the Drinking Water Quality Standard (DWQS) of 0.1 jrgdpot samples.

Site A (raw surface water) Site B (raw boreholes combined) Site 4 (GAC inlet) Site 5 (GAC outlet) Site 6 (treated)
Analyte DF PS DF PS DF PS DF PS DF PS DWQS
ND DF Max ND DF Max ND DF Max ND DF Max ND DF Max
(Site 1) (Site 3) (Site 4) (Site 5) (Site 6)
Atrazine 0 0 <0.004 0 8 80 0.012 75 0 0 <0.004 65 0 0 <0.004 10 1 5 0.004 10 0
Atrazine desethyl 1 4 0.01 0 7 70 0.008 40 0 0 <0.005 55 0 0 <0.005 10 0 0 <0.005 15 0
Atrazine desisopropyl 2 9 0.007 0 9 90 0.008 10 2 15 0.007 10 2 4 0.007 0 1 5 0.007 0 0
Boscalid 8 35 0.015 30 0 0 <0.011 20 1 8 0.011 25 0 0 <0.011 5 0 0 <0.011 0 0
Carbendazim/benomyl 10 43 0.006 0 1 10 0.005 0 1 8 0.003 0 0 0 <0.003 0 1 5 0.003 0 0
Carbetamide 0 0 <0.04 0 0 0 <0.008 0 0 0 <0.008 0 0 0 <0.008 0 0 0 <0.008 0 0
Chlortoluron 0 0 <0.007 0 6 60 0.013 5 0 0 <0.007 0 0 0 <0.007 0 0 0 <0.007 0 0
Cyproconazole 6 26 0.007 5 0 0 <0.007 5 1 8 0.007 10 1 2 0.007 0 1 5 0.007 0 0
Diflufenican 6 26 0.007 0 0 <0.007 0 0 0 <0.007 0 0 0 <0.007 0 0 0 <0.007 0 0
Diuron 0 0 <0.009 5 3 30 0.009 10 0 0 <0.009 15 0 0 <0.009 5 0 0 <0.009 0 0
Epoxiconazole 10 43 0.01 25 0 <0.005 35 3 23 0.005 20 0 0 <0.005 10 0 0 <0.005 0 0
Flufenacet 1 7 0.019 0 0 0 <0.008 0 1 25 0.011 0 2 4 0.008 0 1 5 0.008 0 0
Flutriafol 2 9 0.005 0 2 20 <0.005 0 0 0 <0.005 5 0 0 <0.005 0 0 0 <0.005 0 0
Fluxapyroxad 4 17 0.014 30 0 0 <0.009 30 0 0 <0.009 30 2 4 0.009 5 0 0 <0.009 0 0
Linuron 0 0 <0.012 0 n/a n/a n/a 0 0 0 <0.012 0 0 0 <0.012 0 0 0 <0.012 0 0
Isoproturon 0 0 <0.005 0 0 0 <0.005 0 0 0 <0.005 0 1 2 0.005 0 1 5 0.005 0 0
Metazachlor 4 27 0.015 30 n/a n/a n/a 40 0 0 <0.006 35 0 0 <0.006 30 6 27 0.014 25 0
Propiconazole 1 4 0.007 0 n/a n/a n/a 0 0 0 <0.007 10 0 0 <0.007 0 0 0 <0.007 0 0
Propyzamide 56 34 0.147 30 n/a n/a n/a 20 13 22 0.082 30 1 2 0.009 10 2 9 0.009 5 9
Prosulfocarb 4 6 0.016 0 0 0 <0.005 0 0 0 <0.009 0 0 0 <0.009 0 0 0 <0.009 0 0
Quinmerac 4 27 0.032 5 0 0 <0.003 10 0 0 <0.006 5 13 28 0.006 5 2 9 0.006 0 0
Simazine 0 0 <0.004 0 7 70 0.005 25 0 0 <0.004 45 0 0 <0.004 5 0 0 <0.004 0 0
Tebuconazole 13 57 0.016 30 0 0 <0.011 45 0 0 <0.011 40 7 15 0.005 10 0 0 <0.005 0 0
Terbuthylazine 1 10 0.003 5 n/a n/a n/a 5 0 0 <0.003 30 0 0 <0.003 0 0 0 <0.003 0 0
Terbutryn 11 48 0.003 0 0 0 <0.008 0 0 0 <0.008 0 0 0 <0.003 0 0 0 <0.003 0 0
Triallate 4 17 0.007 0 0 0 <0.013 0 0 0 <0.007 0 0 0 <0.005 0 0 0 <0.005 0 0
Trietazine 0 0 <0.004 0 n/a n/a n/a 0 0 0 <0.007 0 0 0 <0.004 0 1 5 0.004 0 0
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Most pesticides detected in spot samples but not Chemcatcher® extracts oc8itead (raw
surface water). Propyzamide was the only pesticide that exceeded the drinking water quality
standard (DWQS) of 0.1 pg in spot samples. Nine samples exceeded the DWQS, all at Site A,
where the maximum propyzamide concentration was 0.147 jig Tlhe concentration of the
remaining pesticides in spot samples did not exceed 35% of the DWQS, with the next highest
concentration being quinmerac; 0.032 ug &t Site A. The maximum propyzamide concentration
approached the DWQS (0.082 (1) at the GA\C inlet (Site 4), however the maximum concentration

at the GAC outlet (Site 5) was close to the limit of detection. Apart from propyzamide, pesticides

were close to the analytical limit of detection in most samples
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Figure36. Comparisomf spot sample concentrations (black vertical line) and integrated peak area
in Chemcatcher® extracts (grey horizontal bar), for metazachlor at Site 6.

Comparison of the detection frequency (occurrence) determined through each sampling method
shows good agreement only for certain pesticides, at certain sites. For example, metazachlor
detection frequency with spot sampling is 27% at Site A, whereas detefcéquency with passive
sampling is 30% at Site 1. Metazachlor detection frequency was likewise similar with spot sampling
and passive sampling at Site 6, being 27%, and 25%, respectively. However, comparison of spo

sampling concentrations and qualite¢i passive sampling screening abundance (peak area) for
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metazachlor at Sité (Figure36) show that raised concentrations are better described by passive
sampling due to its improved sensitivity and temporally integrative nature. Both methods detect
an ingease in metazachlor during September 2019, however passive sampling also detects a
second higher peak in January 2020 that is not apparent from the spot sampling data. Spot
sampling data provides little insight to metazachlor fate throughout the treathséream, unlike

the passive sampling data. Comparison of the detection frequency (occurrence) determined
through each sampling method for other pesticides shows poor agreement in many instances,
particularly at intermediate sites. This is not surprisisgpot sampling may miss episodic pollution
events or lack the required sensitivity to detect pesticides present and amenable to detection with
passive sampling. Indeed, passive sampling coupled to screening detected 40 pesticides missec
during spot samptig. Ultimately both methods are complementaras passive sampling provides
additional insight that allows longer term trends to be interpreted and spot sampling provides

certainty on pesticide concentration in discrete samples

6.2.6 Managing the current anfiiture risk to water quality in the DWTP
Eleven pesticides were detected in treated drinking waters, totalling 46 detections. This represents
19% of pesticides detected the DWTP. Elfikrie et a[573]found 4 out of 9 pesticides detected in
raw water, in treated watersat a DWTP, with removal for these compounds (imidacloprid,
propiconazolepuprofezin and tebuconazole) of between 77 and 88%, indicating good attenuation
through treatment. We observed similar removal throughout treatment for most of the pesticides
present d Site 6, with the exception of DEET and metazachlor. We have devised example critical
control points, triggers and responses to manage risks to water quality at the OGYTIX
pesticides thought to pose the greatest current and future risk (T4BJeThis example has been
informed by the results of passive sampling and can be expanded to other pesticides detected in
the DWTP if desired

226



Table42. Managementplan for risks to treated water quality resulting from pesticides detected at Site 6,imghrdposed, controls, triggers and responses.

Risk

Metazachlor

Propyzamide

Control

Enhanced monitoring

Enhanced monitoring

Trigger

10.

11.

12.

Month is;May, June, September, October, November, Decemt
or January

Detected in surface water or groundwater spot samples > 0.0Z
L—l

Detected at the GAC outlet in spot samples > 0.02%ug L
Detected in spot samples at the GAC inlet or outlet, dreated
water, > 0.04 ug'L

Day five of daily sampling at the GAC inlet and outlet, and in tre¢
water

Risk assessment indicates increasing trend in treated that |
exceed 0.06 pg’ior detected in spot samples at the GAC inlet
outlet, or in treated water, > 0.06 ugL

Detected in spot samples at the GAC inlet or outlet, or in trea
water does not reduce

Day five of daily sampling at surface water abstraction and
combined boreholes

Concentration < 0.06 pg-Lfor two consecutive days in spa
samples at the GAC inlet or outlet, or in treated water
Concentration < 0.06 pg'Lfor three consecutive days in spc
samples at the GAC inlet or outlet, or in treated water
Concentration < 0.06 pgttfor five consecutive days in spot sampli
at the GACrilet or outlet, or in treated water

Concentration at the GAC inlet and outlet, and in treated wa

continue to fall

Month is; August, September, October, November, Decemt
January, February, or march

Detected in surface water or groundwater spot samples > 0.0z
L-1
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Response

a > 0w NP

10.

11.

12.

1.
2.

Weekly spot sampling at surface water abstraction and in combined boreholes
Weekly spot sampling at the GAC outlet

Biweekly spot samplingt the GAC inlet and outlet, and in treated water

Daily spot sampling at the GAC inlet and outlet, and in treated water

Perform an assessment of GAC removal efficacy and trends in the concentrati
treated water

Adjust abstractions from surfaceaters and groundwater according to concentratic
in most recent spot sample and maximise flow out of area transfer

Daily spot sampling at surface water abstraction and in combined boreholes
Perform daily assessment of occurrence in source waters, GAGQ/abeficacy, and
trends in the concentration in treated water

Stop daily spot sampling at surface water abstraction and in combined borehole:
Stop daily assessment of occurrence in source waters, GAC removal efficac'
trends in the concentration in &ated water

Perform assessment of occurrence in source waters, GAC removal efficacy, and
in the concentration in treated water to see is abstractions and flow of out of a
transfer can be adjusted

Cease responses once trigger thresholds are ngdomet

Weekly spot sampling at surface water abstraction ancbimbined boreholes

Follow controls and triggers for metazachlor from 2 onwards



Risk

Atrazine and atrazine

desethyl

DEET and

dichlorobenzamide

Control

Monitoring (current

programme)

Enhanced monitoring (no

monitoring currently)

Trigger

[l

Always

Detected in surface water or groundwater spot samples > 0.0%
L—l

Detected in surface water @roundwater spot samples > 0.06 |.
L»l

Detected in spot samples at the GAC outlet > 0.06%ug L
Detected in spot samples at the GAC outlet > 0.075%ug L

Risk assessment indicates increasing trend in treated that |
exceed 0.06 puglor detected in sposamples at the GAC outlet, ¢
in treated water, > 0.09 pg'L

Concentration in treated begins to fall
Always

Concentration in treated > 0.05 pg L

Concentration in treated > 0.05 pd In three consecutive sample:
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Response

P 0N P

Monthly spot sampling at surface water abstraction and in combined boreholes
Biweekly spot sampling at surface water abstraction and in combined boreholes
Weekly spot sampling at the GAC inlet and outlet

Perform an assessment of GAC removal efficacy and begin weekly spot samp
treated water

Perform an assessment of GAC removal efficacy and trends in the concentrati
treated water

Adjust abstractios from surface waters and groundwater according to concentrat
in most recent spot sample and maximise flow out of area transfer

Cease responses once trigger thresholds are no longer met

Spot sampling of treated water four times annually
Monthly spot sampling of treated water

Follow controls andriggers for metazachlor from 2 onwards



6.3 Conclusion
This study provides the first lortgrm characterisation of polar pesticide fate throughout the
treatment of an operational DWTP using the Chemcatcher® with an HLB receivingiphase
combination with highresolution targeted screening. Using passive samphvg detected 58
pesticides from multiple classes, including compounds that are not routinely monitored within
DWTPs. Use of a multivariate statistical approach allowed pesticide fate throughout the treatment
stream to be interpreted within the complex qutaltive passive sampling data. Six clusters of
pesticides with similar fate during ozonation, GAC filtration, and chlorination were identified and
described. Passive sampling had several benefits compared to spot samiplipgyticular,
increased sensitity to variation in pesticide fate occurring below the limit of detection in spot
samples. Additionally, as a temporally integrative sampling method, data from passive sampling
provided certainty that episodic peaks in pesticide pollution were not misgescrete and
integrative sampling methods were found to be complimenjavith eighteen pesticides detected
in both spot water samples and Chemcatcher® extracts in the DWTP. However, an additional 40
pesticides were detected by the Chemcatcheiicluding analytes in the spot sampling
measurement suite. The results of the passive sampling monitoring programme informed a water
quality management plan containing controls, triggers, and responses for six pestissesaa to
pose the greatest current and furte risk. This study illustrates how passive sampling coupled to
screening can enhance the understanding of pesticide fate within DWTPs. In future monitoring
programmes, the use of the Chemcatcher® containing receiving phases with different analyte
affinities would expand the representativeness of the screening data obtained. Likewise, expansion
of target screening to other classes of emerging contaminants, such as pharmaceuticals and
personal care productswvould improve the understanding of the fate ofdbe compounds in
DWTPs
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Chapter SeverConclusions and further research

7.1 Overall conclusions

The work undertaken in this study has demonstratedumber of wgs passive sampling coupled

to targeted screening camnhance the understanding of pesticide occurrence and fate in
environmental waters. Use of multivariate statistical analysis to identify trends within the
qualitative screeningdataset enhanced the usefakess ofthe temporally integrativesampling
method. This research took an original approdoldealing with the challenges encountered when
using polar passive sampling devicEee main contributions of this research to knowledgel

areas of novelty are:

i) The cvelopment of a novemonitoring strategy combining th€hemcatcher®ith
targeted screening and multivariate statistical analysis to maximise the
comprehensiveness afata. This approach has been used previously on a small scale,
however we perfomed monitoring on a large scale during two, twelve month

deployments with 470 samples.

ii) This research is thérst time a longterm passive sampling programmes have been
performed at representative sites throughout, a river catchment, and within a DWTP in
the same catchment. We were able to described polar pesticide fate from catchment

to tap with a higher degree of detail than previous research.

iii) We were able to locate the origins of pesticide pollution within a river catchment and

describe fatebetween the source of pollution and the DWTP abstraction.

iv) The cevelopment of a workflow to allow watetilities to incorporate passive sampling

and target screeningnto existing regulatory catchmemhonitoring programmesWe
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Vi)

vii)

viii)

also defined this within theWHO WSP frameworkyhich isused by all UK water
utilities. There has been discussion surrounding the barriers to adoption of passive
sample by norexperts in the literature for a number of years, however this is the first
solution that sets out a simpleorkflow and defines it in terms how it can be used,

within, andto iterativelyinform, existing monitoring programmes.

By adopting an approach that omitted analyte quantitation in favour of qualitative
data, we were able to avoid the expense, difficyland inaccuracigsassociated with
Chemcatcher@®r POCIS)alibration studies for each pesticide in oupnitoringsuite.

This enabled the use of targeted screenihgthis way we were able tmonitor all
pesticides potentially present in sampled watg@roviding these wer@amenable to
sampling and analysisvithout a priori knowledge. Most polar passive sampling
researchstill focuses on quantitation using sampling rates for specific pesticides and
passive sampler configurations, despite a lack of ustd@ding of the mechanisms and
phenomena occurring during the uptake process. Until we havemezhanistic
understanding of uptake into polar passive sampling dewtleegualitative monitoring

approachwe have demonstratedgshould be arattractive alterndive.

We compared passive sampling coupled to screening throughout a catchment to

geospatial data sets on pesticides sales for the first time.

We were able to prioritise pesticides based on risk in a DWTP and develop an
operational management plan caxihing, controls, triggers, and responses to manage

this riskbased on passive sampling and spot sampling data for the first time.

We detectedseveralpesticides in the river catchment and DWTP that had not been

observed beforeand/or were missed by spot sampling.
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7.2 Limitations of passive sanmj and ecommendations for future work

There are limitations with laenvironmental monitoringmethods, including passive sampling
Removing all limitationsvill not be possibldor every PSDdesign however PSD designshould
instead be optimised so they are tailoredto different applicatiors. This is likely to cause a
divergence in the design of different devices in futdrkis has already been seen to an extent with
the differencedetweeno-DGT andChemcatcher®pe PSDo-DGThave uptake kinetics that are
understoal within hydrogels used in the construction of these devjdrg are limited by the high
resistanceto mass transfer in said hydrogel layeighisrestricts the ability foro-DGTto reliably
integrateagqueous concentrations of pollutants that drighly variableConverselyChemcatcher®
type PSDs arable to integrate fluxes in aqueous concentratigmst have uptake kinetic®r which
there is less understandinBast étempts to improve the performance of-BDGT have included the
adoption of aspects of the desigpf Chemcatcher®pe devicessuch as larger sampling areas and
diffusion membranes. These attemptsvere not sucessful as thg simply introduced the
uncertaintiessurroundnguptake intoChemcatcher®pe devices to these modified@GT designs.
Limiting diferent PSQesigns to different types of monitoring cllincluderestricting the use of
0-DGTto monitoring where stable aqueous concentrations are anticipatednd the ambient
conditionswill not negatively affect the stability afxposed hydrogels. In the pasersions of tie
POCIS have been designated for monitoring of different classes of pollutants basedbent
chemistry, howeverthese designatiors were not approprige. It is important this mistake is not
repeated in future It is likely tha the incorporationof new PSDdesign elemergwill be needed
however, past attempts to includeerformance reference compounesgthin monitoringwith polar
PSDgontinuedin the absence of annderstandingpf how appropriate this approach wals such

in future the development of polar passive sampling will be greatly progressed if our mechanistic
understandingof the uptake process improves, particularly if thidows practitioners to identify
and quantify the sources of error in passive sampling dakas would enable improved device
designs, as well dacreasel confidence in passive sampling as a tool. At present it is this lack of
confidence that prohibits more widespread adoption for regulatory purpodekewise, the
confusing and contradictorpature of approaches to passive sampling and the range of devices
available prohibit adoption by other users for whom passive sampling may be an appropriate tool.
For thisreason,n future research should move away from simply reporting quantitative nooinid

data and calibration studies for new analytes, device configuration, and environnraatates,

and instead focus oimmcreasing the accessibility and applicability of passive sampling as a tool for

new users. Such research such focus on increabmgdmprehensiveness of monitoring data.
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ii)

Follow up studies could expand on this researchubyg multiple passive sampling
devices containing a range of receiving phases with selectivity for different classes of
contaminant (e.g. acid herbicidedyiringsimilarmonitoring programmes.

This research could be developed further by performing calibration studies for
pesticides detected during the catchment and DWTP monitoring programmes and
guantifying the TWACc in passive samples. This would contributegtautidlerstanding

of pesticide fate, particularly for pesticides that were prioritised for further monitoring
of pollution mitigation such as metazachlor

Retrospectiveanalysis of acquired data with a néarget screening workflowvould

help to identify unknown risks to water quality at the DWTP, this would be particularly
beneficialif performed for extracts of passive sampling devices deployed in potable
water.
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