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• Miniature 3D-printed passive sampler de-
vices (3D-PSD) enabled scaled down
workflow.

• Uptake rates (Rs) determined for 39 con-
taminants of emerging concern (CECs)

• Rs smaller on 3D-PSDs and more sensitive
LC-MS methods required

• Agreement between PSD-extrapolated
CEC concentrations and those measured
in water.

• 80 CECs detected and a further 113 tenta-
tively identified in river 3D-PSD extracts.
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 The miniaturization of a full workflow for identification and monitoring of contaminants of emerging concern (CECs)
is presented. Firstly, successful development of a low-cost small 3D-printed passive sampler device (3D-PSD), based on
a two-piece methacrylate housing that held up to five separate 9 mm disk sorbents, is discussed. Secondly, a highly
sensitive liquid chromatography-tandem mass spectrometry (LC-MS/MS) method reduced the need for large scale
in-laboratory apparatus, solvent, reagents and reference material quantities for in-laboratory passive sampler device
(PSD) calibration and extraction. Using hydrophilic-lipophilic balanced sorbents, sampling rates (Rs) were determined
after a low 50 ng L−1 exposure over seven days for 39 pesticides, pharmaceuticals, drug metabolites and illicit drugs
over the range 0.3 to 12.3 mL day−1. The high sensitivity LC-MS/MS method enabled rapid analysis of river water
using only 10 μL of directly injected sample filtrate to measure occurrence of 164 CECs and sources along 19 sites
on the RiverWandle, (London, UK). The new 3D-PSDwas then field-tested over seven days at the site with the highest
number and concentration of CECs, whichwas down-river from awastewater treatment plant. Almost double the num-
ber of CECs were identified in 3D-PSD extracts across sites in comparison to water samples (80 versus 42 CECs, respec-
tively). Time-weighted average CEC concentrations ranged from 8.2 to 845 ng L−1, which were generally comparable
to measured concentrations in grab samples. Lastly, high resolution mass spectrometry-based suspect screening of 3D-
PSD extracts enabled 113 additional compounds to be tentatively identified via library matching, many of which are
currently or are under consideration for the EU Watch List. This miniaturized workflow represents a new, cost-
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effective, and more practically efficient means to perform passive sampling chemical monitoring at a large scale.
Synopsis: Miniaturized, low cost, multi-disk passive samplers enabled more efficient multi-residue chemical contami-
nant characterization, potentially for large-scale monitoring programs.
1. Introduction

Chemical contamination of the aquatic environment from anthropogenic
sources is well reported and is of growing concern as knowledge of the long-
term effects in the environment evolves. Upwards of 630 chemicals, includ-
ing pharmaceuticals, personal care products, and pesticides have been
identified in 71 countries worldwide, often in multiple environmental com-
partments (aus der Beek et al., 2016; Zenker et al., 2014; Noguera-Oviedo
and Aga, 2016; Patel et al., 2019; Wang et al., 2020). However, over
350,000 chemicals are currently licensed for manufacture and sale globally
making this an enormous analytical challenge (Wilkinson et al., 2018).
Some of these, including pesticides, pharmaceuticals, and personal care prod-
ucts, are classified as contaminants of emerging concern (CECs) in Europe
according to the EU Water Framework Directive and the Marine Strategy
Framework Directive (European Commission, 2015; European Commission,
2018; EC, 2008; European Commission, 2013). Similarly, many are listed
on theUnited States Environmental Protection Agency'smost recent Contam-
inant Candidate List (CCL4) (US Enviromental Protection Agency, 2021).

Various methods exist for the spatiotemporal monitoring of CECs in the
aquatic environment and passive sampling is now being increasingly used.
Passive sampling devices (PSDs) have been suggested as a viable monitor-
ing approach within the EU Water Framework Directive (Brack et al.,
2017). Several qualitiesmake it an appealing alternative to grab or compos-
ite sampling. First is the ability to calculate a time-weighted average (TWA)
concentration of CECs over extended periods in the case of integrative PSDs
(Caban et al., 2021). For this, a compound-specific sampling rate (Rs) is de-
termined either in the laboratory or in the field (Taylor et al., 2020; Vrana
et al., 2021; Townsend et al., 2018). PSDs can offer greater sensitivity com-
pared to grab sampling, as the accumulated compounds are often enriched
on the sorbent in situ (Becker et al., 2021). One drawback is that the TWA
concentration obtained from PSDs fails to reflect short pulsed pollution
events. However such events are often missed entirely when using grab
sampling. Many PSD formats exist, depending on the application (Taylor
et al., 2020; Namieśnik et al., 2005; Taylor et al., 2019). For the measure-
ment of CECs in the aquatic environment, the most common PSDs are the
Chemcatcher®, the polar organic chemical integrative sampler (POCIS) de-
vices and diffusive gradient in thin-films (o-DGT) devices (Taylor et al.,
2020). The Chemcatcher® holds standard 47 mm SPE sorbent disks
(Charriau et al., 2016). POCIS devices contain free sorbent particles held
between two porous membranes, again of similar diameter (Alvarez et al.,
2004). The Chemcatcher® is limited to one size containing one disk per de-
vice, making multimodal and replicate deployments cumbersome, espe-
cially when several passive samplers are required and the sampling
location is not easily accessible. Tailored and often large equipment is reg-
ularly required to performRs CEC calibrations in the laboratory, in addition
to often relatively expensive quantities of reference materials for large vol-
ume exposures (Charriau et al., 2016). Specifically, to enable calculation of
Rs, preconcentration of up to 1 L of water is often required for each mea-
surement to be made robustly at the ng L−1 level necessitating the use of
large exposure volumes when calibrants across multiple timepoints are re-
quired (Grodtke et al., 2020). Recent advances in liquid chromatography-
mass spectrometry (LC-MS) technologies have resulted in methods that
can now detect CEC concentrations at this level using direct injection of a
filtered sample (Richardson et al., 2021; Hermes et al., 2018; Boix et al.,
2015; Ng et al., 2020). In addition, for extraction of 47 mm diameter
PSDs themselves, frequently 40 mL of organic solvents are used which
can amount to sizeable total volumes used for large monitoring campaigns,
even when in situ Rs calibrations are employed (Petrie et al., 2016).
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Therefore, an opportunity exists now not only to scale down the entire pas-
sive sampling process, including PSDs to match analytical sensitivity gains,
but also any associated apparatus and chemical reagents required for
calibration to potentially make passive sampling more accessible and
sustainable for analytical laboratories.

The increased affordability and resolution of modern benchtop 3D-
printers makes them very useful for prototyping. Compared to traditional
manufacturing techniques, 3D-printing can accurately produce unique,
identical objects without the need for tooling or fabricating master molds,
whilst generating minimal waste (Gross et al., 2017; Kalsoom et al.,
2018a). Itsflexibility has resulted in it being applied in several different sci-
entific disciplines, ranging from microfluidics to medicine and biology
(Chan et al., 2015; Villegas et al., 2018; Yuen, 2016; Anderson et al.,
2013; Chen et al., 2014; Yuen, 2008). For passive sampling, only two rele-
vant studies exist utilizing 3D-printing (Kalsoom et al., 2018b; Nitti et al.,
2018). Kalsoom et al. used multi-material fused deposition modelling
(MM-FDM) to build a low-cost, membrane-integrated PSD housing for the
uptake of atrazine. Here, a polylactic acidfilament was used for the sampler
housing and a composite Poro-Lay Lay-Felt filament produced the inte-
grated membrane. It was functionally similar to POCIS, using polystyrene
SPE sorbent particles (Kalsoom et al., 2018b). Nitti et al. employed FDM
3D-printing to create a flow-through attachment for an existing polymer in-
clusion membrane (PIM)-based PSD that shielded the device from environ-
mental fluctuations in flow targeting zinc(II) (Nitti et al., 2018; Almeida
et al., 2016). However, knowledge regarding the wider applicability of
3D-printed devices for more and chemically diverse compounds is critically
lacking, especially where they could be used for large-scalemonitoring pro-
grams.

The aim of this work was to scale down an entire workflow for passive
sampling and analysis of CECs in river water. To achieve this aim:
(a) prototype PSD designs capable of holding multiple smaller fiberglass-
particle composite-type sorbent disks were developed and characterised;
(b) a scaled-down calibration experiment on a hydrophilic-lipophilic bal-
anced (HLB) sorbent was performed at low CEC exposure concentrations
using a highly sensitive LC-MS/MS method which was capable of perform-
ing direct injection analysis of water at the ng L−1 concentration level; and
(c) the 3D-PSDs were field-tested in the River Wandle (London, UK) for
targeted CEC monitoring, and a comparison to measured CEC concentra-
tions made in water directly, and (d) the potential for suspect screening
of 3D-PSD extracts to identify additional CECs, as well as their metabolites
and transformation products, was assessed. This work presents the first in-
vestigation of a low-cost miniaturized, integrated, and multiplexed 3D-PSD
for multi-residue CEC monitoring in environmental waters.
2. Materials and methods

2.1. Analytical and experimental reagents

All reagents used were of analytical grade or higher unless stated other-
wise. Methanol (MeOH), acetonitrile (MeCN), and propan-2-ol (IPA) were
sourced from Sigma-Aldrich (Gillingham, Dorset, UK) and LC-MS grade
formic acid was purchased from Millipore (Millipore, Bedford, USA). A
standard mix of 200 compounds (n = 164 analytical standards and n =
36 stable isotope-labelled internal standards (SIL-IS), purity ≥97%) was
used throughout this study for both quantitative and/or qualitative pur-
poses and full details are listed in the electronic supplementary informa-
tion, Table S1.
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Salts for the preparation of artificial freshwater (AFW) includedmagne-
sium sulfate (MgSO4) (Fisher Scientific, Leicestershire, UK), sodium hydro-
gen carbonate (NaHCO3) and potassium chloride (KCl) (both from Alfa
Aesar, Massachusetts, USA), and calcium chloride (CaCl2) (ACROS Or-
ganics, Geel, Belgium). AFW was prepared as per the OECD Test Guideline
No.203 by diluting stock solutions of CaCl2, MgSO4, NaHCO3, and KCl to
2.0 mM, 0.50 mM, 0.77 mM, and 0.07 mM, respectively with ultrapure
water dispensed from an 18.2 MΩ.cm Millipore Milli-Q water purification
system (MilliporeSigma, Massachusetts, USA) (OECD, 2019).

2.2. Instrumental analysis

LC-MS/MS was performed using an LCMS-8060 (Shimadzu Corpora-
tion, Kyoto, Japan) according to Ng et al. and Richardson et al
(Richardson et al., 2021; Ng et al., 2020). Separations were performed
using a Raptor 5.0 × 3.0 mm, 2.7 μm biphenyl guard column (Restek,
Pennsylvania, USA). The injection volume was 10 μL for all samples and
the flow rate was 0.5 mL min−1. A binary LC gradient consisted of 0.1%
v/v aqueous formic acid as mobile phase A and 0.1% v/v formic acid in
50:50 MeOH:MeCN as mobile phase B. The elution program included an
initial hold of 10% B for 0.2 min, a linear ramp to 60% B over 2.8 min,
and a 100% B hold for 1 min. The total run time was 5.5 min, including a
1.5min re-equilibration time. Compoundswere identified from aminimum
of two transitions per compound where possible using multiple reaction
monitoring (MRM)with a varying dwell time between 1 and 20ms (analyte
dependent). All data were acquired and processed using Shimadzu
LabSolutions and LabSolutions Insights LCMS software v3.7, respectively.

Suspect screening was performed on a Shimadzu LCMS-9030 LC-QTOF-
MS system. Separations were performed using a Shim-pack Velox 2.1 ×
100 mm, 2.7 μm biphenyl column (Shimadzu) held at 40 °C with a 17-
min binary gradient elution program. The flow rate was 0.3 mL min−1

with a 40 μL injection volume of 3D-PSD extracts in both positive and neg-
ative electrospray ionization (ESI) mode. Mobile phases were 2 mM ammo-
nium formate with 0.002% formic acid in either ultrapure water or
methanol (Mobile Phases C and D, respectively). The program consisted
of 5% D for 1 min, followed by a quick ramp to 40% D over 2 min, and
then ramped to 100% D to 10.5 min. At 11.01 min the analytical run
ended and the post-run column clean-up/re-equilibration program was ini-
tiated. The flow rate was then increased to 0.5 mL min−1, still at 100% D
for 2 min. At 13.01 min re-equilibration to initial mobile phase conditions
was then performed at the elevated flow rate. Finally, flow rate was re-
turned to 0.3 mL min−1 at 14.01 min for the remainder of the run at 17.0
min. The initial MS scan rangewas 100–920Da for positive 50–920 for neg-
ative mode. Data independent analysis (DIA) fragmentation with variable
isolation width and a collision energy of 30 ± 25 and 25 ± 15 V was
used for positive and negative mode, respectively with a scan time of 25
and 28 ms, respectively. Fragments were monitored for between 40–920
and 50–920 Da for positive and negative mode, respectively.

Retrospective suspect screening was performed in LabSolutions Insight
Explorer Library Screening software v3.8 SP1 against a list of n = 1219
compounds which included the Shimadzu toxicology screening library,
Shimadzu pesticide library and additional reference materials data from
Imperial College London. All 3D-PSD extracts were searched against this
list and candidates shortlisted based on four points of confirmation. These
included retention time (RT) within 0.5 min of the curated library value,
mass accuracy within 5 ppm, isotopic distribution score >20 and a library
identification similarity index score >45. In addition, the signal-to-noise
ratio was greater than 3:1 and peak intensity greater than 1000 for all
shortlisted candidates.

2.3. Design and fabrication of the 3D-printed PSD

All 3D-printed parts were fabricated using a SLA-based AsigaMAXmini
3D printer (Puretone™ Ltd., Kent, UK) and a methacrylate-based resin
(PlasCLEAR V2). This printer was suitable for the required resolution and
PlasCLEAR was stable across acidic-alkaline pH and in a range of organo-
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aqueous solvents typically used for water sample preparation (Irlam et al.,
2020). Computer-aided designs (CAD) were developed, produced, and
exported as *.STL files using the Solid-Works software (Dassault Systems,
Waltham, MA, USA). The files were sliced and uploaded to the 3D printer
via the Asiga Composer application (Asiga, Anaheim Hills, CA, USA). All
parts were printed with a layer thickness of 50 μm, a light intensity of
30.4 mW cm−2, and an exposure time of 2.34 s. See SI for all build condi-
tions and final *.STL files (Table S2). The total print time was 1.93 h and
the cost of the housing material per device was £2.37 in Great British
Pounds (GBP) including a transport cap (Fig. 1 (b) – (d)). All parts were
washed twice by sonication (15 min) in IPA to remove excess resin. Parts
were air dried before an additional 30-min cure under UV light using the
Asiga Flash UV oven (Puretone™ Ltd., Kent, UK). All parts were stored dry
and were rinsed with MeOH and water before use.

2.4. Characteristics of 3D-PSDs

Physical characteristics of the cured resin were assessed with scanning
electron microscopy (SEM) using a JSM-IT100 (JEOL, Akishima, Tokyo,
Japan). For imaging, 1 mm3 and 0.5 mm3 cubes were printed using the
same build conditions as the 3D-PSD and prepared for imaging by first
being mounted on aluminium stubs with self-adhesive carbon tape before
sputtering with gold under argon (Automatic Sputter Coater, Agar Scien-
tific, Essex, UK). Print porosity was determined via the Brunauer–
Emmett–Teller (BET) method using a TriStar II instrument (Micromeritics,
Norcross, USA). Samples were degassed overnight at ambient temperature
with nitrogen before analysis. A sub-set of 136 physicochemically diverse
CECs that could be quantified reliably at low ng L−1 concentrations were
used to assess sorption to the 3D-PSD housing material at five-time points
(24, 48, 96, 144, and 192 h for n = 3 devices tested per timepoint). Addi-
tional details are given in S1.

2.5. 3D-PSD construction, calibration, and extraction procedures

HLB-type disks comprising divinylbenzene with hydrophilic moieties
and Supor poly(ether sulfone) (PES) 0.2 mm membranes were sourced
from Affinisep (Val de Reuil, France) and Pall Europe Ltd. (Portsmouth,
UK), respectively. Both the HLB disks and PES membranes were cut to
9mmdisks (surface area=0.5 cm2) using a clean, dry wad punch and con-
ditioned before deployment with 5 mL of MeOH and ultrapure water. Any
manufacturing residues were removed from the PES membranes with two
sequential 24-hour MeOH washes (Guibal et al., 2015). Each 3D-PSD
contained five sorbent disks and was assembled for deployment by first
placing the PES membranes inside the top section (Fig. 1(c)) of the device
with the HLB disks stacked on top of the PES. The base component (Fig. 1
(b)) containing the corresponding ‘turrets’was then aligned and clicked to-
gether to form a tight interference fit of the sorbent and the PESmembrane
leaving the top surface exposed to the environment, see Fig. S1 for details.
The assembled devices were stored in ultrapure water until deployment for
maximum of 48 h.

The Rs represents the volume of water cleared of a contaminant per unit
of time (mL day−1). It is calculated from the ratio of the slope of the regres-
sion line (Ms t−1, mass on sampler per time) over themean concentration in
the matrix (Cw) for the period for which the slope is linear (Eq. 1) (Vrana
et al., 2005; Castle et al., 2018).

Rs ¼ Ms

Cw:t
(1)

Static renewal Rs calibration was performed (Charriau et al., 2016). A
large glass beaker was filled with 5 L AFW and spiked with a mix of 136
analytes in MeOH to give a concentration of 50 ng L−1 of each compound.
No additional organic solvent was required tomaintain analyte solubility in
AFW. Twelve 3D-PSD assemblies were used in all (n=60 individual 9 mm
sampling disks). For tank mounting, threaded 3D-printed “key” fittings
were attached to zinc plated, threaded rods with bolts (M8 x 1 m,



Fig. 1. Photographs of the assembled 3D-printed passive sampler (a) and the componentsmanufactured in PlasCLEAR including (b) the base, (c) the top, (d) the transport cap
and (e) the mounting key used for in-lab calibration studies. White bars represent 10 mm scale relative to each image.
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Toolstation UK) that were then connected to 3D-PSDs at 6 cm intervals via
their hexagonal central hole (Fig. 1 (e)). Fishing line was also used to fur-
ther secure them, metal wire was not used as chemical sorption to the fish-
ing line was considered negligible. Four rods were used in the same beaker,
eachwith three 3D-PSDs. All rods were positioned 3 cm from the central ro-
tation point of a central magnetic stirrer with 3D-PSDs facing inwards and
therefore parallel with the flow (sampler face was ~2.5 cm from the centre
of rotation, Fig. S2) (Ahkola et al., 2015). The stirrer was set to deliver a cal-
culated flow velocity of 0.5 ± 0.1 m s−1 around all samplers according to
Halász et al., which was similar to that observed in local rivers in the
London area (Halász et al., 2007; NRFA, n.d.; Havery, 2016). The 3D-
PSDswere deployed in the exposure beaker for the following time intervals:
8, 24, 48, 72, 96, 120, 144, 168, 192, 216, 240, and 264 h. At each time
point, a single random 3D-PSD was removed. A 30 mL sample of water
4

was collected from the exposure tank at the same time as the 3D-PSD re-
trieval and an unused 3D-PSD was exposed to air and handling during
manipulation. Extracts of this unused 3D-PSD were used as a negative
control. Following collections at each interval, the spiked AFW was re-
placed. The sorbent disks and membranes were removed from the de-
vice and allowed to air dry overnight on MeOH-washed aluminium
foil together with the negative control. Once dry, the HLB disks and
PES membranes, as well as the corresponding water samples were
stored at −20 °C until extraction.

Extraction was based on the method of Taylor et al., but was scaled
down by HLB disk weight enabling a standard SPE vacuummanifold to
be used (Taylor et al., 2020). Disks were placed in an empty fritted
(polypropylene, 20 μm pore size) SPE cartridges (Agilent Technolo-
gies UK Ltd., Cheshire, UK) and configured to the manifold. With the
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vacuum off and taps closed, 1 mL of MeOHwas added to each cartridge
and allowed to soak for 15 min, during which time no significant evap-
oration was noted. The taps were then opened and the MeOH was
allowed to percolate under gravity into pointed glass tubes (15 mL,
Merck Life Science UK Ltd., Dorset, UK). Following this, an additional
0.6 mL of MeOH was added to each cartridge under vacuum. Extracts
were evaporated to dryness at 35 °C under N2 before reconstitution
in 200 μL of LC-MS mobile phase A. Details of extraction efficiency
and recovery data are shown in S3 and Table S3. For quantification,
calibrants were prepared by soaking fresh 3D-PSDs in AFW for 24 h,
followed by direct spiking of the sorbent disks with analytical stan-
dards to form a nine-point calibration series (0.005 to 1 ng disk−1).
Each standard was analyzed in triplicate. The preparation of water
samples for analysis is described in Richardson et al., (2021).
Fig. 2. Total CEC concentrations at all 19 RiverWandle sampling sites in April 2021mea
the standard error of the standard deviation across all CEC concentrations at that site. Sit
and K are marked with an * and represent the locations chosen for 3D-PSD deployment
detected at selected sites (A, F, G, K, and S), standard deviation in grey. Concentric rin
class is also indicated. Individual concentrations in both ng L−1 and pmol L−1 for all CE

5

2.6. Procedures for field deployment in the River Wandle, London, UK

To prioritise 3D-PSD deployment locations, water samples were taken
for analysis at four locations on the River Wandle in Greater London in
April 2021. The River Wandle is a freshwater urban river that originates
in Croydon, South London and flows through the boroughs of Sutton, Mer-
ton, and Wandsworth before joining the River Thames in Central London.
Ninteen water samples were taken for analysis at various locations in
Ravensbury Park, Poulter Park, Beddington Park, and Richmond Green.
High resolution grab sampling (<200 m between points) was conducted
at three of these sites and a single sample was taken at Ravensbury Park
(see Table S4 and Table S5 for details, sites labelled A – S in Fig. 2). At
each site, a 30 mL sample of river water was collected in pre-rinsed
Nalgene® bottles (Sigma-Aldrich). External matrix-matched calibration
sured using direct-injection LC-MS/MS of grab samples, positive error bars represent
es are in descending order moving upstream from A to S towards the source. Sites A
. Insert pie charts represent the mean concentrations (ng L−1) of compound classes
gs represent concentrations on a log scale. The number of compounds within each
Cs detected at each site are given in Tables S4 & S5.
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was used for quantification purposes and prepared using pooled river water
samples created from combining equal volumes (700 μL) of water from all
sites. A 14-point calibration curve (10 to 2000 ng L−1) was created as per
the method described in Richardson et al., (2021). In brief, 900 μL of
riverwater was spiked with 100 μL of the analytical standard concentration
required and SIL-IS (500 ng L−1). Background subtraction in thematrixwas
done before any quantification was performed. That is, a blank, unspiked
polledmatrix was measured (n=3, twice in the sequence) and the average
peak area was removed from the measurements made in other calibration
points. Standard addition calibration for each sample was not considered
practical in this case given the number of samples required to be quantified.
The calibrant samples was briefly vortexed before filtering into a
deactivated HPLC vials (Agilent A-Line) through a 0.2 um polytetrafluoro-
ethylene (PTFE) membrane using a BD Plastipak™ syringe (FisherScientific
UK Ltd., Loughborough, UK).

Following the analysis of the river water, a site downstream of the
WWTP effluent point (at Ravensbury Park, site A; 51.395227;
−0.175981) and a background site upstream of the WWTP (at Beddington
Park; site K; 51.372588; −0.147129) were selected for the deployment of
the 3D-PSDs from the 4th to 11th June 2021. Selection of these sites was
also based on safe access to the river and ability to anchor PSDs securely
to the riverbed. Two 3D-PSDs were deployed at site A and five deployed
at site K (i.e., to provide enough extract to prepare a matrix-matched cali-
bration series). A separate field blank (an assembled 3D-PSD containing n
=3HLB sorbent disks)was exposed to the air and handling of the samplers
during deployment and retrieval. For deployment, the 3D-PSDs were fitted
onto U-shaped galvanized garden pegs (15× 0.29 cm, G&B, UK). The pegs
were pushed into the riverbed with the sampler itself located above the riv-
erbed surface. Upon retrieval, the 3D-PSDs were removed and rinsed with
river water. The transport cap was fitted before wrapping the samplers in
aluminium foil and storing them in a clean plastic container. 3D-PSDs
were transported in a cool box to the laboratory, where they were
disassembled, dried, stored, and extracted as per Section 2.5. For 3D-PSD
quantification, matrix-matched calibrants were prepared by directly spik-
ing spare sorbent disks from site K with analytical standards over the
range of 0.005 to 10 ng disk−1. Water samples were taken from each site
(30 mL) at deployment and retrieval. All water samples were stored in a
cool box during transport and stored at−20 °C at the laboratory until anal-
ysis. A flow-chart of the extraction and quantification process is shown in
Fig. S3 including the types of data retrieved from analysis of water and pas-
sive sampler extracts.
3. Results and discussion

3.1. 3D-PSD device design and characterization

The final 3D-PSD design comprised two core parts; the top and base
(Fig. 1(b) & (c)) and a third transport cap part (Fig. 1(d)) used during de-
ployment and retrieval to protect the sorbent disks from contamination
(see Fig. S4 for measurements). The interference fit increased the simplicity
of the 3D-PSDs and a tight fit was still achievable for more than ten deploy-
ments across various projects. Threaded fittings were briefly explored but
were deemed inferior due to inconsistencies in the build quality, friction
wear, and difficulty removing sediment during cleaning, making sampler
re-use impractical. The flat surface of the top reduced the water turbulence
and the circular configuration ensured that the sorbent disks were exposed
to similar local conditions in the water column (Ahkola et al., 2015). Print
reproducibility between the devices was high (<2% RSD in weight and all
dimensions, n=15) and there was no significant difference in dimensions
between individual builds or builds before and after the post-cure process.

SEM imaging of the cured resin revealed that the material was non-
porous, with no evidence of delamination or microscopic void formation
in the final 3D parts (Fig. S5). The 3D printed devices are non-porous
since there was no visual evidence of macropores on the surfaces, and the
absence of micropores and mesopores was confirmed by BET analysis
6

(Fig. S6). Therefore, leaching of water through the walls of the device to
reach the sorbent was unlikely.

Mean loss due to analyte sorption to the 3D-PSD housing across eight
days in AFW and for all compounds, was 28± 40% (median= 12%). Con-
trols were used to account for analyte loss due to sorption to the nalgene
bottles, volatility and degradation. Seventy-seven compounds showed no
or low sorption (<15%) to the 3D-PSD over this time (Fig. S7 (a)). Com-
pounds that displayed some degree of sorption to the 3D-PSD (n = 59)
(Fig. S7 (b)) had a range of physico-chemical properties but was generally
higher for CECs with logD >2. For these compounds, the majority of losses
occurredwithin thefirst 48 h of exposure (53±28%).Of all ten 3D-printed
resins evaluated in previous work, PlasCLEAR was the most suitable in
terms of compatibility with organo-aqueous solvents, but a potential solu-
tion would be to manufacture this same PSD design from, for example,
PTFE using alternative manufacturing methods (Irlam et al., 2020). Fur-
thermore, preliminary work suggests that it is possible to extract sorbed
compounds off the PlasCLEAR resin (results not shown), but further work
is needed. A detailed discussion is given in S4 and sorption profiles in
Fig. S8.
3.2. 3D-PSD in-laboratory calibration

Previous work by our group in the Thames estuary during a summer
campaign revealed an average concentration of 47 ± 49 ng L−1 for 33
CECs (Richardson et al., 2021). Therefore, a similarly low (50 ng L−1)
and environmentally relevant exposure concentration was chosen to show
the benefits of the 3D-PSD approach coupled with a rapid and sensitive di-
rect injection LC-MS/MS method for water samples at environmentally rel-
evant concentrations. The actual CEC concentration was measured during
the exposure and remained consistent at 36± 6 ng L−1 over daily renewal
of freshly prepared spiked AFW matrix.

Rs values were reliably determined for 39 compounds in this initial de-
velopment work (Table 1), though it is envisaged that substantially more
could be determined if higher exposure concentrations were employed.
Generally, the uptake onto the 3D-PSD was linear up to 11 days (Fig. 3 &
S8 for individual compounds). Using this methodology, it was decided to
limit the 3D-PSD deployment period to seven days to ensure that all com-
pounds remained in the linear uptake range. Rs values ranged from 0.3
mL day−1 (propamocarb) to 12.3 mL day−1 (carbamazepine). There was
no correlation between compound logD, logP, andRs, in linewith the obser-
vations of other studies (Petrie et al., 2016; Gunold et al., 2008; Moschet
et al., 2015; Shaw et al., 2009). LogD and logP were calculated using the
Percepta PhysChem Profiler software (ACD Laboratories, Ontario,
Canada). The mean TWA limit of detection (LOD, defined as 3.3 times the
standard deviation of the y-intercept divided by the slope according to
ICH guidelines) and lower limit of quantification (LLOQ, defined as 3
times the LOD) across all compounds retained on the sampler was 0.5 ±
0.6 ng L−1 (Table 1) and 1.4 ± 1.9 ng L−1, respectively based on a seven
day exposure (ICH expert working group, 2005). The LOD/LLOQ values
were extrapolated from a spiked ng disk−1 value, calculated as per above,
to ng L−1 which is what would be experienced by the 3D-PSD in environ-
mental waters using the calculated Rs over a period of seven days. Esti-
mated LOD/LLOQ values for the spiked 3D-PSD all lay within the range
of the calibration line and were verified in all cases. In terms of LOD, this
represents a significant improvement in sensitivity ((p<0.05) by 86%
(4 ng L−1, on average)) when compared to direct measurement of AFW.
3.3. Effects of reducing the surface area of a PSD

Uptake follows first-order kinetics and is described using a one-
compartment model (Eq. (2)). The concentration on-sampler is determined
by the partition coefficient between the sampler and the exposure matrix
(KSM), concentration in the matrix, the total mass transfer coefficient (h0),
time (t), and the sampling area and volume of a sampler, As and Vs,
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respectively (Taylor et al., 2019; Salim and Górecki, 2019; Vrana et al.,
2007; Vrana et al., 2006).

Ms ¼ KSMCw 1 � exp � h0As

VsKSM

� �
t

� �� �
(2)
Table 1
Regression information and Rs ± standard deviation (SD) for the 3D-PSD and compare

Compound AFW¥ 3D-PSD

LOD
(ng L−1)

LOD Linear
range (d)

R2 Rs ± SD (mL d−

surface area)‡
pg
disk−1

ng
L−1†

Amphetamine 5 5 0.4 1–11 0.82 1.6 ± 0.1 (48)
Azoxystrobin 4 9 0.1 1–11 0.77 10.2 ± 0.8 (309
Benzatropine 4 36 2 1–11 0.80 3.2 ± 0.1 (96)
Benzoylecgonine 4 8 0.1 0.3–11 0.87 8.5 ± 0.7 (259)
Bisoprolol 4 2 0.1 0.3–11 0.81 3.7 ± 0.3 (114)
Buspirone 4 29 2 4–11 0.97 2.4 ± 0.4 (72)
Carazolol 3 1 <0.1 0.3–11 0.82 4.9 ± 0.5 (150)
Carbamazepine 4 6 0.1 0.3–11 0.85 12.3 ± 1.0 (375
Carbamazepine-10,11-epoxide 4 2 0.1 0.3–11 0.88 4.2 ± 0.4 (128)
Citalopram 5 33 3 3–11 0.99 1.6 ± 0.2 (48)
Dimethametryn 4 10 0.4 1–10 0.93 3.4 ± 0.9 (104)
Flutolanil 4 4 0.1 1–11 0.80 6.1 ± 0.6 (184)
Fuberidazole 4 8 0.1 1–11 0.75 8.3 ± 0.6 (254)
Isocarbamid 4 4 0.1 0.3–11 0.89 6.3 ± 0.5 (191)
Ketamine 4 6 0.3 1–11 0.71 2.7 ± 0.1 (81)
Ketotifen 4 15 2 3–11 0.84 1.3 ± 0.2 (39)
Lidocaine 4 1 0.2 0.3–6 0.96 0.8 ± 0.1 (23)
MDMA 4 8 0.3 1–11 0.69 3.3 ± 0.4 (100)
Memantine 4 5 0.1 0.3–11 0.87 6.0 ± 0.3 (181)
Mephosfolan 4 1 <0.1 0.3–11 0.86 6.7 ± 0.5 (203)
Methamphetamine 4 7 0.7 1–11 0.78 1.4 ± 0.1 (41)
Metoprolol 4 3 0.1 0.3–11 0.78 4.1 ± 0.4 (125)
Oxycodone 4 1 0.1 0.3–11 0.77 2.8 ± 0.3 (85)
Pirenzipine 4 10 2 1–11 0.84 1.0 ± 0.1 (30)
Propamocarb 4 3 1 0.3–7 0.71 0.3 ± 0.2 (10)
Pymetrozine 4 7 0.3 0.3–11 0.89 3.5 ± 0.4 (107)
Pyracarbolid 4 20 0.5 1–11 0.78 5.4 ± 0.4 (165)
Ronidazole 4 4 0.3 0.3–11 0.90 2.1 ± 0.2 (62)
Salbutamol 4 13 0.4 0.3–11 0.81 4.8 ± 0.6 (147)
Sulfamethazine 4 22 0.5 0.3–11 0.86 6.1 ± 0.6 (184)
Sulfapyridine 4 20 0.5 0.3–11 0.87 6.0 ± 0.7 (183)
Tacrine 4 6 0.1 0.3–11 0.85 11.9 ± 1.1 (363
Tamsulosin 4 5 0.1 1–11 0.76 8.1 ± 0.5 (245)
Temazepam 4 4 0.1 0.3–11 0.80 8.2 ± 0.6 (248)
Terbutryn 4 4 0.1 0.3–10 0.89 6.1 ± 1.0 (186)
Tramadol 4 3 0.2 1–11 0.67 1.9 ± 0.3 (58)
Trimethoprim 4 4 0.1 0.3–11 0.85 6.3 ± 0.5 (192)
Venlafaxine 4 8 0.7 1–11 0.73 1.6 ± 0.3 (48)
Verapamil 4 11 0.4 3–11 0.63 3.7 ± 0.5 (113)

† LOD based on a seven-day deployment.
‡ Rs normalized to Chemcatcher® surface area by multiplying by the fold difference b
a SDB-RPS.
b C18.
c HLB.
¥ Artificial fresh water (AFW) prepared as per the OECD Test Guideline No.203 by di

0.77 mM, and 0.07 mM.
i Ahrens et al., 2018.
ii Ahrens et al., 2015.
iii Fernández et al., 2014.
iv Grodtke et al., 2020.
v Kaserzon et al., 2014.
vi Moschet et al., 2015.
vii Petrie et al., 2016.
viii Schreiner et al., 2020.
ix Vermeirssen et al., 2009.
x Vermeirssen et al., 2013.
xi Vermeirssen et al., 2012.

7

During the initial linear, kinetic region, the analyte concentration on the
sampler is insignificant, thus Eq. (2) is reduced to:

Ms ¼ h0AsCwt (3)
d to literature-reported Chemcatcher® Rs. HLB Rs data are underlined for clarity.

Literature Rs (mL d−1)

1) (normalized In lab In situ

Freshwater Effluent Freshwater Effluent
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– – 10a,vi 65c,vii
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etween the PSDs (30.4).

luting stock solutions of CaCl2, MgSO4, NaHCO3, and KCl to 2.0 mM, 0.50 mM,



Fig. 3. Violin plot of in-lab uptake for all compounds (n = 39) over seven days,
mean and median values are represented by the solid and dashed lines,
respectively. Individual compound uptake curves can be found in S9.
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and, where h0As describes the sampling rate (Rs), Eq. (1) (Salim and
Górecki, 2019).

Therefore, reducing the size of the passive sampler will result in a lower
Rs. It is difficult to compare Rs values between studies as it is well docu-
mented that Rs is affected by abiotic factors, such as temperature and
water velocity (Vrana et al., 2005; Roll and Halden, 2016). Published
work also uses a range of different receiving phases and formats other
than HLB and this may have an effect on compound uptake, which can
make directly comparing Rs values problematic (Becker et al., 2021). The
3D-PSD active sampling area was 0.50 cm2, which was approximately 30-
fold smaller than the Chemcatcher® (15.2 cm2) (Gravell et al., 2020).
Therefore, as expected, the Rs values calculated were lower by comparison
(Table 1) (Grodtke et al., 2020; Petrie et al., 2016; Moschet et al., 2015;
Ahrens et al., 2018; Ahrens et al., 2015; Kaserzon et al., 2014; Schreiner
et al., 2020; Vermeirssen et al., 2013; Fernández et al., 2014; Vermeirssen
et al., 2009; Vermeirssen et al., 2012). Differences in Rs between PSDs
with different surface areas have reported previously (Gravell et al., 2020;
Ahrens et al., 2015; Kaserzon et al., 2014; Gong et al., 2018; Challis et al.,
2020; Buzier et al., 2019). However, not all devices have clearly defined
surface areas. Gravell et al. reported that POCIS devices exhibited larger
Rs than Chemcatcher® (Gravell et al., 2020). However, it was noted that
differences were smaller than expected based on the ratio of sampling
areas between the two devices, potentially due sorbent particle mobility
(Gravell et al., 2020). Buzier et al. reported lower sensitivity of o-DGT de-
vices when compared to POCIS devices under similar flow conditions due
to differences in sampling areas (Buzier et al., 2019). When Rs for the 3D-
PSD were normalized to the larger surface area of the Chemcatcher® it
was clear these were broadly similar to a range of published Rs, even across
a variety of sorbents (Table 1).

3.4. River water analysis and targeted 3D-PSD field deployment

Analysis of water samples from 19 sites along the River Wandle during
April 2021 was used to locate a source of chemical contamination for sub-
sequent 3D-PSD deployment. Targeted analysis of water samples using
direct-injection LC-MS/MS identified 48 unique compounds, 32 of which
were quantifiable (Table S4 & Table S5). Compounds were categorized
into pharmaceuticals and personal care products (PPCPs), pesticides,
controlled drugs, and drug metabolites. Of the compounds detected, six
(atrazine, simazine, sulfamethoxazole, terbutryn, trimethoprim, and
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venlafaxine) are/have been on the European WFD Watch/Priority sub-
stances lists (European Commission, 2015; European Commission, 2013).
The discharge point from the Beddington wastewater treatment plant
(WWTP) was identified at site F (51.387923, −0.165262) in Fig. 2. Up-
stream of this point, 19 unique compounds were detectable across 13
sites, with an average concentration of 23 ± 10 ng L−1 (median = 19 ng
L−1) or 145 ± 87 pmol L−1. Downstream, 47 unique compounds were
present at six locations, with an average concentration of 70 ± 78 ng L−1

(median = 35 ng L−1), or 292 ± 312 pmol L−1. Twenty-six PPCPs were
quantifiable at all sites downstream of site F (Table S4 & Table S5) and
eight (carbamazepine, diclofenac, propranolol, sulfamethoxazole,
sulfapyridine, temazepam, tramadol, and trimethoprim) of these have
been previously reported in the effluent from another major London treat-
ment works (Munro et al., 2019). Controlled drugs including amphetamine,
MDMA, and ketamine were also quantifiable in sites downstream of site F.
The cocaine metabolite benzoylecgonine (BZE) was quantifiable at site F,
but fell below the LLOQ further downstream and has been previously
shown to be a suitable marker of wastewater overflows (Munro et al.,
2019). The metabolite carbamazepine-10,11-epoxide (CBZ epoxide) was
present at all downstream sites along with its parent, carbamazepine, at
all except one site. Of all compounds detected, six (bezafibrate, carbamaze-
pine, metoprolol, propranolol, temazepam, and trimethoprim) were rela-
tively consistent with previous studies monitoring the surface waters of
the River Wandle (Miller et al., 2015; Egli et al., 2021).

Following this, two sites were selected for the deployment of 3D-PSDs
and using the reduced-scale workflow. The first impacted location (site
A) was ~1.5 km downstream of the wastewater treatment plant (WWTP)
discharge point. The second location (site K) was in Beddington Park
~3 km upstream of the WWTP and receives drainage from the London bor-
ough of Croydon (Schnell et al., 2015). All 3D-PSDswere retrieved from site
A, but only three were retrieved from site K due to two devices missing
(i.e., resulting in n=15 disks in total). Targeted analysis of river water col-
lected during deployment and retrieval identified 42 unique compounds
across both sites. Of these, 32 were quantifiable above the LLOQ
(Tables S6& S7). Five contaminants identified (atrazine, sulfamethoxazole,
terbutryn, trimethoprim, and venlafaxine) are/have been on the European
WFD Watch/Priority substances lists (European Commission, 2015;
European Commission, 2013).

Analysis of 3D-PSD extracts from the field are also shown in Tables S6
and S7. Across both sites, 80 compounds were detected (56 common to
both sites). In field blanks, 27 compounds were detectable. Where the
peak intensities of the compounds in the field blanks was greater than
10% of the peak intensities from the site samples, these compounds were
excluded as contamination could not be ruled out. Three compounds (anti-
pyrine, cocaine and warfarin) were excluded because of this. A total of 38
(site A) and 32 (site K) compounds were detected in 3D-PSD extracts that
were not detectable in the water samples. Three compounds (cyromazine,
disulfoton sulfone andmetoprolol) were detected inwater that were not de-
tected in the passive sampler extracts. The LogD of these compounds range
from −0.25 (metoprolol) to 2.11 (disulfoton sulfone), therefore are un-
likely to be fully eluted from the 3D-PSD usingmethanol. However, overall,
the use of the 3D-PSD had clear advantages over grab sampling including
the total number of compounds detected at higher sensitivity.

At site A, there were Rs values and quantifiable amounts in sampler ex-
tracts, to calculate TWA concentrations for 10 CECs. These together with
CECs in the river water quantified at the start and end of the deployment
period are shown in Table 2. It is not possible to accurately evaluate TWA
concentrations obtained frompassive sampler deploymentswith infrequent
spot samples. However, except for lidocaine and venlafaxine, concentra-
tions found between the two monitoring methods were generally similar.
Eight compounds (bisoprolol, carbamazepine-10,11-epoxide, memantine,
pirenzepine, salbutamol, sulfapyridine, temazepam, and trimethoprim)
were in excellent agreement within an average of 23 ± 17 ng L−1. Higher
concentrations of lidocaine and venlafaxine (510 ± 99 ng L−1 and 725 ±
30 ng L−1, respectively) were found in 3D-PSD extracts compared to grab
water samples. Both are widely prescribed in the UK and both have



Table 2
Mean concentration of contaminants detected at site A in extracts from the 3D-PSD and in water samples collected at the deployment and retrieval of the samplers. Data are
reported along with the standard deviation in parenthesis.

Compound [CEC] on 3D-PSDa (ng disk−1) [CEC] in river water (ng L−1) Rs (mL d−1) TWA of [CEC] in river water (ng L−1)c

04 Jun 2021b 11 Jun 2021a

Bisoprolol 1.4 (0.2) 31 (3) 35 (2) 3.7 ± 0.3 54 (9)
Carbamazepine-10,11-epoxide 3.4 (0.3) 57 (5) 75 (6) 4.2 ± 0.4 117 (9)
Lidocaine 2.7 (0.5) 93 (1) 107 (10) 0.8 ± 0.1 510 (99)
Memantine 1.1 (0.2) 22 (1) 24 (3) 6.0 ± 0.3 26 (5)
Pirenzepine 0.31 (0.1) 12 (3) 12 (3) 1.0 ± 0.1 45 (7)
Salbutamol 0.28 (0.1) 13 (1) 13 (1) 4.8 ± 0.6 8 (1)
Sulfapyridine 8.9 (0.7) 122 (4) 193 (17) 6.0 ± 0.7 210 (17)
Temazepam 1.1 (0.1) 26 (3) 27 (4) 8.2 ± 0.6 20 (2)
Trimethoprim 5.8 (1) 146 (10) 164 (18) 6.3 ± 0.5 131 (23)
Venlafaxine 8.1 (0.3) 348 (4) 221 (12) 1.6 ± 0.3 725 (30)

a n = 6.
b n = 3.
c TWA standard deviation was determined from n = 6 3D-PSD replicates using the mean Rs value.

A.K. Richardson et al. Science of the Total Environment 839 (2022) 156260
moderate to poor removal rates (e.g. lidocaine, 14–35% and venlafaxine,
37–56%) by activated sludge treatment at WWTPs (English Prescribing
Dataset (EPD), 2020; Rúa-Gómez et al., 2012).

In particular, the grab samples were only taken at deployment and re-
trieval and in relatively dry weather. Rainfall in this area over the deploy-
ment period was 10.8 mm (UK Centre for Ecology and Hydrology, 2021).
Therefore, any potential storm or sewage overflow events carrying addi-
tional loadings on CECs during the deployment period would not have
been captured in these samples (Munro et al., 2019). Furthermore, differ-
ences between the two methods may also be due to the Rs value, which
can be affected by water turbulence, temperature, and fouling of the PES
membrane, all of which are not replicated in laboratory calibrations
(Taylor et al., 2020; Vrana et al., 2006). For example, Vrana and co-
workers demonstrated that uptake rates for 18 compounds at three differ-
ent temperatures (6, 11, and 18 °C) using the Chemcatcher® device in-
creased with temperature (Vrana et al., 2006).

Based on grab sample measurements and 3D-PSD determinations, six
substances yielded risk quotients >0.1 (Table S8, calculated as per Egli
et al.) (Egli et al., 2021).Moderate to high risks were calculated for trimeth-
oprim and venlafaxine in particular (Table S8), and both have been shown
to pose risks in other rivers previously including in the UK and have been
shortlisted considered for inclusion in the 3rd EU Watch List (Egli et al.,
2021; Evans et al., 2017; Castillo-Zacarías et al., 2021; Gomez Cortes
et al., 2020).

3.5. Suspect screening of 3D-PSD extracts

Following targeted LC-MS/MS analysis, the same extracts from sites A
(downstream of Beddington WWTP) and K (upstream of Beddington
WWTP) were subjected to suspect screening analysis by LC-QTOF-MS. As
a qualitative tool, the new 3D-PSD workflow showed a distinct capability
to detect a much larger range of chemically diverse compounds on top of
those detected using targeted LC-MS/MS. In total, and across both sites,
113 additional compounds were identified based on LC and HRMS library
data matching (Table S9). This included 20 pesticides, seven pesticide
transformation products, 69 pharmaceuticals, 12 pharmaceutical metabo-
lites, three controlled drugs and two controlled drug metabolites. A differ-
ence between extracts up and downstream of the WWTP was observed
(34 compounds detected versus 98, respectively). Taking pharmaceuticals
as an example, and in addition to those identified by the targeted method,
this number of compounds suggests that CEC contamination could far-
exceed those reported even in recent monitoring programmes in rivers, in-
cluding in the London area (Richardson et al., 2021;Wilkinson et al., 2022).
Therefore, such 3D-PSD tools could offer a more realistic assessment of en-
vironmental CEC occurrence at scale and minimise the need for shipping
liquid samples internationally. Of the compounds detected, it was
particularly useful to note high frequency occurrence of four additional
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compounds currently being considered for inclusion onto the 3rd EU
Watch List for rivers including fluconazole, desmethylvenlafaxine, imazalil
and propiconazole (Cortes et al., 2020). Occurrencewas generallymore fre-
quent and at higher intensity for three of these compounds downstream of
the WWTP at site A. As an example, LC-QTOF-MS data for the antifungal
fluconazole is shown in Fig. 4(a), where matches to library reference data
were clearly obtained. Also worthy of note was the occurrence of a veteri-
nary parasiticide, fipronil (Fig. 4(b)). It was detected in all extracts, but
higher signal intensitywas recorded at site A (Table S9). Intermittent detec-
tion of its transformation product fipronil sulfone was also recorded in ex-
tracts also at both sites. This compound is also to be considered in
subsequent iterations of the EUWatch List given its toxicity at low concen-
trations (Wang et al., 2022; Monteiro et al., 2019). In England, semi-
quantitative data exists for fipronil at concentrations of 10 ± 20 ng L−1

(for measurements between 2013 and 2021), indicating the high degree
of sensitivity and replication capability offered by this small device
(Water quality monitoring data GCMS LCMS Semiquantitative, 2021).
Other frequently occurring compounds worthy of note include the
transformation products/metabolites of parent compounds already de-
tected in the targeted LC-MS/MS analysis including desethylatrazine,
desmethylcitalopram, O-desmethyltramadol, codeine and cotinine. Up-
stream of the WWTP, a total of 15 unique compounds were shortlisted
during suspect screening. Of these, positive detection in all three 3D-PSD
disks tested was obtained for seven compounds (carbendazim, O-
desmethylvenlafaxine, DMST, psilocyn, pyrimethanil, tolmetin and
yangonin). Therefore, overall, the new reduced scale passive sampling
workflow was considered an excellent means to enable convenient
shortlisting of large numbers of CECs and related compounds with more
replicates per device to add confidence.

3.6. Implications for the use of a 3D-PSD in CEC occurrence monitoring

Despite lower sensitivity inherent to the smaller disk sampling areas,
there are several advantages to this methodology overall. Firstly, these rep-
resent a significant cost reduction for PSDs with materials for a single de-
vice costing under £10 (see Table S10 for materials costs) when
compared to a commercial Chemcatcher® device. Three 3D-PSD devices
containing five disks each can be assembled from a single 47 mm sorbent
disk, making replication more convenient and potentially more accessible
for larger-scale programs. Its size made large batches easier to transport
to site and also to conceal during deployment, which mimimised loss
from public interference (the housing material itself is colourless and re-
mains so throughout deployment and can be restored to its original condi-
tion with solvent washing after deployment). Utilizing 3D-printed parts
allows devices to be printed on-demand, thus saving lead time in produc-
tion and delivery, as *.STL files can be easily shared between collaborators.
The device can also be easily modified to include the functionality and



Fig. 4. Example precursor extracted ion chromatograms and mirrored DIA-MS/MS spectra for 3D-PSD extracts and their reference MS/MS spectra using LC-QTOF-MS for
(a) fluconcazole and (b) fipronil.
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performance of other available PSDs if needed, such as POCIS and DGT de-
vices, and/or multiple different sorbent chemistries.

Finally, the 3D-PSD is in line with the principles of green analytical
chemistry as outlined by Gałuszka et al., particularly points five (auto-
mated and miniaturized methods should be selected), seven (genera-
tion of a large volume of analytical waste should be avoided), and
eight (multi-analyte or multi-parameter methods are preferred versus
methods using one analyte at a time) (Gałuszka et al., 2013). The min-
iaturized nature of the 3D-PSD significantly reduces the amount of
solvent waste generated. By comparison to Chemcatcher®, the 3D-
PSD used only 1.6 mL methanol for extraction of a single sorbent
disk, representing a 25-fold reduction (Richardson et al., 2021;
Petrie et al., 2016). The device can also be multiplexed with different
sorbent chemistries within the same location in the water column,
allowing simultaneous capture of anions, cations, nutrients, metals,
for example, and will be the focus of future work. In addition to the de-
vice itself, the rapid LC-MS/MS analytical method also carries signifi-
cant benefits including enhanced sensitivity potentially to overcome
issues with a smaller PSD sampling area. A total of 260 injections
could be performed in any 24-hour period with a total solvent con-
sumption of 2.8 mL per injection. Furthermore, aside from sample fil-
tration, no pre-concentration steps were required and it, therefore,
minimized or eliminated the need for sorbent-packed SPE cartridges
for water analysis, large tailored exposure/extraction manifolds,
and associated plastic/glassware for sample preparation using the
3D-PSD.
10
4. Conclusion

The miniaturization of a Chemcatcher®-type passive sampling and an-
alytical workflow was successfully demonstrated for CEC monitoring and
resulted in significant efficiency and practicality gains over existing ap-
proaches. A new prototype 3D-printed PSD held five sorbent disks and in-
laboratory sampling rates (Rs) could be generated for 39 compounds. Sam-
pling rates were smaller as a result of miniaturization, but a direct injection
LC-MS/MSmethod enabled analysis of 164 CECs inwater at the low ng L−1

concentration level to enable these to be calculated. Importantly, such high
sensitivity using only 10 μL injection volumes supported a reduction in the
size of associated PSD calibration equipment, solvent and reagents re-
quired. A 5 L beaker was sufficient to calibrate 12 PSDs containing 60 indi-
vidual 9 mm diameter disks simultaneously. In terms of solvents and
reagents, a 25-fold reduction in methanol for extraction of PSD disks was
also achieved, along with lower amounts of reference materials for calibra-
tion. Identification of elevated wastewater-related CEC concentrations
using targeted direct-injection LC-MS/MS along the river enabled identifi-
cation of suitable sites for deployment of PSDs where 81 CECs, metabolites
and transformation products were then detected over a weeklong deploy-
ment. Using suspect screening at two selected sites, a total of 113 additional
unique compounds were detected in the same PSD extracts. Good agree-
ment between PSD-estimated concentrations and measurements in water
were obtained for 10 CECs for which Rs data were available. There were
some limitations to this work, including (a) more Rs data are needed to
widen its quantitative applicability, which could be achieved perhaps
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with calibration at a higher exposure concentration (b) sorption to the pas-
sive sampler housing was not insignificant for less polar compounds and
therefore, alternative materials should be sought to improve performance,
perhaps using alternative materials beyond the current capabilities of
widely available 3D-printing technology like this and; (c) miniaturizing
the sampling area requires a higher sensitivity LC-MS/MS method and
seemed to reduce deployable time of the sampler. However, overall, this
improved workflow still represents a significantly more cost-effective and
practical solution for time integrated CEC monitoring and helps to increase
accessibility for analytical laboratories to passive sampling potentially at
scale.
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