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ABSTRACT

A passive water sampler based on the diffusive gradients in thin-films (DGT) technique was developed
and tested for 3 groups of endocrine disrupting chemicals (EDCs, including oestrogens, alkyl-phenols
and bisphenols). Three different resins (hydrophilic-lipophilic-balanced (HLB), XAD18 and Strata-XL-
A (SXLA)) were investigated for their suitability as the binding phase for DGT devices. Laboratory
tests across a range of pH (3.5-9.5), ionic strength (0.001-0.5 M) and dissolved organic matter
concentration (0-20 mg L") showed HLB and XADI18-DGT devices were more stable compared to
SXLA-DGT. HLB-DGT and XAD18-DGT accumulated test chemicals with time consistent with
theoretical predictions, while SXLA-DGT accumulated reduced amounts of chemical. DGT
performance was also compared in field deployments up to 28 days, alongside conventional active
sampling at a wastewater treatment plant. Uptake was linear to the samplers over 18 days, and then
began to plateau/decline, indicating the maximum deployment time in those conditions. Concentrations
provided by the DGT samplers compared well with those provided by auto-samplers. DGT integrated
concentrations over the deployment period in a way that grab-sampling cannot. The advantages of the
DGT sampler over active sampling include: low cost, ease of simultaneous multi-site deployment, in
situ analyte pre-concentration and reduction of matrix interferences compared with conventional
methods. Compared to other passive sampler designs, DGT uptake is independent of flow rate and
therefore allows direct derivation of field concentrations from measured compound diffusion
coefficients. This passive DGT sampler therefore constitutes a viable and attractive alternative to

conventional grab and active water sampling for routine monitoring of selected EDCs.

Keywords: Passive sampling, Diffusive gradients in thin-films (DGT), Wastewater, Water

Framework Directive, Water Quality, Monitoring
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1. INTRODUCTION

Passive sampling techniques have become popular for the monitoring of organic compounds
present in aquatic systems (Chen et al. 2013, Chen et al. 2015b, Miege et al. 2015, Mills et al.
2014, Mills et al. 2007, Vrana et al. 2005) since first introduced in the 1980s (Soedergren 1987).
Passive sampling can provide several advantages over traditional grab sampling, namely: in
situ measurement of time-weighted average (TWA) concentrations; analyte pre-concentration
and reduced matrix interference; low cost; ease of deployment. Different designs of passive
water sampler have been developed and are available for sampling a range of organic chemicals
in water. Among the most popular are: semipermeable membrane devices (SPMDs, (Huckins
et al. 1990)); the polar organic chemical integrative sampler (POCIS, with hydrophilic-
lipophilic-balanced (HLB) resin as the receiving phase, (Alvarez et al. 2004)) and the
Chemcatcher (Kingston et al. 2000). POCIS and Chemcatcher have been developed for
monitoring many polar organic chemicals (POCs) in the aquatic environment (Miege et al.
2015, Mills et al. 2014). However, these samplers can have problems: their uptake of chemical
compounds is dependent on hydrodynamic conditions (water flow and turbulence), and can be
affected by other environmental parameters such as pH, salinity/ionic strength (IS), dissolved
organic matter (DOM) and fouling/biofouling (Harman et al. 2012, Li et al. 2011, Li et al.
2010, MacLeod et al. 2007, Togola and Budzinski 2007). These can result in considerable
measurement uncertainty (Harman et al. 2012, Mills et al. 2014). The approach often used to
compensate for these difficulties when analysing hydrophobic chemicals is to add performance
reference compounds (PRCs) to the samplers and check on the amount lost during deployment,
since this is a function of flow rate and uptake rates can then be derived and measured amounts
‘corrected’ accordingly (Belles et al. 2014, Harman et al. 2012, Vallejo et al. 2013). However,
this approach will not work for POCs, due to the discrepancy between factors controlling the

release of PRCs and those controlling the uptake of target chemicals (Harman et al. 2012).
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Other novel passive water sampling devices are therefore needed for environmental monitoring
under conditions of changing aquatic environments, to provide more reliable data. Reliable
and accurate data on environmental concentrations is crucial for risk assessment of these
chemicals and studying their fate in the environment (Zhu et al. 2016). Diffusive gradients in
thin-films (DGT), developed by Zhang and Davison in 1994 (Davison and Zhang 1994), has
been amply demonstrated to provide quantitative in situ measurements of trace components in
aqueous systems (Zhang and Davison 1995). Originally developed for heavy metals and
nutrients, studies over the last two decades have shown that the DGT technique has the potential
to be a standard sampling technique, because of its simplicity and wide applicability (Davison
and Zhang 2012, Zhang and Davison 2015) for a wide range of inorganic species (Davison and
Zhang 2012). DGT samplers can be directly applied in the field without in-situ calibration, as
the transport of the analyte is solely controlled by its molecular diffusion and the thickness of
the diffusion layer (Davison and Zhang 1994, Zhang and Davison 1995). Thus, this approach
is insensitive to hydrodynamic conditions (Davison and Zhang 2012, Zhang and Davison
1995), which is an important virtue over other passive samplers. It has been demonstrated that
DGT provides accurate TWA concentrations of dissolved labile chemicals in aquatic systems.
Over 700 papers have now been published using DGT, with over 300 users in more than 30
countries. Building on this track record, DGT has been developed more recently to sample a
range of organic chemicals, including antibiotics (Chen et al. 2015a, Chen et al. 2012, Chen et
al. 2013), household and personal care products (Chen et al. 2017), polar organic contaminants
(Challis et al. 2016), anionic pesticides (Guibal et al. 2017), bisphenols (Zheng et al. 2015),
phenol and 4-chlorophenol (Dong et al. 2014a, Dong et al. 2014b), glyphosate and
aminomethyl phosphonic acid (Fauvelle et al. 2015) and illicit drugs (Guo et al. 2017). This
paper develops DGT for a very important new set of selected endocrine disrupting compounds.

EDCs can be broadly defined as exogenous chemicals that can interfere with any aspect of
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endocrine hormone action (Zoeller et al. 2012), which can pose adverse effects on reproduction
and metabolism to human and animals. Oestrogens, alkyl-phenols and bisphenols are among
the well-known EDCs, which have been widely-used in products for daily life. They have
attracted much attention from the public and scientists (Diamanti-Kandarakis et al. 2009) and
theiroccurrence in the environment, especially the aquatic environment has been widely
reported (Arditsoglou and Voutsa 2008, Tijani et al. 2013). Their presence in freshwaters is
mainly attributed to direct discharge from wastewater treatment plants (WWTPs) and indirect
inputs from agricultural (animal husbandry) activities (Tijani et al. 2013, Xu et al. 2012).
POCIS and Chemcatcher passive samplers have been applied to some EDCs in earlier studies
(Arditsogla and Voutsa, 2008, Vallejo et al., 2013). Considering the effect of hydrodynamics
of the water on the quantification of EDCs using the above two samplers, it is crucial to develop
a DGT-based sampler that is much less affected by the condition of the water Thus, a validated
DGT device for measurement of these EDCs in the aquatic environment would make a very

helpful contribution to monitoring, source apportionment and fate studies.

In this study, a DGT sampler was therefore developed for common, major oestrogens, alkyl-
phenols and bisphenols in waters. The performance of three types of DGT was systematically
tested in the laboratory under a range of pH, ionic strength and dissolved organic matter. Field
trials were also performed, alongside conventional sampling, in the challenging field conditions

of a WWTP.

2. MATERIALS AND METHODS

2.1 DGT Principle
A typical DGT device is composed of a backing piston and a front cap with 2 cm diameter
window (see Supplementary data (SD) Figure SD1 for schematic diagram). Layers of resin

gel, diffusive gel and a protective filter are placed successively and securely between the top
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of the piston and the back of the cap. The principle of the DGT technique is based on Fick’s
first law of diffusion (Davison and Zhang 2012, Zhang and Davison 1995). The DGT measured
concentration, Cpar, is a TWA concentration over the period of deployment. It can be expressed
using Equations (1) and (2) when the thickness of the diffusive boundary layer (DBL, J) is
either negligible or not negligible compared to the thickness of the diffusive layer (Ag),

respectively (Zhang and Davison 1995):

MAg
C..=—"3 1
paT DAt ( )
M (Ag +9)
‘ — —————————— 2
bt DAt @

where M is the measured mass of test chemical accumulated in the binding gel layer, D is the
diffusion coefficient of test chemical in the diffusive gel, ¢ is the exposure time and A4 is the

exposure window area of the cap.

2.2 Chemical and Reagents

Three groups of EDCs - oestrogens, alkyl-phenols and bisphenols, were selected for this study,
as follows: diethylstilbestrol (DES), estrone (E1), f-estradiol (E2), estriol (E3) and 17a-
ethinylestradiol (EE2), 4-tert-octylphenol(4--OP) and nonylphenol (NP), and bisphenol-A
(BPA). High purity standards of these chemicals were purchased from Sigma-Aldrich (UK).
Stable isotope-labelled internal standards (SIL-ISs), estrone-2,4,16,16-ds (E1-ds), 17p-
Estradiol-2,4,16,16,17-ds (E2-ds), estriol-2,4-d> (E3-d2), 17a-ethinylestradiol-2,4,16,16-d4
(EE2-d4), 4-n-octyl-di7-phenol (4-n-OP-di7) and 4-n-nonylphenol-2,3,5,6-ds (4-n-NP-d4) were
purchased from QMX Laboratories (UK), BPA-dis was purchased from Sigma-Aldrich (UK).
El, E2, E3, EE2 and BPA were selected as the test chemicals for the laboratory experiments,

while all eight EDCs were analysed for the field validation. Information on target EDCs and

SIL-ISs is provided in Table SD1. The preparation of standards followed previously published
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procedures (Chen et al. 2016). All reagents were at least analytical grade with >99% purity,
organic solvents are HPLC grade. Ammonia solution (NH4OH, 5 M) was purchased from
Sigma-Aldrich (UK). Hydrochloric acid (HCl, 35.5-37.5%), methanol (MeOH), acetonitrile
(ACN) and ethyl acetate (EA) were obtained from Fisher Scientific (UK). Deionised water with
resistivity >18.2 MQ cm’! was used in the experiments (Milli-Q water purification system

(Millipore, UK).

2.3 DGT Preparation and Procedure

Three polymer-based resins were tested in this study to select the best binding gel for DGT:
HLB from Waters Corporation (UK), XAD18 from Dow Chemical Company (USA) and
Strata-XL-A (SXLA) from Phenomenex Inc(UK). The selection of the resins was based on
their commercial availability, potential fast adsorption and large capacity for the target
compounds. The resins were pre-washed with MQ water, immersed in methanol, and then
washed in MQ water before use. The diffusive gels, polyacrylamide gel (PA gel, 1.0 mm),
agarose gel (AG gel, 1.5 % agarose, different thicknesses), and binding gels (0.4 mm, HLB,
XAD18 and SXLA resins) were prepared according to previously published procedures (Chen
et al. 2017, Zhang and Davison 1999). The reagents used for gel making are described in the
SD. The diffusive gels and resin gels were washed, cut and stored according to the procedure

described previously (Chen et al. 2017).

2.4 Performance Tests of DGT in Laboratory

Tests were carried out to develop the DGT. These were: 1) adsorption of test chemicals to DGT
holders, diffusive gels and membrane filters; 2) extraction recoveries for the three binding gels;
and 3) uptake capacity and kinetics of the three binding gels. The diffusion coefficients (D) for
the selected EDCs in the diffusive gel were determined using the diffusion cell method (Zhang
and Davison 1999). Details on the measurement and the calculation are given in the SD. The

measured D values for test chemicals at 25 °C are given in Table SD2. The D values at different



165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

temperatures (1-35 °C) are estimated and given in Table SD2. The performance of the three
types of DGT devices was subsequently tested for: 1) effects of pH, IS and DOM and 2) time
and diffusion layer thickness dependence (see SD). The ratio of C.. to the directly measured
concentration (C,) of EDCs in the bulk solution was used to evaluate the performance of DGT
under the different conditions. A ratio of C.../C, from 0.9 to 1.1 was used to indicate satisfactory
performance. The theoretical mass accumulated in the DGT was predicted using equation (1)
and compared with the data obtained in the performance tests of different times and different

diffusion layer thicknesses.

2.5 Field Application in a WWTP

DGT devices (1 mm agarose diffusive layer) with HLB, XAD18 or SXLA resins as binding
gels were deployed in situ in the influent and effluent at a wastewater treatment plant (WWTP)
in the UK simultaneously for 2 weeks (freely suspended at about 30 cm below the water
surface). The WWTP employs a traditional activated sludge treatment and serves ca. 100,000
inhabitants in an area of ~400 kmy; the average effluent flow was ca. 45,000 m* d' during the
sampling period. The samplers were retrieved in triplicate after 4, 7, 10 and 14 days. Longer
deployments were carried out only with HLB-DGT devices retrieved after 18,21 and 28 days.
A separate set of HLB-DGT devices prepared with different thicknesses of agarose diffusive
gels (0.35,0.5, 1, 1.5 and 2 mm) was deployed at the same sites for 8 days to estimate the in

situ DBL thickness at t.

Water samples were also taken using an auto sampler and conventional grab-sample method at
both influent and effluent sites for comparison with the DGT measurements. All-weather
refrigerated automatic samplers were used to collect the influent and effluent in the WWTP
with constant flow mode (~100 mL h') to provide 24-hour composite water samples. Grab

samples were collected between 10 and 11 am on day 0, 7 and 14 of the DGT deployment using
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1 L pre-cleaned amber bottles, following previously reported procedures (Chen et al. 2017).

Temperature and pH in the influent and effluent were recorded daily (Table SD3).

2.6 Chemical Analysis and Quality Assurance /Quality Control (QA/QC)

All samples from the laboratory experiments were analysed on a Thermo Finnigan high
performance liquid chromatography (HPLC) coupled with a photodiode array detector (DAD)
for 5 test chemicals (see SD for set-up). All DGT and active samples from the field work were
pre-treated according to the optimised extraction procedures, and analysed with an LC-tandem
mass spectrometer (LC-MS/MS, Waters, UK) following the procedures reported by Chen et al.
2016 (see also SD). Quality control procedures were included during sample preparation,
collection, pre-treatment and analysis. These included: 1) parallel blank and control
experiments accompanying laboratory tests; 2) DGT field blanks 3) DGT deployment carried
out in at least triplicate, unless stated otherwise; 4) procedural blanks and replicate samples
which were pre-treated in each set of extractions for both field DGT and wastewater samples;
5) recovery tests of DGT extractions and wastewater sample SPEs, by spiking target chemicals
and SIL-ISs; 6) matrix effects for the water samples were also assessed by LC-MS/MS; 7) a
set of calibration standards were run before the analysis of each batch of samples; and 8) solvent
blank samples and QC standard samples were injected daily to check for interference and cross

contamination, and the instrument performance.

Detection limit (DL) is defined as the concentration that represents 3 times the signal to noise
ratio (S/N). The instrument DLs (IDLs) (results given in Table SD4) of each EDC were
calculated using standards with low concentrations; method DLs (MDLs) for DGT and water
samples were estimated from IDLs, absolute extraction recoveries (DGT and SPE for
wastewater) and the concentration factors (Chen et al. 2016). Details of calculations are given

in the SD.

10
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2.7 Statistics

All the laboratory experiment and field sampling was carried out at least in triplicate, unless
stated and the results expressed as the average + standard deviation. The statistical analysis was
conducted by IBM SPSS Statistics software (Version 22). Differences were statistically tested
at the 5% significance level with non-parametric testing when n = 3 or 4. For the extraction

recovery experiments (n=12), so differences were tested by the analysis of variance (ANOVA).

3. RESULTS AND DISCUSSION

3.1 Method Detection Limits (MDLSs)

Field DGT blank samples did not contain detectable levels of EDCs. The DGT field MDLs
were calculated for 7 and 14-day deployments at 10 °C (the average water temperature during
field application). They ranged from 0.89 to 5.1 ng L+ (Table SD4) when deployment was for
14 days.. The 14 day DGT MDLs were slightly higher than those for the SPE of large volume
(500 mL) water samples, (0.33 to 1.7 ng L+, Table SD3). For example, the MDL of E1 was
0.89 ng L' for 14-day DGT samples and 0.26 ng L for water samples - similar to data reported
(0.20 ng L) from the literature (Liu et al. 2011). The typical concentration of E1 in freshwater
is 1s-10s ng L' (Kolpin et al. 2002, Liu et al. 2011); the MDLs are therefore good enough for
environmental applications. Lower MDLs for DGTs deployed in field studies could be
achieved if needed, by combining replicate DGT samples, and/or further reducing the final

sample volume, and/or reducing the thickness of the diffusive gel layer.

3.2 Adsorption Properties of DGT Components

No significant adsorption of EDCs occurred for the DGT holder, PC filter (10 um thickness,
0.2 um of pore size, track-etch membrane, Nuclepore, Whatman) and agarose diffusive gels
(AG gel) (Figure SD3). Thus, the AG gel (1.5%) and PC filter were selected as the diffusive

layer and pre-filter for this study.

11
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3.3 Extraction Recovery, Binding Capacity and Kinetic Uptake

Pre-experimental tests using MeOH as the extraction solvent showed recoveries of HLB
binding gel for estrogenic chemicals were <60%, so ACN was selected instead. The results
showed a single extraction using 5 mL ACN for 30 minutes in an ultrasonic bath achieved
satisfactory extraction recovery for all test chemicals (see Figure SD4 and associated
discussion in SD).There was no significant difference (ANOVA, p>0.05) between the three
resin gels (see Figure SD5 and associated discussion in SD). However, there was a marked
difference between chemicals, with lowest recovery for E1 (71%), followed by E2 (88%) and

about 100% for E3, EE2 and BPA (Table SDS5).

All three resin gels demonstrated linear uptake of the EDCs initially up to 50-100 ug of
individual EDCs at both pH 6 and 8,, except for E3 which had a shorter linear range (Figures
1 and SD6, and associated discussion in SD). The linear components of the uptake curves were
used to estimate the maximum linear accumulation capacities of the binding gels, which ranged
from 17.6 (E3) to 142 (EE2) ug per disc (Table SD6). Based on these uptake capacities and a
practical deployment time of 2 weeks to 1 month, the maximum chemical concentrations that
can be measured using DGT are in the range 50 to 1000 ug L' (Table SD6) (i.e. far greater

than concentrations encountered in natural/field environments.

300

—e—HLBpH=6  --o-- HLB pH=8 100 |—e—HLBpH=6  -—-e-- HLB pH=8
—8—XAD18 pH=6 --#-- XAD18 pH=8 —=— XAD18 pH=6 --#--- XAD18 pH=8
250 o —+—SXLApPH=6 - SXLA pH=8 —+—SXLApH=6 -4 SXLA pH=8 3
B % ®
S200 | a:BPA . 275 7 pEs
w - w
S e S
e 150 w50 P
3 8 o
2 100 =3 /)
=) S St =
25 | S Ee AT *
50
0 T T T T 0 T T T
0 100 200 300 400 500 0 60 120 180 240
Mass in solution (ug) Mass in solution (ug)

Figure 1: Masses (ug) of BPA (a) and E3 (b) taken up by HLB, XAD18 and SXLA resin gels in 50 mL EDC

solutions of various concentration at pH 6 and 8 (IS=0.01M, 7=2042 °C; n=3). Error bars: 1 standard deviation.

12
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HLB and XAD18 gels took up the test EDCs at a similar rate (Figure SD7), but faster than the
SXLA gel. According to Fick’s law of diffusion, the rapid initial uptake (>100 ng in the first
10 minutes in this study) is the key aspect to enable fully quantitative performance of DGT,
which requires zero concentration at the binding gel/diffusive gel interface. This suggested that

HLB and XADI18 gels were more suitable for use in the field (Figure SD6).

3.4 Measured Diffusion Coefficients and Sampling Rate

Measurements of D at 15°C and 20°C (Table SD2) compared well with the calculated values
(a difference within 10%). This confirmed that the calculated D can be directly applied to
calculate the TWA concentrations. This is consistent with Zheng et al. (2015) who suggested
that the D for BPA was 4.71 E-06 cn s* (IS=0.01 M, pH=7, 7=25°C), within 2% of the results

presented here.

Sampling rates (R.) are a useful performance parameter for the evaluation of many passive
sampling devices (Harman et al. 2012). For POCIS and Chemcatcher, R, is normally measured
or calibrated using laboratory or field data and then used to calculate TWA concentrations.
Although the R, was not used when calculating the TWA concentrations for DGT sampler
(DGT only needs the D value), the DGT R, has been estimated using Equation (3) for

comparison purposes (Chen et al. 2012):

Ag 3)

Due to the different designs and exposure areas (3.14 cme for DGT, typically 45.8 cmr for
POCIS and 15.9 cmr for Chemcatcher), the sampling rate per unit area (R,,) was calculated. For

the DGT sampler, the R;, can be estimated by Equation (4) below (Chen et al. 2013):

4

13
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The R.. of selected EDCs for standard DGT samplers (1 mm diffusion layer) were calculated
using D. at 25 °C for individual chemicals measured using a diffusion cell (Table SD7). The
R, for POCIS and Chemcatcher were also calculated using published data for R, (see Table
SD7). The R,. for DGT at 25 °C ranged from 2.94 to 4.18 mL (d cmr)", within a similar range
for POCIS and Chemcatcher samplers. For BPA, the calculated R,, for DGT, POCIS and
Chemcatcher was 4.15 (or 4.07), 6.78 (ranged from 1.92 to 19.05) and 4.23 (ranged from 1.95-
6.54) mL (d cnr)+, respectively. These comparisons indicate that DGT can provide comparable
sampling rates to POCIS and Chemcatcher. The large differences of R.. between the different

studies for POCIS and Chemcatcher may be because of varying DBL conditions in the field.

3.5 Effect of pH, Ionic Strength and DOM

Most Cpg1/Co values fell into the range 0.9-1.1 for XAD18 and HLB devices when the pH was
3.5-9.5, indicating high accuracy and precision of the DGT measurements (Figure 2a and
Table SD8). No significant difference was observed throughout the pH range investigated. A
declining trend was observed for HLB-POCIS used for sampling similar EDCs (BPA, E1, E2
and EE2), and for MAX-POCIS (MAX, similar to SXLLA, a mixed-mode anion-exchange and
reversed-phase sorbents) for phenols and estrogens (Li et al. 2011). Chen et al. (2012) reported
similar findings using XADI18 as a resin for DGT to accumulate ionic antibiotics in water. The
anionic proportion of EDCs increases at high pH so they may be less bound to the resin gels

due to electrostatic repulsion (Dominguez et al. 2011), but this did not impact our results.

The effect of ionic strength (IS) on DGT performance was negligible, with most values of
Cpa1/Cy also falling between 0.9-1.1 (Figures 1b and Table SD9) for XAD18 and HLB devices
between 0.001-0.1 M. A slight reduction of Cpa1/Cy occurred when IS increased to 0.5 M from
0.1 M for all three types of DGT devices (Figures 2b and SD9), indicating that further work
may be required for deployment in seawater. The possible reason could be competition from

other ions for binding sites. This phenomenon has also been observed when XAD18 was used

14
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as a resin for antibiotics (Chen et al. 2012), a range of pharmaceutical compounds (Togola and
Budzinski 2007) and bisphenols (slight decline but all within acceptable limits) from 0.001 to

0.5 M (Zheng et al. 2015).

Dissolved organic matter had no effect on DGT performance in the range of 0 to 20 mg DOM
L!.Cpg1/Cy values were within 0.9-1.1 for most compounds for all three types of DGT devices,
with generally lower values (<1.0) for SXLA-DGT (Figure 2¢ and Table SD10). This again
gives re-assuarnce that DGT samplers can be employed to derive quantitative information on

the selected EDCs in a range of natural environments.

Considering the above results, DGT devices with HLB and XAD18 binding gels are a better

choice for making measurements under a wide range of pH, IS and DOM conditions.
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Figure 2: Effect of pH (a), IS (b) and DOM (c) on measurement for three types of DGT devices (n=3) for E1
and E3. The solid horizontal lines represent the value of 1 and the dotted horizontal lines represent the values at
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3.6 Validation of DGT for EDCs

Two validation experiments of EDCs uptake with deployment time and diffusion layer
thicknesses were conducted in a standard solution in the laboratory, to confirm the samplers
follow the DGT theory. The general order of accumulated mass for the three types of DGT
devices was: HLB = XAD18 > SXLA (Figures 3a-b and SD11). Uptake by HLB-DGT devices
agreed well with theoretical prediction according to Equation (1), with measured to predicted
ratios close to 1. The XAD18-DGT devices accumulated similar amounts of EDCs to the HLB-
DGT devices, just slightly lower than the theoretical predictions. Although the SXLA- DGT
devices could accumulate the chemicals linearly with the deployment time, only ~60% of the
theoretical predictions were accumulated after 5 days. There was no significant difference in
accumulated mass in 24 h between the three (p> 0.05), but a difference appeared after 24 h
(Figure 3a-b). The possible reasons for different performance of three types of DGT devices
could be: 1) different uptake efficiencies of the binding resins (slowest uptake by SXLA) and
this difference will only appear after a period of time (>24 h); 2) competitive binding of
chemicals on SXLA resin gels (this has been confirmed by the time dependence for individual
compounds such as E3). Thus, both HLB and XADI18-DGT devices can be used for
measurement of the selected EDCs in aquatic systems directly and accurately, while SXLA-

DGT devices are not suitable unless “effective” D values are applied to calibrate the results.

The amounts of chemicals accumulated on the resin gels should be inversely proportional to
the diffusion layer thickness, when DGT devices are exposed to a well-stirred EDC solution
for a fixed immersion time. The data obtained for the HLB-DGT devices agreed well with
theoretical predictions (Figures 3c-d and SD12). The results also demonstrated that the DBL
effect could be ignored in the well-stirred solution, and the fit of measured data to the predicted
concentration line confirmed that the use of diffusion coefficients in water was appropriate.

Both results on time and diffusion layer thickness dependence confirm the DGT theory and
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validated the direct use of HLB-DGT devices for simultaneous measurements of EDCs in

waters.
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Figure 3: Measured masses (M, ug) of BPA and E1 in HLB, XAD18 and SXLA-DGT devices deployed in well-
stirred solution for different times (a-b, n=3) and in HLB-DGT with various diffusion layer thicknesses (c-d, n=3).

The solid lines are theoretical lines predicted by Equation (1). Error bars: 1 standard deviation.

3.7 Field Applications

3.7.1 DGT deployments

DGT devices were deployed at the WWTP to test their performance on 8 EDCs under real
conditions alongside the conventional active sampling. The concentrations of E3, BPA, 4-t-OP
and NP obtained by the conventional active samplers were in the range of 10s —>10, 000s ng
L~ in the influent, together with relatively low concentrations (<MDLs — 10s ng L") of E1, E2,
EE2 and DES. The concentrations of E1, EE2, BPA, 4-+-OP from active samples were in the
range of 1s — 1000s ng L in the effluent, while concentrations of E2, E3, and DES were below
MDLs for most samples (NP for nearly half of all samples). Among the 8 target EDCs, the data

from DGT samples showed that the concentrations of DES, E2 and EE2 (and E3 in the effluent)
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were often below the MDLs in both influent and effluent. These findings were similar to the
active sampling results. In the first 2 weeks, DGT devices with the 3 different resins were
observed to continuously take up EDCs from wastewater (Figure 4, full set in Figure SD13),
with the general order of HLB = XADI18 > SXLA, similar to the results from the laboratory
experiments. Differences between uptake rates became greater with increasing deployment
time. The HLB-DGT devices accumulated the EDCs for least 18 days, after which a plateau or
decline was observed. Similar observations of a period of accumulation followed by a
plateau/decline were observed when DGT and POCIS were used to sample for antibiotics,
household and personal care products, and pharmaceuticals in WWTPs (Chen et al. 2013, Chen
et al. 2017, Harman et al. 2011). This could be a result of biofouling, degradation of EDCs on
the resin, or the uptake and retention of co-existing/competing substances. Lack of uptake of
El by DGT deployed in the influent for the first 4 days could be the results of varying

concentrations or competition of much higher concentration of chemicals on the binding sties.
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Figure 4: Uptake of BPA and E1 by the three types of DGT device (ng, n=3, blue square for HLB-DGT, red
rhomboid for XAD18-DGT and green triangle for SXLA-DGT) and average active-sample concentrations of BPA

and E1 (ng L+, blue circles for auto-samples and green dash for grab-samples) in both influent (INF) and effluent

(EFF) in a WWTP. Error bar: 1 standard deviation.
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3.7.2 Effect of DBL

To estimate the effect of DBL on the accuracy of the measurements, the thickness of the DBL
(0) was obtained by deploying devices with different thicknesses of the diffusive layer in the
WWTPs. The following Equation (5) was used for calculations (Zhang and Davison 1995): the
reciprocal of accumulated masses of test EDCs (1/M) was plotted against the thickness of the
diffusive layer (Ag); 0 can then be calculated using the ratio of the intercept and the slope of

the regression line.

Ag N o
D,Cpir At D,Cpip At (5)

1
M

The DBL thickness for the influent and effluent (Figure 5 and Figure SD14) was in the range
of 0.21-0.29 mm (mean 0.24 mm) and from 0.06-0.11 mm (mean 0.08 mm), respectively. The
result in the influent is very similar to previous studies conducted at the same WWTP (0.23
mm (Chen et al. 2013) and 0.25 mm (Chen et al. 2017)). If this DBL thickness was not
considered when calculating the C... for DGT devices with a diffusive layer of 1 mm thickness,
the TWA concentration will be ca. 20% underestimated. A comparison with other passive
samplers such as POCIS and Chemcatcher (ca. 70% underestimation in this condition),
suggests that the effect of DBL on DGT is much lower, as there are much thinner diffusive gels
in POCIS and Chemcatcher (the thickness of typical PES filter used for these samplers was ca.
110 um). The average thickness of the DBL in the effluent was 0.08 mm, which was similar to
that in a study of household and personal care products (Chen et al. 2017), and much less than
in a recent study of WWTP effluent from Canada (0.45 mm on average (Challis et al. 2016)).
The small thickness of the DBL in this study could result from the high and turbulent flow in
the effluent. The smaller DBL thickness will only cause ca. 7% underestimation of the

measured concentration. Values of 0.24 and 0.08 mm were subsequently used as the DBL
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thicknesses to calculate the C.. according to Equation (2), to have accurate TWA
concentrations in the influent and effluent for this study, respectively.
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Figure 5: Plot of 1/mass (1/M, 1/ng) of E1 and 4-~-OP accumulated by DGT deployed in both influent (INF) and

effluent (EFF) versus different diffusive gel thickness (Ag, mm)

3.7.3 DGT versus Active Sampling

Conventional auto-sampler and grab-sampling methods were used alongside DGT
deployments and the results compared (see Figures 6 and SD15). For most of the detected
compounds, DGT measured concentrations were similar to those obtained with auto-samplers.
For individual EDCs, the DGT TWA concentrations also agreed well with the average
concentrations provided by auto-samplers. The similar results between DGT samples (HLB
and XADI8) and the auto-samplers confirmed that DGT could provide continuous

measurements of TWA concentrations in the wastewaters.

21



100000 1000

1 MEAuto BHLB EIXAD18 ESXLA =ZGrab  D7:INF 1 HEAuto OHLB EIXAD18 ESXLA HGrab  D7:EFF
] il 1k T
10000 - | EHBhA&F
— 3 k = 100 o [ .
= 1000 - ERL
o )
£ 1E <
32 100 o 2 1
© ] ; G 10 [
1 # 11
10 35 é
’ .
1 1 - -
NP BPA El 4-T-OP NP

EDCs
413

414 Figure 6: 7-day TWA concentrations of DGT samples and average concentrations of auto and grab samples for

415 compounds detected by DGT in both influent (INF) and effluent (EFF). Error bar: 1 standard deviation.

416  Results from the grab-samples showed significant differences when compared to DGT and the
417  auto-samplers. Grab sampling only gives a snapshot of concentrations at the time of collection
418  (Arditsoglou and Voutsa 2008); it may miss or only partially record events such as time varying
419  point source discharge (short-term high concentrations) or rainfall events (dilution of normal

420  concentrations).

421  The DGT sampler can be used as a tool to assess the chemical removal efficiency in WWTPs,
422 as it can provide reliable TWA concentrations for a period (days to weeks) easily, while the
423  grab-sampling may miss the peak/discharge events and auto-sampling devices may not be
424  available at most sites due to their high cost. The total removal efficiency (Removal, %) of the

425  EDCs in the WWTP of this study could be roughly estimated using Equation (6) below:

-C

426  Removal = G = Car 100%

Cint (6)

427  where Cinr and Cesr are the TWA concentrations of EDCs measured by DGT in the influent and
428  effluent, respectively. When using the 7-day average concentrations measured by DGT, the
429  overall removal efficiencies for E1 and BPA were 24% and 79%, which were very similar to

430  the estimations obtained based on auto-sampler measurements (26% for E1 and 78% for BPA)
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However, the grab samples in this study over-estimated the removal efficiencies of EDCs with

70% for E1 and 98% for BPA.

4 CONCLUSIONS AND IMPLICATIONS

The systematic investigation of three types (HLB, XAD18 and SXLA) of DGT samplers
demonstrated that the devices with HLB and XAD18 can be used for measuring EDCs in both
laboratory and field conditions with high accuracy, high sensitivity and good precision. DGT
performance is independent of a wide range of pH, ionic strength and dissolved natural organic
matter. Therefore, the DGT sampler can constitute a viable and attractive alternative to
conventional grab and active water sampling for routine monitoring of EDCs in wastewaters
and natural waters, and for studying the fate and behaviour of EDCs in the aquatic environment.
The HLB resins are widely-used binding agents for other POCs and provide the potential for

future development of DGT for more POCs.
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