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Monitoring for contaminants of emerging concern
in drinking water using POCIS passive samplers
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and Sonya Kleywegtd

Contaminants of emerging concern (CEC) have been detected in drinking water world-wide. The source of

most of these compounds is generally attributed to contamination from municipal wastewater. Traditional

water sampling methods (grab or composite) often require the concentration of large amounts of water in

order to detect trace levels of these contaminants. The Polar Organic Compounds Integrative Sampler

(POCIS) is a passive sampling technology that has been developed to concentrate trace levels of CEC to

provide time-weighted average concentrations for individual compounds in water. However, few studies to

date have evaluated whether POCIS is suitable for monitoring contaminants in drinking water. In this study,

the POCIS was evaluated as a monitoring tool for CEC in drinking water over a period of 2 and 4 weeks with

comparisons to typical grab samples. Seven “indicator compounds” which included carbamazepine,

trimethoprim, sulfamethoxazole, ibuprofen, gemfibrozil, estrone and sucralose, were monitored in five

drinking water treatment plants (DWTPs) in Ontario. All indicator compounds were detected in raw water

samples from the POCIS in comparison to six from grab samples. Similarly, four compounds were detected

in grab samples of treated drinking water, whereas six were detected in the POCIS. Sucralose was the only

compound that was detected consistently at all five plants. The POCIS technique provided integrative

exposures of CECs in drinking water at lower detection limits, while episodic events were captured via

traditional sampling methods. There was evidence that the accumulation of target compounds by POCIS is

a dynamic process, with adsorption and desorption on the sorbent occurring in response to ambient levels

of the target compounds in water. CECs in treated drinking water were present at low ng L�1

concentrations, which are not considered to be a threat to human health.
Environmental impact

In this study, the polar organic contaminant integrative sampler (POCIS) was evaluated as a monitoring tool for contaminants of emerging concern (CECs) in
drinking water, with comparisons to monitoring with typical grab samples. Seven “indicator compounds” were monitored in ve drinking water treatment
plants (DWTPs) in Ontario, Canada. The POCIS technique provided integrative exposures of CECs in drinking water at lower detection limits. Concentrations of
contaminants were several orders of magnitude lower than concentrations that have been predicted to be a concern for human health. No environmental
impacts are expected from this study.
Introduction

Contaminants of emerging concern (CEC) include pharmaceuti-
cals and personal care products (PPCPs), ame retardants,
surface active chemicals such as stain protectors and detergents,
endocrine disrupting chemicals (EDCs) and new and
replacement chemicals entering the marketplace. Many studies
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conducted world-wide have reported CECs in drinking water,1–5

and concerns regarding the presence of these compounds in
drinking water have captured the attention of government
agencies and the public. TheWorldHealth Organization recently
released a report on pharmaceuticals in drinking water, which
concluded that “adverse health impacts to humans are very
unlikely from exposure to the trace concentrations of pharma-
ceuticals”.6 While routine monitoring for pharmaceuticals in
drinking water sources was not recommended in the WHO
report, it wasnoted that it is a challenge to obtain occurrencedata
for a diverse group of CECs. The authors of the report acknowl-
edge that there is a need for “standardized sampling and analysis
protocols to support monitoring studies”.6

To date, most studies that report the occurrence of CECs in
drinking water were conducted using traditional sampling
Environ. Sci.: Processes Impacts, 2014, 16, 473–481 | 473
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methods with grab or composite samples. These methods oen
require enrichment of large amounts of water to detect trace
levels of an increasing number of CECs, and they only offer a
single “snap-shot” in time of what is present in the water. The
Polar Organic Compound Integrative Sampler (POCIS) is a
passive sampling technology developed to measure time-
weighted average exposures to trace concentrations of PPCPs,
EDCs, and pesticides over several weeks of deployment. The
POCIS contains a solid-phase sorbent sandwiched between two
porous polymer membranes and these devices are typically
deployed in water in stainless steel cages. Sampling rates
determined in the laboratory for individual chemicals are
integrated into uptake models to provide estimates of water
concentrations. As summarized in recent reviews,7,8 POCIS have
been used in a number of monitoring studies in surface waters,
including in the Laurentian Great Lakes9 and in rivers in
the USA.10–12

The purpose of this study was to evaluate the use of POCIS as
a monitoring tool within drinking water treatment plants
(DWTPs) in Ontario, Canada. Five DWTPs were monitored over
deployment periods of two and four weeks for seven “indicator
compounds” that included a non-prescription pharmaceutical
(Ibuprofen), two prescription pharmaceuticals (carbamazepine,
gembrozil), two antibiotics (sulfamethoxazole, trimethoprim),
an estrogen (estrone), and an articial sweetener (sucralose) in
both raw and treated drinking water. These target compounds
were selected according to the criteria identied in a recent
study that illustrated the value of monitoring a small number of
PPCPs in wastewater treatment facilities in the U.S.13 Sucralose
Table 1 Operational data and sampling information at the DWTPs monit
estimates of people with direct connections, but does not include peop

DWTP
Pop
served/�103

Water
source

Treatment
technology

C
L

1 750 Ottawa R 1 Coagulation,
2 occulation,
3 sedimentation,
4 ltration,
5 pre-chlorination,
6 pH correction,
7 chloramination,
8 uoridation

3

2 124 L Ontario 1 Mussel control,
2 pre-chlorination,
3 screening,
4 coagulation/occulation,
5 sedimentation, 6 ltration,
7 post-chlorination

1

3 98.5 Grand R 1 Screening, 2 coagulation,
3 occulation, 4 sedimentation,
5 pre-chlorination, 6 ltration,
7 post-chlorination, 8 uoridation

1

4 5.7 L Erie 1 Coagulation, 2 occulation,
3 sedimentation, 4 ltration,
5 chlorination

5 1.8* Grand R 1 Coagulation, 2 occulation,
3 sedimentation, 4 ltration,
5 chlorination

474 | Environ. Sci.: Processes Impacts, 2014, 16, 473–481
has been widely detected in drinking water systems in the USA
and, because of its persistence and ubiquitous presence, has
been proposed as a tracer of wastewater contaminants in
drinking water samples.14 In addition to the POCIS samples,
grab samples were also taken at the DWTPs at 0, 2 and 4 weeks
and extracted by solid phase extraction (SPE) techniques to
compare the results to those obtained by the POCIS.
Methods and materials
Chemicals and materials

The pharmaceutical analytes and estrone were purchased from
Sigma-Aldrich Canada (Oakville, ON, Canada) and their stable
isotope surrogates were purchased from C/D/N Isotopes (Pointe-
Claire, QC, Canada), respectively. Sucralose and its deuterated
surrogate were purchased from Sigma-Aldrich Canada and
Toronto Research Chemicals (Toronto, ON, Canada) respec-
tively. All stock solutions were made up in methanol and
working standard solutions. High purity acetic acid, methanol
and acetone were obtained from Fisher Scientic (Ottawa, ON,
Canada). The POCIS samplers were purchased from Environ-
mental Sampling Technologies (St. Joseph, MO, USA). SPE
cartridges (Oasis MCX, Oasis MAX) were purchased fromWaters
(Milford, MA, USA).
Sampling sites

The POCIS samplers were deployed in DWTPs that serve ve
municipalities in southern, Ontario, Canada. The populations
ored. NA ¼ data not available. * Population served at DWTP 5 includes
le who truck water or fill water containers at the plant

apacity/
� 106 per day

Sampling dates
0–2 weeks,
2–4 weeks

Range of
water ows/
L � 106 per day

Range of
water
temp./�C

60 29/09/2011, 10/10/2011,
10/10/2011, 27/10/2011

136–197,
128–222

16.1–20.0,
11.5–16.1

50 28/09/2011, 09/10/2011,
09/10/2011, 26/10/2011

49.5–59.9,
49.3–62.1

13.6–15.0,
12.6–14.9

00 30/05/2012, 13/06/2012,
14/06/2012, 27/06/2012

33.9–53.3,
42.4–54.4

16.0–21.5,
21.5–26.8

14.5 30/05/2012, 13/06/2012,
14/06/2012, 27/06/2012

9.5–10.4,
7.3–10.9

10.5–16.0,
14.0–18.0

1.5 30/05/2012, 13/06/2012,
14/06/2012, 27/06/2012

NA NA

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/C3EM00508A


Paper Environmental Science: Processes & Impacts

Pu
bl

is
he

d 
on

 1
2 

Fe
br

ua
ry

 2
01

4.
 D

ow
nl

oa
de

d 
by

 T
re

nt
 U

ni
ve

rs
ity

 o
n 

7/
20

/2
01

8 
7:

03
:3

8 
PM

. 
View Article Online
served, the source of the water, the ows and the temperatures
of raw water, as well as a basic description of the treatment
technologies used at each plant are summarized in Table 1. The
passive samplers were deployed in stainless steel sampling
cages with capacity to accommodate three POCIS, so each cage
gave triplicate measurements.

Monitoring in DWTPs 1 and 2 occurred in the fall of 2011
and monitoring in DWTPs 3, 4 and 5 occurred in the spring of
2012 (Table 1). At each DWTP, two sampling cages were placed
in the ow of raw water to measure the initial concentrations of
chemicals entering the DWTPs, and another two cages were
placed in the ow of treated drinking water to measure the
concentrations of chemicals aer treatment. The rst set of
POCIS (n ¼ 3 in each of raw and treated water) was removed
aer two weeks of deployment and the second set of POCIS
(n ¼ 3) was removed aer 4 weeks of deployment. At the start of
deployment and when POCIS were retrieved at weeks 2 and 4,
grab samples (1 L) of raw and treated drinking water were
collected at each DWTP for extraction using solid phase
extraction (SPE) cartridges. Aer retrieval, the POCIS were
transported on ice and frozen at �20 �C until processed for
analysis. The water samples were transported on ice and
extracted by SPE within 48 h of collection.
Sample preparation

Extraction of POCIS samplers was performed according to the
procedures described previously.9 Briey, frozen samplers were
removed from storage and allowed to thaw, then rinsed with
water to remove debris and biofouling material. The sorbent in
the POCIS was transferred to a glass chromatography column
(1 cm ID � 30 cm length) previously packed to 1/3 full with
solvent-washed granular Na2SO4. A 100 mL volume of a mixture
of stable isotope labelled surrogates (500 ng mL�1) was then
added to the column. Elution from the column was performed
with 100 mL methanol. The eluate was collected and then
reduced in volume by rotary evaporation to a volume of �1 mL.
Final evaporation to 0.1 mL was conducted using a vacuum
centrifuge evaporator, and then the samples were made up to
their nal volume (0.4 mL) with methanol.

SPE extraction of all analytes except sucralose was conducted
as described previously.9 Briey, 300 mL subsamples of water
were enriched using Oasis mixed-mode anion exchange (MAX)
cartridges, which were pre-conditioned with methanol, 0.1 M
NaOH and water (pH 8.0). Water samples were adjusted to pH 8
with 1.0% ammonium hydroxide and then loaded onto the
cartridges aer addition of 300 mL of the standard containing
stable isotope surrogates. The cartridges were eluted sequen-
tially with 2 mL methanol and then 3 � 3 mL of 2% formic acid
in methanol. The extracts were evaporated to near dryness and
then reconstituted in 0.4 mL methanol.

For sucralose, Oasis MCX mixed mode cation exchange
cartridges (MCX; 6 cm3, 500 mg) were used. The cartridges were
preconditioned with sequential additions of 6 mL of acetone, 6
mLofmethanol and6mLofMilliQwater (pH1.5). Subsamples of
drinking water (300 mL) were acidied to pH 1.5 prior to spiking
with an internal standard (Sucralose-D6, 100 ml of 500 ppb stock
This journal is © The Royal Society of Chemistry 2014
solution). Aer loading the water samples along with rinses, the
cartridges were washed with 2 mL of Milli Q water and then
aspirated to dryness for 10min under vacuum. The analytes were
eluted from the SPE cartridges with 3 � 3 mL of 5% ammonium
hydroxide in methanol. The extracts were evaporated and
reconstituted in 0.4 mL methanol for analysis. In extracts
prepared from deionized water spiked with varying concentra-
tions of sucralose, extraction efficiencies were all >77%.

Analysis

The pharmaceuticals were analyzed by liquid chromatography
and tandem mass spectrometry (LC-MS/MS) with an electro-
spray ionization (ESI) source using an API 3000 instrument
purchased from AB Sciex (Concord, ON, Canada). This system
was equipped with a Series 200 autosampler from Perkin Elmer
(Waltham, MA, USA), and pumps (LC-10AD), degasser (DGU-
14A) and system controller (SCL-10A) from Shimadzu
(Columbia, MD, USA). Analytes were separated chromato-
graphically using a Genesis C18 column (150 mm � 2.1 mm ID;
4 mm particle size) and a guard column (Genesis C18, 10 mm �
2.1 mm ID; 4 mm); both purchased from Chromatography
Specialities (Brockville, ON, Canada). The LC mobile phases in
gradient elution were (A) water (100%) with 0.1% acetic acid and
(B) acetonitrile (100%) with 0.1% acetic acid. For the pharma-
ceutical analytes, carbamazepine, sulfamethoxazole, trimetho-
prim, gembrozil and ibuprofen, the LC-MS/MS was run in
double polarity mode by switching from positive to negative
voltage, as described previously.15 The precursor and product
ion transitions for multiple reaction monitoring (MRM) of the
pharmaceutical analytes and their corresponding labelled
surrogates are listed in Table 2. For quantication, an external
standard method with a ve-point calibration curve was used,
and the data were adjusted according to the response for the
surrogate internal standards in order to compensate for matrix
effects.

For determination of estrone and sucralose, LC-MS/MS
analysis in negative ion mode was conducted separately using
an AB Sciex Q-Trap 5500 instrument with a turbospray ioniza-
tion source, equipped with an Agilent 1100 series (Mississauga,
ON, Canada) separation system. In addition, samples from the
sorption/desorption experiment were analyzed with the AB
Sciex instrument. The analytes were separated chromato-
graphically using a Genesis C-18 column and a guard column of
the same stationary phase (Chromatographic Specialties). The
LC mobile phases for gradient elution were the same as
described above. MRM detection was performed using the
precursor and product ion transitions and their labelled
surrogates listed in Table 2. An external standard method was
used for quantication, adjusted using the surrogate internal
standards.

Quality assurance

The Limits of Detection (LODs) and Limits of Quantitation
(LOQs) listed in Table 2 were previously reported for all target
analytes, except for sucralose.9 The LOD and LOQ values for
sucralose were determined as the analyte concentration that
Environ. Sci.: Processes Impacts, 2014, 16, 473–481 | 475
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Table 2 Multiple reaction monitoring (MRM) ion transitions for the target compounds and their stable isotope surrogates using LC-MS/MS
analysis in negative or positive ion mode. Limits of Detection (LODs) and Limits of Quantitation (LOQs) for SPE extracts are also listed

Compound MRM Transition Polarity Instrument LOD, LOQ ng per L

Carbamazepine (CBZ) 237 / 194 + API 3000 0.3, 1
Trimethoprim (TPM) 291 / 123 + API 3000 0.6, 2
Sulfamethoxazole (SMX) 254 / 156 + API 3000 0.3, 1
Ibuprofen 205 / 161 � API 3000 0.6, 2
Gembrozil 249 / 121 � API 3000 2, 5
Estrone 269 / 145 � QTrap 5500 0.2, 0.7
Sucralose 395 / 35 � QTrap 5500 0.1, 0.3
Carbamazepine-d10 2472 / 204 + API 3000
Trimethoprim-13C3 294 / 126 + API 3000
Sulfamethoxazole-13C6 260 / 162 + API 3000
Ibuprofen-13C3 208 / 163 � API 3000
Gembrozil-d6 255 / 121 � API 3000
Estrone-13C2 271 / 147 � QTrap 5500
Sucralose-d6 403 / 35 � QTrap 5500
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produced a peak with a signal-to-noise ratio of 3 and 10,
respectively, determined by analysis of serial dilutions of the
analytical standard. For the SPE extractions, laboratory blanks
with deionized water were prepared for every 7–8 eld samples.

Field blank POCIS accompanied the samplers during
deployment, retrieval and transportation. The eld blanks were
processed and analysed as described for the deployed samples.
Estimates of CEC concentrations

Time weighted average concentrations in raw and treated
drinking water were estimated according to the model:

CW ¼ N/RS � t (1)

where: N is the amount accumulated in POCIS (ng), t is the
deployment duration (day), and RS is the sampling rate (L day�1).

The RS for the pharmaceuticals and estrone were determined
previously in laboratory experiments at 15 �C.9 The RS for
sucralose (0.16 L per day) was measured using the same static
exposure technique previously described.9 Briey, the static
experiments were conducted in triplicate in containers with 3 L
of water placed in a temperature controlled environmental
chamber at 15 �C. For each replicate, the water was spiked with
sucralose at a nominal concentration of 3 mg L�1, and a single
POCIS was placed in the water for a period of 8 days. A magnetic
stirrer was used to gently mix the water. Aliquots of the exposure
water (40 mL) were removed from the bottles every 24 h to
monitor the decrease in water concentration over time. The
water was extracted by SPE according to the methods describe
above. A positive control containing only spiked water without
the POCIS was run along with the calibration to correct for
sorption, volatilization or degradation during exposure. As a
negative control, one POCIS was exposed to 3 L of water without
spiking of pharmaceuticals.

The RS of the POCIS was calculated as:

RS ¼ kUVT (2)

where: VT is the total volume of water in the tank (3 L).
476 | Environ. Sci.: Processes Impacts, 2014, 16, 473–481
The value of k is estimated from the slope of the decrease of
water concentration (ln[CW(t)/CW(0)]) over the exposure time.
Analysis of the POCIS collected at the end of the experiment
conrmed that the mass of sucralose collected in the sorbent
corresponded (�10%) to the amount of sucralose removed from
the test solution over time.
Sorption and desorption experiment

A sorption/desorption experiment with POCIS conducted over
18 days was divided into a sorption phase (days 0–7) followed by
a desorption phase (days 8–18). The experiment were conducted
in a controlled environment chamber set at an average
temperature of 15 �C and 16 h light:8 h darkness. During the
sorption phase, a static experiment was conducted in 9 separate
glass jars as described previously.9 Briey, one POCIS was sus-
pended vertically in each jar in deionized water spiked with a
mixture of carbamazepine, ibuprofen, gembrozil, trimetho-
prim, sulfamethoxazole and sucralose, each at a concentration
of 2 mg L�1. The POCIS were maintained in this solution for 7
days to achieve sorption of the target analytes. On the 8th day of
the experiment, 3 POCIS were removed from the water at the
end of sorption study and frozen for later extraction. These
POCIS represented Day 1 of the desorption experiment. The
remaining six POCIS were removed and suspended together in a
glass aquarium through which there was a continuous ow of
municipal drinking water at a ow rate of approximately 3L
min�1. The ow was monitored and adjusted every day. At Day 5
and Day 10 of the desorption experiment, 3 replicate POCIS
were removed from the aquarium for extraction. The POCIS
were extracted and analyzed by LC-MS/MS for the target
compounds, as previously described.
Results and discussion
Grab sample results for raw and treated drinking water

The monitoring results for indicator compounds in raw and
treated drinking water in grab samples from the ve DWTPs are
presented in Table 3. Analysis of contaminants of emerging
This journal is © The Royal Society of Chemistry 2014
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Table 3 Average (ng L�1 � SD) concentrations in SPE extracts of grab samples of raw and treated drinking water (n ¼ 3) collected at 0, 2 and 4
weeks of the monitoring period in 5 DWTPs

DWTP Source Week Gembrozil Ibuprofen SMX CBZ TPM Estrone Sucralose

1 Raw 0 <LOD <LOD 4.0 � 0.3 <LOQ <LOD <LOD 13.2 � 0.8
2 <LOD <LOD <LOD 1.2 � 0.1 <LOD <LOD 19.5 � 3.1
4 <LOD <LOD <LOD <LOQ <LOD <LOD 19.1 � 1.1

Treated 0 <LOD <LOD 1.3 � 0.2 <LOD <LOD <LOD <LOD
2 <LOD <LOD <LOD <LOQ <LOD <LOD 5.2 � 0.7
4 <LOD <LOD <LOD <LOD <LOD <LOD 3.7 � 1.1

2 Raw 0 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD

Treated 0 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD

3 Raw 0 <LOQ <LOQ <LOD 22.8 � 0.4 3.4 � 0.1 1.9 � 0.4 243.6 � 12.7
2 <LOD <LOQ <LOD 5.4 � 0.8 <LOD <LOD 30.7 � 7.0
4 <LOD 2.7 � 0.4 <LOD 3.9 � 1.0 3.8 � 0.6 <LOD 165.5 � 14.9

Treated 0 <LOD <LOD <LOD <LOD <LOD 1.0 � 0.1 253.7 � 6.9
2 <LOD <LOD <LOD <LOD <LOD <LOD 50.1 � 14.6
4 <LOD <LOD <LOD <LOD <LOD <LOD 90.4 � 16.8

4 Raw 0 <LOQ <LOD <LOD <LOQ <LOD 1.9 � 0.2 19.3 � 1.6
2 <LOD <LOD <LOD <LOQ <LOD <LOD 13.9 � 1.2
4 <LOD <LOD 2.1 � 0.7 <LOQ <LOD <LOD 14.5 � 1.5

Treated 0 <LOD <LOD <LOD <LOD <LOD 1.5 � 0.5 15.1 � 0.4
2 <LOD <LOD <LOD <LOD <LOD <LOD 9.5 � 1.7
4 <LOD <LOD <LOD <LOD <LOD <LOD 6.2 � 0.3

5 Raw 0 <LOQ <LOQ 3.6 � 0.8 21.7 � 1.0 3.6 � 0.4 1.6 � 0.4 226.0 � 34.8
2 <LOD 1.4 � 0.5 4.0 � 0.5 12.9 � 1.7 6.6 � 1.2 <LOD 108.4 � 14.7
4 <LOQ 4.6 � 1.9 1.6 � 0.3 28.7 � 4.8 4.7 � 0.8 <LOD 156.6 � 11.2

Treated 0 <LOD <LOD <LOD <LOD <LOD <LOQ 238.9 � 11.3
2 <LOD <LOD <LOD 7.7 � 0.7 <LOD <LOD 156.2 � 10.8
4 <LOD <LOD <LOD 2.9 � 2.5 <LOD <LOD 85.2 � 11.7
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concern in drinking water using conventional monitoring
methods with grab or composite samples oen generate data
with values below LODs or LOQs. Analysis of the grab samples
generated data that were frequently below the LOQs or LODs
(Table 3). This was especially the case in samples collected from
DWTPs 1 and 2, both of which take surface water from source
waters that have lesser degrees of inuence from municipal
wastewater than for DWTPs 3, 4, and 5. Of the seven compounds
analyzed, six were detected in grab samples of raw drinking
water, indicating that these analytes were appropriate indicator
compounds. The detection of indicator compounds varied by
analyte and among plants for the grab samples of both raw and
treated water. Sucralose was detected at four of the ve DWTPs
at concentrations up to 279 ng L�1. The widespread detection of
this articial sweetener supports previous suggestions that this
compound can be used as a tracer of contaminants in drinking
water originating from wastewater sources.14

Four of the seven compounds were detected in the treated
drinking water, while gembrozil, ibuprofen and trimethoprim
were not detected in any grab samples of treated drinking water
(Table 3). In some cases, the concentrations in grab samples
varied widely over the 4 week monitoring period, indicating that
there was considerable temporal variation in concentrations. As
was the case for untreated water, the most frequently detected
compound in grab samples of treated drinking water was
This journal is © The Royal Society of Chemistry 2014
sucralose, which was present at similar concentrations to those
reported previously.14 Although some reduction in concentra-
tions was apparent from raw to treated drinking water, sucra-
lose was not removed by conventional drinking water treatment
processes. Similar results were observed for estrone, which was
detected in some of the samples at Plants 3 and 4, but was not
reduced in treated water relative to raw water. However, the
timing for collections of grab samples of raw and treated water
were not paired to account for retention times in the plants and
therefore, quantitative assessment of removal efficiencies was
not possible. Gembrozil was the only compound not detected
at concentrations greater than the LOQ of 5 ng L�1, although it
was detected in four samples of raw water at concentrations
greater than the LOD of 2 ng L�1 (Table 3). Gembrozil was
detected in a previous study of Ontario DWTPs at frequencies of
33 and 15% in raw and treated waters, respectively.5

The observed concentrations of gembrozil, ibuprofen, sul-
famethoxazole, trimethoprim, and carbamazepine in drinking
water were lower than those reported previously for DWTPs in
Ontario, Canada,1,5 and in source waters.3,9
POCIS results and comparison to grab sampling

The time-weighted average concentrations of target analytes
collected in POCIS over 2 and 4 weeks are listed in Table 4, along
Environ. Sci.: Processes Impacts, 2014, 16, 473–481 | 477
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Table 4 Time-weighted average concentrations (ng L�1 � SD) estimated from amounts accumulated in POCIS (n ¼ 3) over 2 and 4 weeks of
deployment in raw and treated drinking water in 5 DWTPs. Rs ¼ POCIS sampling rates in L per day at 15 �C

DWTP Source Week

Gembrozil Ibuprofen SMX CBZ TPM Estrone Sucralose

Rs ¼ 0.31 Rs ¼ 0.25 Rs ¼ 0.35 Rs ¼ 0.40 Rs ¼ 0.41 Rs ¼ 0.64 Rs ¼ 0.16

1 Raw 2 0.12 � 0.03 2.19 � 0.13 0.06 � 0.02 0.74 � 0.06 <LOD <LOD 7.28 � 0.14
4 0.11 � 0.01 6.10 � 0.07 <LOD 0.58 � 0.05 <LOD <LOD 1.95 � 0.16

Treated 2 <LOQ <LOD <LOD 0.35 � 0.03 <LOD <LOD 6.51 � 0.42
4 <LOQ <LOD <LOD 0.22 � 0.02 <LOD <LOD 1.56 � 0.18

2 Raw 2 <LOD 2.11 � 4.47 <LOD 0.20 � 0.02 <LOD <LOD 0.30 � 0.09
4 <LOD 1.41 � 0.16 <LOD 0.10 � 0.01 <LOD <LOD <LOD

Treated 2 <LOD 0.19 � 0.03 <LOD 0.16 � 0.02 <LOD <LOD <LOD
4 <LOD <LOQ <LOD 0.08 � 0.01 <LOD <LOD <LOD

3 Raw 2 <LOD 0.19 � 0.03 <LOD 6.75 � 0.33 <LOD 0.07 � 0.01 13.92 � 1.59
4 0.02 � 0.01 0.12 � 0.01 <LOD 3.57 � 0.35 1.75 � 0.47 0.16 � 0.08 19.60 � 1.20

Treated 2 <LOD <LOD <LOD 4.29 � 0.63 <LOD 0.03 � 0.00 11.68 � 1.20
4 0.02 � 0.01 0.08 � 0.01 <LOD 3.40 � 0.54 1.08 � 0.17 0.09 � 0.02 12.78 � 0.17

4 Raw 2 0.04 � 0.01 0.68 � 0.19 <LOD 0.39 � 0.03 <LOD 0.10 � 0.01 9.38 � 0.51
4 0.02 � 0.01 0.34 � 0.06 <LOD 0.32 � 0.01 <LOD 0.48 � 0.09 6.45 � 0.06

Treated 2 <LOD <LOD <LOD 0.04 � 0.00 <LOD 0.05 � 0.01 3.14 � 0.61
4 <LOD <LOD <LOD 0.05 � 0.01 <LOD 0.11 � 0.01 2.14 � 0.31

5 Raw 2 0.04 � 0.01 0.48 � 0.06 0.17 � 0.02 4.73 � 0.18 2.92 � 0.94 0.11 � 0.01 29.83 � 6.03
4 0.02 � 0.01 0.23 � 0.02 0.27 � 0.02 2.60 � 0.19 1.56 � 0.13 0.46 � 0.10 17.03 � 2.23

Treated 2 <LOD <LOD <LOD 1.25 � 0.20 <LOD 0.08 � 0.01 16.36 � 4.79
4 <LOD <LOD <LOD 0.61 � 0.02 <LOD 0.10 � 0.01 6.99 � 1.58

Table 5 Mean amounts (ng� SD) of selected pharmaceuticals and the
artificial sweetener, sucralose in POCIS (n ¼ 3) sampled in the
desorption phase of the experiment at days 1, 5 and 10. * ¼ day 10
mean amounts significantly different from Day 1 mean amounts (Mann
Whitney U test, P < 0.01)

Compound Day 1 Day 5 Day 10

CBZ 1205.3 � 106.8 968.03 � 188.7 894.7 � 37.2
Ibuprofen 617.3 � 54.5 368.5 � 103.8 262.4 � 80.1*
Gembrozil 213.2 � 49.8 166.5 � 53.5 144.5 � 31.3*
TPM 425.7 � 83.7 39.1 � 17.1 23.8 � 5.9*
SMX 391.3 � 59.6 15.1 � 2.1 8.7 � 2.2*
Sucralose 191.8 � 11.5 197.2 � 28.5 186.1 � 15.0
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with the sampling rates (RS) that were used to estimate these
concentrations. All indicator compounds were detected in raw
water samples and only sulfamethoxazole was not detected by
POCIS in treated drinking water. Target compounds were
detected more frequently and consistently in POCIS samplers
deployed in the raw and treated drinking water than in the grab
samples from the same media. Comparisons between the
amounts of the target analytes accumulated in POCIS deployed
for 2 and 4 weeks (Table 6) indicate that, while some
compounds at some plants continued to accumulate in POCIS
to higher amounts at four weeks when compared POCIS
deployed for two weeks, others had similar amounts accumu-
lated among samplers deployed for two and four weeks. There
were some cases where the amounts accumulated in POCIS at 2
weeks were higher than the amounts in POCIS at 4 weeks, but
this was not consistent at all plants. For example, at DWTP 5,
sucralose accumulated to approximately twice the amount of
this compound in POCIS aer 2 weeks compared to 4 weeks,
whereas at DWTP 3, the amounts were essentially the same
among the POCIS deployed for 2 and 4 weeks. At DWTPs 3 and
5, grab sample concentrations were high during the rst
sampling (Day 0) but declined in subsequent samples. The
amounts of ibuprofen in POCIS also declined in the samplers
deployed for 4 weeks relative to the 2 week deployment in DWTP
1 and 2. The lower levels at 4 week deployments indicate that
sorption to the POCIS sorbent phase is a dynamic process, with
some target compounds moving into and out of the POCIS in
response to changes in ambient levels in water. This has been
observed in other lab and eld-based studies.15,16

To test the hypothesis that sorption in POCIS may be a
dynamic process, we conducted a sorption/desorption study
where POCIS that had accumulated target compounds in the
478 | Environ. Sci.: Processes Impacts, 2014, 16, 473–481
sorption phase were placed in owing drinking water and
monitored in the desorption phase at 5 and 10 days. The
analytical data (Table 5) indicate that the amounts of the target
compounds sorbed to the POCIS declined with time during the
desorption phase, except for sucralose. The rates of loss varied,
depending on the compound, with the highest rates of loss
observed for trimethoprim and sulfamathoxazole (Table 5).
These data are consistent with a dynamic process by which
there is desorption of these compounds from the solid phase of
the POCIS back into the owing water. However, it cannot be
ruled out that there was transformation over time of the
compounds that had accumulated on the sorbent. In either
case, more work is required to evaluate the kinetics of accu-
mulation of compounds on POCIS.17

In addition to capturing differences among plants, the POCIS
samplers also detected differences within the plants, since the
POCIS afforded greater detection frequencies. Since the POCIS
accumulates compounds of interest over a longer time period,
This journal is © The Royal Society of Chemistry 2014
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Table 6 Amounts (ng � SD) accumulated in POCIS (n ¼ 3) over 2 and 4 weeks of deployment in raw and treated drinking water in 5 DWTPs

DWTP Source Week Gembrozil Ibuprofen SMX CBZ TPM Estrone Sucralose

1 Raw 2 1.0 � 0.1 42.7 � 0.5 0.3 � 0.1 4.2 � 0.3 <LOD <LOD 15.6 � 0.4
4 0.9 � 0.0 34.9 � 5.5 <LOD 6.5 � 0.6 <LOD <LOD 8.4 � 1.1

Treated 2 <LOQ <LOD <LOD 1.9 � 0.2 <LOD <LOD 13.9 � 1.3
4 <LOQ <LOD <LOD 2.5 � 0.2 <LOD <LOD 6.7 � 1.2

2 Raw 2 <LOD 42.4 � 15.6 <LOD 1.1 � 0.1 <LOD <LOD 0.7 � 0.3
4 <LOD 9.9 � 1.1 <LOD 1.1 � 0.1 <LOD <LOD <LOD

Treated 2 <LOD 0.7 � 0.0 <LOD 0.9 � 0.1 <LOD <LOD <LOD
4 <LOD <LOQ <LOD 0.9 � 0.1 <LOD <LOD <LOD

3 Raw 2 <LOD 0.7 � 0.1 <LOD 37.8 � 1.8 <LOD 0.6 � 0.1 30.4 � 3.5
4 0.1 � 0.0 0.9 � 0.1 <LOD 40.0 � 3.9 20.2 � 5.4 2.9 � 1.4 85.6 � 5.2

Treated 2 <LOD <LOD <LOD 24.0 � 3.5 <LOD 0.3 � 0.0 25.5 � 2.6
4 0.2 � 0.0 0.6 � 0.1 <LOD 38.0 � 6.1 12.4 � 1.9 1.6 � 0.4 55.8 � 0.7

4 Raw 2 0.2 � 0.0 2.4 � 0.7 <LOD 2.2 � 0.2 <LOD 0.9 � 0.1 20.5 � 1.1
4 0.2 � 0.0 2.4 � 0.4 <LOD 3.6 � 0.1 <LOD 8.1 � 1.6 28.2 � 0.3

Treated 2 <LOD <LOD <LOD 0.2 � 0.0 <LOD 0.4 � 0.1 6.5 � 1.3
4 <LOD <LOD <LOD 0.5 � 0.1 <LOD 1.9 � 0.3 9.4 � 1.3

5 Raw 2 0.2 � 0.0 1.7 � 0.2 0.9 � 0.1 26.5 � 1.0 16.8 � 5.4 0.9 � 0.1 63.4 � 13.2
4 0.2 � 0.0 1.6 � 0.1 1.7 � 0.2 29.1 � 2.1 17.9 � 1.5 8.3 � 1.9 74.4 � 9.8

Treated 2 <LOD <LOD <LOD 7.0 � 1.1 <LOD 0.7 � 0.1 35.7 � 10.5
4 <LOD <LOD <LOD 6.8 � 0.3 <LOD 1.8 � 0.2 30.5 � 6.9

Fig. 1 Comparison of POCIS and grab sample concentrations in raw
and treated drinking water in the 5 DWTPs for (a) sucralose and (b)
carbamazepine.
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the issue of timing the grab samples to account for hydraulic
retention times within the plants is avoided. For POCIS moni-
toring, most of the compounds showed a reduction in the
amounts (ng/POCIS) accumulated from treated water relative to
the amounts accumulated from rawwater in each of the DWTPs,
with examples highlighted in Fig. 2. Reductionswere observed in
treated water in both the two and four week deployments. The
POCIS is likely to provide a better indicator of removal efficiency
than grab sampling. For example, themost consistently detected
compounds were carbamazepine, ibuprofen and sucralose, with
detection frequencies of 100, 65 and 85%, respectively in POCIS,
compared to 50, 20, and 77%, respectively in grab samples.
Gembrozil (50% detects in POCIS; 13% in grabs) and estrone
(60% in POCIS; 20% in grabs) were detected more frequently in
POCIS, while sulfamethoxazole and trimethoprimwere detected
at similar frequencies using both monitoring approaches.

Time-weighted average concentrations estimated from
POCIS data were generally consistent with data on the concen-
trations detected in SPE extracts from grab samples (Fig. 1).
Based on the estimated concentrations, it is not surprising that
many of the target compounds were present in SPE extracts at
concentrations <LOQs or <LODs, as several of the compounds
were estimated to be present at average concentrations below
the LODs (Table 4). For sucralose and carbamazepine, which
were the compounds most frequently detected in both the
samples, the POCIS captured concentration differences among
DWTPs. Plants which had higher concentrations of these
compounds in the grab samples also had higher concentrations
in the POCIS in both the 2 and 4 week samples (Fig. 1). The
results for DWTPs 3 and 5 showed that the time-weighted
average concentrations for sucralose estimated from POCIS
were lower than the concentrations in grab samples by a factor
of up to 10. However, for sucralose in DWTPs 1 and 4, grab
sample concentrations and time-weighted estimates from
This journal is © The Royal Society of Chemistry 2014
POCIS were within a factor of 1–2 of each other (Tables 3 and 4).
These comparisons between grab samples and POCIS must be
interpreted with caution, since grab samples were only collected
at 3 discrete points during the monitoring period and these
samples may not reect the exposure history over the entire
deployment period.
Environ. Sci.: Processes Impacts, 2014, 16, 473–481 | 479
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Fig. 2 Mean amounts of compounds in POCIS illustrating changes
from raw to treated water in each of the DWTPs for (a) carbamazepine,
(b) sucralose, (c) ibuprofen, and (d) estrone. All concentrations in
treated water were significantly lower than in raw water, except for
carbamazepine in DWTP 3 in week 4, and in DWTP 2 in weeks 2 and
4, and for sucralose in DWTPs 3 and 5 in week 2 (Mann Whitney U test,
P < 0.01).
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Risk considerations

The low ng L�1 concentrations of target compounds estimated
using POCIS monitoring are consistent with other studies of
CECs in drinking water. A variety of approaches have been used
to evaluate whether contaminants of emerging concern detec-
ted in drinking water are a risk to human health, and these
studies have generally shown that daily intakes of pharmaceu-
ticals consumed in contaminated drinking water is several
orders of magnitude below the therapeutic dose.18,19 The World
Health Organization recently published a report that concluded
that the risk to human health was minimal as a result of
exposure to pharmaceuticals in drinking water.6
Conclusions

The deployment of POCIS was found to be a useful technique
for monitoring for CECs of wastewater origin. Pharmaceutical,
hormone and articial sweetener compounds were present in
raw and treated drinking water from 5 DWTPs in Ontario,
Canada. The concentrations in grab samples were typically
below detection limits. However, POCIS samplers deployed in
drinking water typically concentrated the contaminants to
detectable levels, allowing for assessments of the differences in
removal efficiencies between and within DWTPs. Concentra-
tions estimated from POCIS were generally comparable to
concentrations in grab samples. More work is required to
480 | Environ. Sci.: Processes Impacts, 2014, 16, 473–481
understand the dynamic nature of the ux of PPCPs and EDCs
between the POCIS sorbent and the surrounding aqueous
matrix. Concentrations of the pharmaceuticals were several
orders of magnitude lower than the concentrations that have
been predicted to be a hazard to human health.
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