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Abstract This study assessed the suitability of passive
sampler extracts for use with a GC-MS-database rapid
screening technique for around 940 organic chemicals.
Chemcatcher™ passive sampler systems containing ei-
ther Empore™ SDB-XC or C18FF disks were deployed
at 21 riverine sites in and near Melbourne, Victoria,
Australia, for a period of 28 days during September—
October 2008. Methanolic elution of the SDB-XC and
CI18FF disks produced an extract that, after evaporation
and inversion into hexane, was compatible with the
GC-MS-database method enabling over 30 chemicals
to be observed. The sources of the non-agricultural
chemicals are still unclear, but this study was con-
ducted in a relatively dry season where total rainfall
was approximately 40 % lower than the long-term
mean for the catchment during the study period.
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Thus, the risks may be greater in wetter seasons,
as greater quantities of chemicals are likely to reach
waterways as the frequency, extent and intensity of
surface run-off events increase. This study provides
valuable information for policy and decision-makers,
both in Australia and other regions of the world, in
that passive sampling can be conveniently used prior
to analysis by multi-residue techniques to produce
data to assess the likely risks trace organic chemicals
pose to aquatic ecosystems.
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1 Introduction

Managing the effects of trace organic chemical contam-
inants in waterways requires information, often far more
than we (as scientists and/or managers) can afford to
directly measure at all the places at all of the times, and
for all the chemicals of interest. The measurement of
nutrients and salts in surface and groundwater is now
routine and offered cheaply by many commercial labo-
ratories; however, this is not so for many other contam-
inants of concern, including many pesticides, pharma-
ceutical and personal care products (PPCPs) and indus-
trial chemicals. Measurement of trace organic chemicals
(TrOCs) in waters can be expensive in Australia, which
inhibits monitoring by water authorities (as providers of
water), catchment management authorities (as
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custodians of the natural environment) and consumers
(e.g. irrigators, industry and household and domestic
water users), potentially resulting in increased risk to
the natural environment. Strategies and/or tools are
therefore required to focus monitoring and risk assess-
ment programs in a cost-effective manner; the use of
new sampling methods and preliminary screening of
samples using rapid assessment tools are thus an in-
creasingly attractive prospect for waterways managers.
When assessing organic substances, many analytical
methods may have to be used to cover a large number of
known compounds (Gémez et al. 2011), with concom-
itant financial implications associated with operating
multiple, definitive chemical analytical screens using
gas and/or liquid chromatography-based methods for
volatile, semi-volatile non-polar and polar organic in-
dustrial, agricultural and domestic chemicals. In 2005,
Kadokami et al. reported a new screening method that
combined a mass-structure database with gas
chromatography-mass spectrometry (GC-MS) to create
a system that can screen samples for more than 940
semi-volatile compounds, including numerous haloge-
nated and non-halogenated hydrocarbons, polynuclear
aromatic hydrocarbons (PAHs), polychlorinated biphe-
nyl compounds (PCBs), pharmaceutical and personal
care products (PPCPs) and pesticides. The Kadokami
et al. (2005) automated identification and quantification
system with database (AIQS-DB) method was original-
ly developed for screening unknown pollutants in envi-
ronmental samples after incidents, e.g. fish kills, food
contamination scares or the unknown number of harm-
ful chemicals discharged into the environment after
disasters such as large-scale fires and earthquakes, and
has since successfully been applied to both water and
sediment samples from rivers and estuaries in Japan
(Kadokami et al. 2009; Pan et al. 2014), in Vietnam
(Kadokami et al. 2012; Duong et al. 2014) and Victorian
wastewater treatment plant effluents (Allinson et al.
2012). Consequently, when applied to river water, as
in this study, this GC-MS-database (DB) method can
give a good indication of the presence of some TrOCs
that would not otherwise be identified if samples were to
be subjected to only a very limited number of analytical
screens for a limited number of target chemicals.
Collection of grab (or spot) samples is most com-
monly used to characterise TrOC residues in surface
waters, although integrative sampling with passive sam-
plers (or passive sampling) is becoming a more com-
monly used alternative. A ‘passive sampler’ can be
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defined as a device that is able to acquire a sample from
discrete location without the active media transport in-
duced by pumping or purge techniques (ITRC 2006).
Hence, most passive samplers consist of a receiving
phase with high affinity for organic contaminants, sep-
arated from the aquatic environment by a diffusion
limiting membrane. Some of the most commonly used
devices that rely on diffusion and sorption to accumulate
analytes in the sampler are semi-permeable membrane
devices (SPMDs) and passive in situ samplers (such as
the Chemcatcher™ system (CC)). Passive samplers had
been little utilised on natural water samples in Australia
at the inception of this study. In Victoria, one of the first
detailed studies using passive samplers occurred be-
tween 2004 and 2006 when Rose and Kibria (2007)
deployed SPMDs containing trimethyl pentane in irri-
gation canals in northern Victoria. The monitoring
found three insecticides (endosulfan, chlorpyrifos and
parathion methyl) in the passive sampler solvents. Else-
where in Australia, a number of relatively recent studies
have detected residues of atrazine, diuron, hexazinone
and simazine in rivers and estuaries on the eastern
seaboard of Australia using the CC passive sampling
system (Escher et al. 2006; Muller et al. 2008; Shaw
etal. 2009a, b, 2010; Stephens et al. 2009; O’Brien et al.
2011), and Mueller et al. (2011) tracked POPs in the
Brisbane River, but prior to this study, there had been no
significant studies investigating TrOCs in surface waters
in Victoria using the CC system.

The sampling rates of chemicals into passive sam-
plers are dependent on a range of factors, both intrinsic
to the passive samplers themselves and extrinsic factors
(Leonard et al. 2002). Extrinsic environmental factors
that may affect uptake include flow rate, water temper-
ature and changes in the sorptive properties of the water
(due to dissolved organic matter and suspended partic-
ulates; Leonard et al. 2002). Intrinsic factors that may
affect uptake include the polarity of the contaminant (as
measured by its octanol-water partition coefficient,
Kow), the diffusivity of the molecules that have to pass
through the aqueous boundary layer, sampler design,
exposure time and concentrations of chemicals in the
surrounding water. Perhaps of most importance is the
type of receiving phase used in the passive sampler
relative to target analytes, and whether the receiving
phases are used with rate limiting membranes or without
them (‘naked’). The purpose of rate limiting membranes
is literally that suggested by their name—to reduce the
rate at which chemicals are adsorbed by the receiving



Water Air Soil Pollut (2015) 226: 230

Page 3 of 11 230

phase. For instance, the sampling rates (Rs) reported by
Shaw et al. (2009a, b) when using naked sulphonated
polystyrene divinylbenzene-reverse phase sulphonated
disks (Empore™ SDB-RPS disks; Rs: atrazine 0.44 L/
day; simazine 0.36 L/day) were about three times higher
than when the same experiment was conducted with
SDB-RPS disks and a polyether sulphone (PES) mem-
brane (Rs: atrazine and simazine, 0.140 L/day). By
reducing the sampling rates, the length of time before
all available sites in the receiving phase are saturated is
increased. This in turn allows for lengthier exposure
periods in the field. In that context, SDB-RPS disks
were used naked for 10 days for monitoring a polar
herbicide (amitrole) in New South Wales by Sanchez-
Bayo et al. (2013), whereas Allinson et al. (2014) were
able to use Empore™ SDB-XC disks covered by a PES
membrane for 28 days to target similarly polar herbi-
cides in Victorian surface waters. At the inception of this
study, receiving phases appeared to be being chosen by
expert opinion based on their use to extract target
analytes from water samples in the laboratory, although
since that time, there has been some systematic study
comparing the performance of different receiving
phases in the field (e.g. SDB-RPS, SDB-XC and C-18
disks for the monitoring of nonylphenolethoxylates and
nonylphenol in aquatic ecosystems; Ahkola et al. 2014).
In recognition of the potential risks that TrOCs pose
to aquatic ecosystems, and the lack of information on
the levels of such chemicals in Victorian freshwaters,
this study was initiated to compare the utility of two
different, but common receiving phases for the CC
passive sampler system under field conditions in con-
junction with a ‘single-shot’ multi-residue testing meth-
od. To that end, CCs were deployed at 21 sites in urban,
peri-urban and rural waterways in and around Mel-
bourne in September—October 2008 and retrieved sam-
ples prepared for measurement of approximately 940
semi-volatile organic chemicals by GC-MS-DB.

2 Materials and Methods
2.1 Study Sites

Twenty-one sites were monitored in and around Mel-
bourne for this study (Fig. 1), which was conducted
independent of, but in conjunction with a larger, com-
plementary multi-disciplinary study of waterways in
and around Melbourne. In that context, this manuscript

is a companion piece to the papers by Wightwick et al.
(2012, 2013) and Allinson et al. (2014) who reported the
levels of fungicides, metals and herbicides, respectively,
in the surface waters and sediments in riverine ecosys-
tems in the Middle and Upper Yarra catchment area,
some of which were used for this study. The sites were
selected for a variety of reasons: either because they
were already part of Melbourne Water’s Yarra River
water quality monitoring program (e.g. site 23), were
in a section of very high regional importance (as defined
by PPWRRHS 2007; e.g. site 18), were downstream of
a tributary with of very high regional importance (e.g.
site 1), downstream of a tributary with known industrial
pollution or waste water treatment plant (WWTP) im-
pacts (e.g. site 3, 16, 17) or being sampled as part of
other concurrent Melbourne Water funded research (e.g.
sites 22, 23 and 24 used by Schéfer et al. 2011).

Most of the study sites (75 %) were within the Yarra
River catchment, with two study sites on the
Mornington Peninsula and two sites in an agricultural
location in the Barwon River catchment (sites 22, 23 and
21, 24, respectively). The Yarra River watershed is
approximately 4000 km* and home to approximately 2
million people in the city of Melbourne (the capital and
most populous city in the state of Victoria). The city is
located at the northern-most point of a large natural bay
(Port Phillip Bay), with the city centre itself positioned
on the estuary of the Yarra River (Fig. 1). The metro-
politan area extends along the eastern and western
shorelines of Port Phillip Bay and more than 25 km
inland. The Yarra River flows 240 km from its headwa-
ters to the sea in Port Philip Bay, and, in general, water
quality is good in the upper catchment, but deteriorates
downstream because of diffuse pollution from changed
land use, particularly from agriculture and urban devel-
opment (PPWRRHS 2007). Specifically, the upper sec-
tions of the Yarra River and its main tributaries (above
site 1; Fig. 1) flow through forested, mountainous areas
that have been reserved for water supply purposes for
more than 100 years. Most of the land in the upper-
middle section (above site 1) has been cleared for agri-
culture, although there is significant peri-urban develop-
ment. The land downstream of site 1 is primarily urban
and industrial. The lowest 10-km section of the Yarra
River is estuarine. In the urbanised area of the Yarra River
catchment, stormwater has a major impact on the river’s
water quality. Several small (10,000-50,000 population
equivalents) wastewater treatment plants (WWTPs) dis-
charge treated effluent into the Yarra River (either
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Victoria

Fig.1 Approximate location of sampling sites in and around the city of Melbourne (M) in the Yarra River catchment (oval outline), Barwon
River catchment (sites 21 and 24) and on the Mornington Peninsula (sites 22 and 23), in Victoria, Australia

directly or via a tributary), although most of
Melbourne’s domestic and industrial sewage is trans-
ferred to two large WWTPs in the south and west of the
city and after treatment discharged to the ocean.

2.2 Passive Sampling

A single type of passive sampler was used in this study,
namely the Chemcatcher™ passive sampler system
(CC). The CC system consists of machined
polytetrafluoroethylene (PTFE) body that protects the
chromatographic receiving phase (see Kingston et al.
2000). In this study, the CC system was fitted with either
an Empore™ SDB-XC disk or an Empore™ CI18FF
disk (47 mm; 3 M, MN, USA) as the receiving phase
and a polyethersulfone (PES) membrane (Sterlitech
Corp, WA, USA) as the diffusion-limiting membrane.
The SDB-XC and C18 disks were conditioned by
soaking them in methanol (1 h) after which they were
rinsed with deionised water on a disk extraction mani-
fold; the PES membranes were conditioned in 50:50
methanol/water for 1 h then deionised water for 1 h.
Samplers containing the two types of receiving phases
were deployed in October 2008 for time-integrated
monitoring to allow first a qualitative assessment (i.e.
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presence/absence) and then, where possible, a semi-
quantitative assessment (i.e. based on estimated time-
weighted average water concentrations) of semi-volatile
chemicals in the catchment. For full details of CC prep-
aration and field deployment, readers are directed to the
Supplementary Information in Allinson et al. (2014).

Passive samplers were disassembled at DEPI
Queenscliff Centre, and the receiving disk and PES
membrane dried at 35 °C on a hotplate for approximate-
ly 1.5 h. Each disk was wrapped separately in alumin-
ium foil, labelled, placed inside another labelled plastic
bag and stored at 4 °C until analyte elution. One disk
from each of the site replicates was haphazardly chosen
and was eluted with methanol (5 mL) into a glass tube
and the resulting solution evaporated to dryness with
N,. The samples were reconstituted in hexane (1 mL),
and in this dissolved form, the sample was transported to
the University of Kitakyushu for multi-residue
screening.

The AIQS-DB method identifies and quantifies
chemical substances by using a combination of retention
times, mass spectra and internal standard calibration
curves registered in the database. In order to obtain
accurate results, a GC-MS has to be adjusted to desig-
nated conditions that are almost the same as the
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instrumental conditions when the database was con-
structed. The results obtained from performance check
standards (Naginata criteria sample mix 3: Hayashi Pure
Chemical, Osaka, Japan) are evaluated against three
criteria (Kadokami et al. 2004, 2005): spectrum validity,
inertness of column and inlet liner, and stability of
response. When the results for performance check stan-
dards satisfy the criteria, the difference between the
predicted and actual retention times is less than 3 s,
and chemical concentrations obtained (excluding some
highly polar compounds which are difficult to measure
by GC) are comparable to those obtained by conven-
tional internal standard methods (Kadokami et al. 2005,
2009). After redissolving the sample in hexane (1 mL)
and adding of internal standards (Naginata IS mix 3:
Hayashi Pure Chemical, Osaka, Japan), the extract was
analyzed by GC-MS (QP-2010Plus; Shimadzu, Kyoto,
Japan). The GC-MS conditions are described elsewhere
(Kadokami et al. 2004). Identification and quantification
of the 940 or so semi-volatile compounds were finally
performed by AIQS-DB. For full details of the extrac-
tion method and chemical determination, see Kadokami
et al. (2005, 2009) and Jinya et al. (2013).

The instrument detection limit (IDL) for the
chemicals in the database is typically <0.01 ng. Given
a final determination adjusted by internal standard, an-
alyte masses on disks correspond to residue concentra-
tions reported as pg/disk.

3 Results and Discussion

The main objective of this pilot study was to explore the
utility of the GC-MS-DB method in combination with
passive sampling. In that context, the disk extracts were
compatible with the GC-MS-database rapid screening
technology, enabling 30 chemicals to be observed
(Table 1), including pesticides, anti-oxidants, PAHs,
solvents and plant steroids. For convenience, the 942
chemicals in the GC-MS multi-residue method are di-
vided into groups based on their probable source.
Grouping is, at times, somewhat arbitrary given that
many of the wide range of chemicals covered in the
GC-MS screen have multiple uses and therefore
sources. For instance, octanol might be considered a
solvent or a fragrance, and phenol either an industrial
chemical or a disinfectant or a natural product. Some
chemicals in the screen, such as the phthalates and
petroleum hydrocarbons, are ubiquitous in the built

environment, including in laboratories, and their pres-
ence in reagent blank samples meant their presence on
the CC disks could not reliably be assigned to real
environmental contamination, and so such chemicals
are not reported. Consequently, only a limited number
of contaminants were reliably observed on the disks,
perhaps reflecting the relatively uncontaminated waters
into which most of the CCs were deployed. However,
overall passive sampling using the CC system was
eminently suited to providing field-concentrated sam-
ples for determination by the GC-MS-DB system.

There was little difference in the number of
chemicals found in the disk extracts (SBD-XC, 18
chemicals; C18FF, 22 chemicals; Table 1) nor on the
number of occasion residues were observed (SDB-XC,
41 detects; C18FF, 47 detects). For instance, there was
little difference between the disks in the number of times
one or zero chemicals were detected on the disks (SDB-
XC, 67 % of analyses; C18FF, 62 % of analyses), and
both disks were equally good for identification of
(non)contaminated waters, with the data from both
SDB-XC and CI8FF disks highlighting the relative
contamination of the city sites 16 and 17 compared to
the rural sites (Table 2 and 3). Approximately half of all
detected residues were observed on both disks, although
the two disks did appear to have a tendency to sample
chemicals with different polarity. For instance, the 22
chemicals sampled by the C18FF disk appeared more
lipophilic than those sampled by the SXB-XC disk,
although the variation in the data is such that there is
no statistical difference between the two disks (C18FF
average logK,,, of retained chemicals 4.0, range 1.4—
9.7; SDB-XC average logK,,, 2.7, range —0.07-6.1).
The detection of a wide range of chemicals with radi-
cally different polarities using the two different receiv-
ing phases is consistent with Jinya et al (2013), who
reported that the number and concentrations of
chemicals observed after extraction of water samples
using an Empore™ SDB-XD disk were almost identical
to those obtained from the same samples using a
cartridge-type SPE method and a liquid-liquid extrac-
tion method; in that case, the log Kow values of the
detected pollutants ranged from —0.07 (caffeine) to 14.6
(squalene).

Given the limited number of chemicals sampled by
the CCs, it is natural to wonder whether this is due to an
intrinsic property of the passive sampling system, or
simply due to a lack of chemicals in the waters studied?
Most of the waters studied are in peri-urban and rural
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Table 1 Summary of the semi-volatile chemicals observed using the GC-MS-DB screening method (all sites; data pooled)

Chemical origin ~ Category SDB-XC CI18FF
Detects® #n° Mean Range Detects® #n° Mean Range
Agriculture (png/disk) (ng/disk)
Insecticides 1/186 1 022 - 2/186 3 005 0.02-0.07
Herbicides 2/120 6 0.16 004037  2/120 4 0.5 0.09-0.21
Fungicides 3/117 4 117 03420 6/117 8 241 0.01-9.79
Pesticide adjuvents 0/34 - - - 2/34 2 0.04 0.03-0.05
Business / Antioxidants 1/7 3 0.05 0.01-0.1 0/7 - - -
household /" Fire retardants 2/13 6 004 0004007 2/13 4004 002007
traffic Disinfectants (detergents) 0/9 - - - 2/9 14 0.03 0.01-0.09
and phenols and metabolites
Fatty acid methyl esters 0/36 - - - 1/36 4 0.04 0.04-0.05
Fragrances and cosmetics 1/9 2 0.02 0.003-0.03  0/9 - - -
Compounds from tyres 2/11 3 0.06 0.03-0.01 0/11 - - -
Petroleum hydrocarbons -/26 * /26 *
Plant or animal steroids 0/10 - - - 2/10 3 018 0.09-0.25
Plasticizers -/13 * -/13 *
PPCPs 3/14 8 0.05 0.001-0.02  1/14 3 002 0.01-0.02
Other 0/30 - - - 0/30 - - -
Industry (png/disk) (ng/disk)
Intermediates for dye manufacturing  0/26 - - - 0/26 - - -
Intermediates for resins 0/11 - - - 0/11 - - -
Intermediates for pesticides 0/6 - - - 0/6 - - -
Intermediates in organic synthesis 0/59 - - - 0/59 - - -
PAHs 2/47 6 0.01 0.002-0.02  0/47 - - -
PCBs 0/62 0/62 - - -
PCNs 0/28 0/28 - - -
Solvents 117 2 001 0.005-0.02  1/17 1 002 -
Explosives 0/6 - - - 0/6 - - -
Others 0/39 - - - 1/39 - - -
Total 18/942 41 22/942 47

#The number of different chemicals in this class detected at least once

® The total number of detects of all chemicals in class; mean, average of detected concentrations

*n-alkanes from petroleum products and phthalate-base plasticizers were excluded because these compounds were detected in reagent

blanks

areas, and there is little information on contamination by
industrial and domestic organic chemicals in those wa-
terways. In other words, in this case, we have no a priori
information with which to judge the performance of the
CC systems for more than half the chemicals in the GC-
MS-AIQS-DB system. However, there is some infor-
mation on pesticide contamination in the studied water-
ways. For instance, 98 pesticides were monitored at our
study’s sites in 2008-2009 using four gas
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chromatography and two high-performance liquid
chromatography-based analytical screens (Wightwick
et al. 2012; Allinson et al. 2014; Schéfer et al. 2011).
In that context, 32 pesticides were reported at one or
more sites at low ng/L concentrations in September and
October 2008, i.e. during the time our CCs were de-
ployed. Eighty-seven percent of the pesticides in the six
group-specific analytical screens used by Wightwick
et al. (2012) and Allinson et al. (2014) are in the GC-
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MS-AIQS-DB screen used in this study. Almost all of
the pesticides observed on the disks in this study were
also observed in water samples by Wightwick et al.
(2012) and/or Allinson et al. (2014). Moreover, all of
the herbicides and fungicides (except procymidone)
observed in this study were also observed in either
SPMD solutions by Wightwick et al. (2012), or CC
eluates by Allinson et al. (2014). The only pesticides
observed on the SDB-XC disks used by Allinson et al.
(2014), but not on the disks used in this study, were
atrazine and hexazinone. Consequently, the CC system
appears to have been sampling pesticides adequately,
and the lack of industrial and domestic chemicals on the
CC disks was most likely due to the relatively uncon-
taminated nature of most of the waters being surveyed.

Passive sampling has some advantages over grab
water sampling in that the samplers need little attention
apart from deployment and collection, and they also
integrate and average exposures over time, thus en-
abling identification of events that may be missed by
grab sampling (ITRC 2006; Gagnon et al. 2007). From a
practical perspective, the in situ sampling and
preconcentration obtained using passive sampling re-
duces the manual handling and breakage risks associat-
ed with transport of large numbers of large volume
water samples in glass bottles from field to laboratory,
and the number of laboratory operations required to
obtain instrument-ready solutions for analysis. Howev-
er, in natural waterways samplers may be subject to
periodic high-energy flows, which can wash away the
samplers, and be the subject of human inquisitiveness,
which may see the samplers removed from the water-
way; both these externalities can reduce the integrity of
a sampling program, and both were experienced in this
study. In addition, some chemicals may be missed, as
they may not readily partition into the sampler, and once
sampled, some chemicals may be desorbed into the
water column. The major disadvantages, however, of
passive sampling methods are that the data from the
sampler may not be directly comparable to toxicity data
based on water concentrations, and water concentrations
may have to be extrapolated through the use of field or
laboratory-derived sampling rates (R;), few of which are
available (Allinson et al. 2014). For instance, sampling
rates are currently not available to derive time-weighted
average water concentrations (TWAWCs) for most of
the chemicals detected in the disk eluates. However, it
was possible to estimate a field sampling rate for sima-
zine (61 mL/day) using SDB-XC disk data for the sites

studied in Allinson et al. (2014). The TWAWC generat-
ed for simazine (0.07 ng/L) was approximately one fifth
of the actual mean simazine concentration (0.37 pg/L)
for the same sites reported by Allinson et al. (2014).

4 Conclusions

The main objective of this pilot study was to explore the
utility of the GC-MS-DB method in combination with
passive sampling. In that context, the disk extracts were
eminently compatible with the GC-MS-database rapid
screening technology, enabling 30 chemicals to be ob-
served in the surface waters in and around Melbourne.
From a practical perspective, the in situ sampling and
pre-concentration reduces the manual handling risks
associated with transport of large numbers of large
volume water samples in glass bottles from field to
laboratory, and the number of laboratory operations
required to obtain instrument-ready solutions for analy-
sis. The sources of the non-agricultural chemicals on the
samplers is still unclear, but this study was conducted in
a relatively dry season where total rainfall was approx-
imately 40 % lower than the long-term mean in the
catchment during the study period. Thus, the risks may
be greater in wetter seasons, as greater quantities of
chemicals are likely to reach waterways as the frequen-
cy, extent and intensity of surface run-off events in-
crease. This study provides valuable information for
policy and decision-makers, both in Australia and other
regions of the world, in that passive sampling can be
conveniently used prior to analysis by multi-residue
techniques to produce data to assess the likely risks trace
organic chemicals pose to aquatic ecosystems.
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