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Several drugs of abuse, including amphetamines, cocaine and its metabolite, benzoylecgonine and several opioid
prescription drugswere detected inwastewater from twoCanadian cities, a small community (75,000population)
and a large urban center (1.6 million population). The objective of this study was to evaluate community use of
these drugs in two cities with large differences in population size and demographics. In addition, we evaluated
the use of the Polar Organic Chemical Integrative Sampler (POCIS) as a monitoring tool for drugs of abuse. Heroin
was not detected at either location, probably because this illicit drug ismetabolized tomorphine prior to excretion.
Acetylcodeine and acetylmorphine were also not detected. Estimates of community consumption from
wastewater analysis indicated that the most widely used drug was cocaine at a median level of consumption in
the larger city of approximately 38 doses per day per 1000 people. Consumption of the substituted amphetamine,
ephedrine, as well as methamphetamine was also higher in the larger city, at 21 and 1.8 doses per day per 1000
people, respectively. Use of amphetamine, MDMA and tramadol were similar in both centers, but use of
oxycodone was greater in the smaller city. Use of MDMA (ecstasy) peaked on weekends. Ketamine was detected
in wastewater from the larger city; the first report of abuse of this veterinary anesthetic in a North American city.
POCIS sampling rates were determined for the first time for 7 of the target compounds. Comparing the time
weighted average concentrations estimated from POCIS data to the concentrations obtained from 24-h
composite samples, the data were generally comparable, except for some compounds which were not detected
in POCIS deployed in the untreated wastewater, probably because of biofouling or accumulation of debris on
the cages containing the POCIS. This study indicates that the size and demographics of population centers can
influence the patterns of abuse of drugs.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Community consumption patterns for drugs of abuse have been
estimated by analyzing the concentrations of these drugs in municipal
wastewater (Postigo et al., 2011; van Nuijs et al., 2011a). Our previous
studies using this approach showed that community consumption
patterns for cocaine and amphetamines in three Canadian cities were
similar to consumption patterns in European cities, and amphetamine
usewas greater in larger urban centers than in small rural communities
(Metcalfe et al., 2010). Opioids are a class of drugs prescribed to treat
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chronic or postoperative pain, although some opioids such as heroin,
are recognized illicit drugs. Several prescription opioid drugs are also
used illegally as drugs of abuse. The abuse of prescription opioids has
become a major problem among high school students in the province
of Ontario, Canada (Paglia-Boak et al., 2011). Therefore, a goal of this
study was to estimate the consumption patterns for opioid drugs, as
well as cocaine and amphetamines in two Canadian cities with widely
different population sizes and demographics.

Significant advances have beenmade for using analysis of wastewa-
ter as a tool for estimating community consumption of drugs of abuse,
but there are still many uncertainties associatedwith this technique, in-
cluding a lack of understanding of the fate of drugs and theirmetabolites
in sewers and variations in drug excretion profiles as a result of disease,
sex, age and lifestyle (vanNuijs et al., 2011a). Another uncertainty is the
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Table 1
Target compounds analyzed in wastewater, their molecular weight and internal standard
used for quantitation by LC–MS/MS. Chemical suppliers are listed in the footnotes.

Target compound MW Internal standard (surrogate)

Cocaine and metabolite
Cocaine4 303.4 Cocaine-d34

Benzoylecgonine4 289.3 Benzoylecgonine-d84

Amphetamine-type stimulants
Amphetamine4 135.2 Amphetamine-d84

MDA4 179.2 MDA-d54

Methamphetamine4 149.2 Methamphetamine-d94

MDMA4 193.2 MDMA-d54

Ephedrine1 165.2 Ephedrine-d31

Opioid drugs
Codeine1 299.4 Codeine-d61

Acetylcodeine1 341.4 Heroin-d91

Dihydrocodeine1 301.4 Dihydrocodeine-d61

Morphine1 285.3 Morphine-d61

6-Acetylmorphine1 327.4 6-Acetylmorphine-d61

Methadone1 309.4 Methadone-d91

Heroin1 369.4 Heroin-d91

Tramadol2 263.4 Tramadol-d63

Ketamine1 237.7 Oxycodone-d61

Oxycodone1 315.4 Oxycodone-d61

EDDP perchlorate1 277.1 EDDP perchlorate-d31

1 Cambridge.
2 Sigma.
3 CDN.
4 Cerilliant.
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choice of sampling regime for wastewater, which may bias the esti-
mates of drug consumption. Selecting water sampling techniques and
a sampling regime that accounts for variations in wastewater flows
and concentrations over time is of great importance for obtaining reli-
able estimates of drug consumption (Ort et al., 2010; Lai et al., 2011).
Previous studies on drugs of abuse, opioid prescription pharmaceuticals
in sewage were based on grab samples or 24-h composite samples of
untreated wastewater (Bones et al., 2007; Postigo et al., 2008).

A passive sampling technique using the Polar Organic Chemical
Integrative Sampler (POCIS) has potential for use in monitoring for
drugs of abuse and prescription opioids in wastewater. POCIS provides
estimates of the time-weighted average concentration of compounds
accumulated from aqueous matrices into a solid sorbent over the time
of deployment (Jones-Lepp et al., 2004; Li et al., 2010a; Harman et al.,
2011). This method may provide more accurate estimates of the
average concentrations of drugs inwastewater over time than estimates
obtained from grab or even 24-h composite samples. However, in order
to estimate concentrations of drugs in aqueous matrices from the
amounts accumulated over time in POCIS, data are needed on the
sampling rates (L/d) of each target compound into the passive sampler.
Laboratory-based calibration of POCIS was conducted in order to assess
the sampling rates for the opioids, cocaine and amphetamines included
in this study.

In order to achieve the objectives of this study, 24-h composite sam-
ples were collected and POCIS were deployed in untreated and treated
wastewater at the municipal wastewater treatment plants (WWTPs)
serving two very different Canadian cities. The city served by WWTP-S
is a small urban center in a primarily rural area of the province of
Ontario with a population of 75,000, with a demographic that is older
and less diverse than larger communities in the province. The city
served byWWTP-L is a large urban center of 1.6 million in the province
of Quebec with a relatively young and ethnically diverse population.
Data collected for prescription opioids and illicit drugs in municipal
wastewater using 24-h composite sampling and passive sampling (i.e.
POCIS) regimes were used to estimate community drug consumption
patterns.

2. Experimental

2.1. Chemicals

Analytical standards of all target chemicals and stable isotope inter-
nal standards listed in Table 1 (purity N 99%, isotopic purity N 94%)
were prepared individually in methanol and stored in amber vials at
−18 °C for less than 4 months. The deuterated stable isotope surro-
gates of each model compound were used for quantitation. In cases
where no labeled surrogateswere available, the surrogatewith the clos-
est chromatographic retention time to themodel compoundwas select-
ed for quantitation (Table 1). Suppliers of the standards are provided in
the footnotes in Table 1. High performance liquid chromatography
(HPLC grade or equivalent)methanol, acetone, acetonitrile, ACS reagent
grade dichloromethane (DCM), hydrochloride acid (37%), sulphuric
acid (96%), formic acid (88%), and ammonium hydroxide (30%) were
purchased from Fisher Scientific (Ottawa, ON, Canada).

2.2. POCIS calibration

A laboratory-based calibration experiment was performed to deter-
mine the POCIS sampling rate of each target compound. Procedures for
this experiment were based on work previously reported by Macleod
et al. (2007), with some modifications reported by Li et al. (2010a).
Briefly, static experiments were conducted in triplicate in 4-L amber
glass bottles situated in a temperature-controlled environmental cham-
ber set to 20 °C for a period of eight days. Thenegative control contained
deionized (MilliQ) water but was not spiked with the test compounds.
The positive control contained deionizedwater and the target compound
standards, but no POCIS. The POCIS were soaked in deionized water
overnight before the beginning of the experiment in order to decrease
the possibility of a greater flux across the membrane when it first gets
wet. Amagnetic stirrer was used to gentlymix thewater, set to a stirring
speed of approximately 800 to 900 rpm. The negative control was not
stirred. Every hour over an 8-day period, 20 mL aliquots of water were
removed from each vessel to monitor the decrease in water concentra-
tion over time and extracted within 24 h using the solid-phase extrac-
tion (SPE) method described below.

The sampling rate of the target chemicals by POCIS following first-
order kinetics was calculated using a linear regression describing the
loss of a compound from water as a result of POCIS uptake over the 8-
d duration of the calibration study. The uptake rate constants were
calculated for individual triplicate experiments from plots of the ln-
transformed concentrations (y-axis) over time (x-axis). The average
rate constant, kwas calculated as the average (±SD) of the experiments
conducted in triplicate. At the end of the calibration experiment, the
POCIS disks were removed from the test chambers and extracted as
described below to compare accumulation of the test compounds into
the POCIS sorbent relative to the uptake rates determined from the
loss from water over time. The analysis of these results confirmed that
uptake of the target analytes by the membrane had a negligible effect
on the sampling rates determined.

2.3. Sampling in WWTPs

Wastewater samples were collected and POCIS samplers were
deployed over a two-week period at the WWTPs serving two cities in
Canada. The sample collection period at WWTP-S (population 75,000,
activated sludge treatment, 45,000 m3/d) was over November 18 to
December 2, 2010, and the sample collection period at WWTP-L
(population 1.5 M, advanced primary TREATMENT, 2,000,000 m3/d)
was over January 18 to 31, 2011.

Samples (1 L) of untreated and treatedwastewater were collected as
24-h composites (equal volume, every hour). At WWTP-S, wastewater
samples were collected only at the dates of deployment (Nov. 18) and



Table 2
Parameters used to estimate community drug use.

Drugs Analytical target
(AT)

Percentage of
drug excreted
as AT

Molar mass
ratio
(drug AT)

Typical
dose
(mg)

Amphetamine Amphetamine 30%1 1.0 30
Methamphetamine Methamphetamine 43%1 1.0 30
Cocaine Benzoylecgonine 45%1 1.05 100
MDMA MDMA 65%1 1.0 100
Ephedrine Ephedrine 75%2 1.0 30
Heroin Morphine 42%1 1.29 25
Oxycodone Oxycodone 14%3 31.0 25
Ketamine Ketamine 30%3 1.0 75
Tramadol Tramadol 30%4 1.0 50

1 Zuccato et al., 2008.
2 Postigo et al., 2011.
3 http://www.drugs.com/.
4 http://opiods.com/.
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retrieval (Dec. 2). At WWTP-L, wastewater samples were collected at
deployment (Jan. 18) and thereafter every 2 days until the end of the
deployment period (Jan. 31), for a total of 8 samples. The POCIS samplers
were kept in air-tight canisters prior to deployment and were trans-
ferred to stainless-steel deployment cages at the WWTPs. Two cages
were deployed in untreated and treated wastewater at each WWTP,
with each cage containing six POCIS devices. POCIS field blanks were
exposed to air at deployment and retrieval.

The 24-h composite samples of untreated and treated wastewater
were extracted within 24-h of collection using the solid phase extrac-
tion procedures described below. POCIS devices were retrieved at the
end of the deployment period and individually wrapped in aluminum
foil on site. Each disk was stored in a plastic re-sealable bag and stored
on ice during transportation back to the laboratory. To ensure that
analytes were retained on the POCIS, samplers were stored in a freezer
at −20 °C (Carlson et al., 2013), and extraction was performed was
within one month of retrieval.

2.4. Extraction of aqueous samples

Samples of water collected from the POCIS calibration experiment
(i.e. 20 mL) or aliquots of 24-h composite samples of wastewater
collected from the WWTPs (i.e. 100 mL for untreated wastewater,
200 mL for treated wastewater) were extracted using SPE. Prior to
extraction, the WWTP field samples were filtered through 1-μm
glass fiber filters to remove particulates. Oasis MCX cartridges were
preconditioned sequentially with 6 mL of acetone, methanol and deion-
ized (milli-Q) water at pH 2.5. All water samples were adjusted to a pH
of 2.5 using 3.5 M H2SO4 and then spiked with 100 μL of an internal
standard mixture containing 500 ng/mL of each surrogate compound
(Table 1). The samples were loaded onto the MCX cartridges at a rate
of 1 mL/min. After aspiration to dryness, the SPE cartridges were eluted
into conical centrifuge tubes with three sequential 3 mL rinsings of 5%
ammonium hydroxide in methanol. The eluent was then evaporated to
near-dryness using a rotational vacuum concentrator and reconstituted
to a final volume of 0.4 mL in methanol for analysis. Procedural blanks
were extracted concurrently with water samples. The coefficients of
variation were 3–5% and the recoveries were 83–101% for the target
analytes.

2.5. Extraction of POCIS

POCIS samplers collected from the municipal WWTP and from the
calibration experiment were extracted as described previously by Li
et al. (2010a). Briefly, the POCIS samplerswere removed from the freez-
er and rinsed gently underwater. Each POCIS samplerwas disassembled
and the sorbent was transferred to a glass column fitted with a glass
wool plug and approximately 5 cm of granular anhydrous sodium sul-
fate. The sorbent in the column was spiked with 100 μL of the internal
standard mixture containing 500 ng/mL of each surrogate compound
(Table 1). The column was then eluted with 100 mL of methanol into
a round bottom flask. The eluate was evaporated to approximately
1 mL via rotary evaporation and then transferred to a conical centrifuge
tube using three 1 mL methanol rinses. Samples were evaporated to
near dryness and brought to a final volume of 1.0 mL in 1:1 methanol/
water.

2.6. Analysis

All extracts were analyzed by liquid chromatography and tandem
mass spectrometry with electrospray ionization (LC–ESI-MS/MS)
using a Shimadzu HPLC coupled to an Applied Biosystems API 3000
tandem mass spectrometer (MDS Sciex, Concord, ON, Canada). The
mass spectrometer was operated in positive or negative ion mode
using multiple-reaction monitoring (MRM) for the transition ions
with the conditions presented in the Supplemental material, Table S1.
Two LC–MS/MS methods were used for the analysis of the target com-
pounds from the illicit drug and opioid drug classes using the chromato-
graphic and ionization conditions listed in the Supplemental material,
Table S2. Analytes were separated chromatographically on a Genesis
C18 column (150 × 2.1 mm i.d., 4 μm particle size; Chromatographic
Specialties, Brockville, ON, Canada) coupled with a guard column with
the same packing material (4 mm × 2.0 mm; Phenomenex, Torrance,
CA, USA). Stable isotope surrogates (Table 1) were used to compensate
for matrix-induced signal suppression and recoveries. The LODs and
LOQs for the target analytes in wastewater are listed in Table S1. Proce-
dural blanks and quality controls were run for each set of 10 samples.

2.7. Estimates of community drug use

A previously describedmethod (Zuccato et al., 2008)was used to es-
timate community use of the target drugs. The amount of drug
discharged (g/d) was calculated using the mean (n = 3) concentration
of the target drug in the 24-h composite samples of untreatedwastewa-
ter and the daily flow rate in theWWTPs. This valuewas then divided by
the number of people served by the WWTP to estimate the grams of
drug excreted in wastewater per person per day. This value was then
normalized to a value of grams per day per 1000 people. To obtain a
consumption value for each drug within the community, the fractions
of the target drugs excreted in urine were used (Table 2). In order to
determine community drug use (i.e. doses/d/1000 people), the con-
sumption value was divided by an amount considered typical for a
single dose of the target drug. The typical doses of illicit drugs or the rec-
ommended therapeutic doses of prescription drugs are presented in
Table 2.

3. Results and discussion

3.1. Calibration of POCIS

POCIS sampling rates (Rs)were determined for 14 of the target com-
pounds and are summarized in Table 3. These include the first sampling
rates reported for 7 compounds (MDA, ephedrine, dihydrocodeine,
methadone, tramadol, oxycodone and EDDP). For codeine, a compara-
ble value of 0.329 ± 0.133 L/d was reported by MacLeod et al. (2007).
For the other compounds, Harman et al. (2011) reported similar sam-
pling rates for cocaine (average 0.150 L/d) but lower sampling rates
for the other compounds. This difference might be explained by the in
situ calibration approach used by Harman et al. (2011). The sampling
rates for acetylmorphine, acetylcodeine and heroin could not be deter-
mined because of their low measured uptake and poor linearity
(R2 b 0.90). A possible explanation for the low compatibility of the sor-
bent and POCIS configuration used with heroin, acetylcodeine and

http://opiods.com/
http://opiods.com/


Table 3
Mean (±SD) sampling rates, Rs (L/d) of target analytes (n = 6).
NA = sampling rates could not be determined from the experimental data.

Analyte Rs (L/d)

Cocaine and its metabolite
Cocaine 0.130 ± 0.036
Benzoylecgonine 0.134 ± 0.011

Amphetamine-type stimulants
Amphetamine 0.201 ± 0.038
MDA 0.288 ± 0.021
Methamphetamine 0.231 ± 0.025
MDMA 0.222 ± 0.013
Ephedrine 0.123 ± 0.039

Opioid drugs
Codeine 0.394 ± 0.049
Acetylcodeine NA
Dihydrocodeine 0.110 ± 0.041
Morphine 0.261 ± 0.036
Acetylmorphine NA
Methadone 0.408 ± 0.147
Heroin NA
Tramadol 0.241 ± 0.062
Oxycodone 0.152 ± 0.039
EDDP 0.532 ± 0.193
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acetylmorphine could be due to their acetylated structures, giving a
high polarity and an affinity for water over the sorbent. Previous work
has also indicated that extremely polar compounds don't sorb to
POCIS sequestration media (Alvarez et al., 2007).

Mass balance calculations were conducted to see if the amount of
the target analytes adsorbed to the POCIS sorbent accounted for the
amount of these compounds lost from water over the course of the
static experiment. With the exception of heroin, acetylcodeine and
acetylmorphine, the mass of the test compounds adsorbed onto the
POCIS sorbent accounted for between 82 and 95% of the amount re-
moved from water over the 8-d calibration experiment. These data
indicate that the target analytes were efficiently sequestered into the
sorbent and were not accumulating in the POCISmembrane. In a recent
review of the POCISmonitoring technique, Morin et al. (2012) conclud-
ed that the static uptake method used in the present study was a valid
method for calibrating POCIS.
Table 4
Frequency of detection (%) and average and maximum concentration (ng/L) of drugs measure

Compounds Untreated wastewater

Frequency of
detection (%)

Average concentration (ng/L) Maximum
concentration

WWTP-S WWTP-L WWTP-S WWTP-L WWTP-S W

n = 6 n = 4 AVG ±SD AVG ±SD

Amphetamine 100% 100% 43 ±5 23 ±6 60 37
MDA 0% 0% nd nd nd nd
Methamphetamine 0% 100% nd 18 ±5 nd 28
MDMA 100% 100% 131 ±2 69 ±6 138 10
Ephedrine 100% 100% 100 ±11 363 ±40 202 38
Benzoylecgonine 100% 100% 241 ±29 1247 ±128 273 15
Cocaine 100% 100% 115 ±8 348 ±56 137 41
Morphine 100% 100% 30 ±5 17 ±8 43 28
Dihydrocodeine 67% 0% 0.2 ±0.2 nd 1 nd
Codeine 100% 100% 513 ±25 66 ±15 807 88
Oxycodone 100% 0% 31 ±0.7 nd 43 nd
Ketamine 0% 100% nd 40 ±4 nd 52
Tramadol 100% 100% 29 ±3 18 ±2 44 21
EDDP 100% 100% 75 ±1 115 ±37 103 22
Methadone 100% 96% 28 ±0.4 1 ±0.2 38 2
3.2. Levels of prescription opioids and illicit drugs in wastewater

Tables 4 and 5 summarize the frequency of detection, average and
maximum concentrations (ng/L) of the target analytes measured in
the untreated and treated water using 24-h composite samples and
POCIS, respectively, for each wastewater treatment plant. Note that
the data for concentrations from POCIS sampling were estimated from
the amounts (ng) accumulated in the passive samplers over the 14-d
deployment periods and the sampling rates (L/d). All the 19 target
drugs were detected in the 24-h composite samples of untreated and
treated wastewater, with the exception of heroin, acetylcodeine and
acetylmorphine. These results may have been due to the relatively
high LODs for these compounds (Table S1) and low concentrations in
thewater samples. In addition, heroin is rapidly biotransformed and ex-
creted asmorphine and acetylmorphine (Trescot et al., 2008).MDAwas
not detected in the 24-h composite samples but was detected in the
POCIS, while the opposite trend was observed for methamphetamine
and tramadol. The highest concentrations observed in the untreated
wastewater from bothWWTPs corresponded to cocaine and its metab-
olite, benzoylecgonine. The highest levels in the treated wastewater
corresponded to codeine for WWTP-S and to benzoylecgonine for
WWTP-L. In general, the levels observed in the present study are consis-
tent with those reported in Europe by other researchers (Boleda et al.,
2007, 2009; Postigo et al., 2010; Terzic et al., 2010; van Nuijs et al.,
2011a) and in our previous study on illicit drugs in Canadian cities
(Metcalfe et al., 2010).

There are some interesting trends in comparing the data for untreat-
ed wastewater from the two cities (Tables 4 and 5). The levels of co-
caine, benzoylecgonine and methamphetamine were higher in
wastewater from the larger urban center (i.e. WWTP-L). Maximum
and mean concentrations of MDMA (ecstasy) appeared to be similar
in wastewater from the two cities. In untreated wastewater from the
smaller urban center (i.e. WWTP-S), the mean and maximum levels of
oxycodone and codeine were significantly higher than in untreated
wastewater from the larger urban center (i.e. WWTP-L), for both the
24-h composite and passive sampling methods. The elevated levels of
these prescription opioids may reflect the older population base served
byWWTP-S, or in the case of oxycodone, may reflect abuse of this drug.
Ketamine was detected only in untreated wastewater from WWTP-L
using both sampling methods. Both mean and maximum concentra-
tions of ephedrine were slightly higher in the 24-h composite samples
of wastewater fromWWTP-L. The analytical results for EDDP, tramadol
d in the untreated and treated wastewater based on the 24-h composite samples.

Treated wastewater

(ng/L)
Frequency of
detection (%)

Average concentration (ng/L) Maximum
concentration (ng/L)

WTP-L WWTP-S WWTP-L WWTP-S WWTP-L WWTP-S WWTP-L

n = 6 n = 4 AVG ±SD AVG ±SD

50% 100% 6 ±2 21 ±1 13 25
0% 0% nd nd nd nd
0% 100% nd 29 ±7 nd 42

8 100% 100% 67 ±5 85 ±6 82 128
1 100% 100% 231 ±16 510 ±50 421 616
92 100% 100% 471 ±73 1182 ±111 656 1446
2 100% 100% 80 ±8 245 ±47 118 457

100% 100% 48 ±5 23 ±3 65 29
100% 0% 0.4 ±0.4 nd 1 nd
100% 100% 795 ±32 50 ±6 1230 69
100% 0% 45 ±0.4 nd 61 nd
0% 100% nd 41 ±9 nd 57
100% 100% 59 ±5 37 ±4 88 43

7 100% 100% 106 ±4 27 ±3 148 112
100% 100% 43 ±0.8 2 ±0.5 62 3



Table 5
Frequency of detection (%) and average and maximum concentration (ng/L) of drugs measured in the untreated and treated wastewater based on the POCIS analysis.

Compounds Untreated wastewater Treated wastewater

Frequency of
detection (%)

Average concentration
(ng/L)

Maximum
concentration (ng/L)

Frequency of
detection (%)

Average concentration (ng/L) Maximum
concentration (ng/L)

WWTP-S WWTP-L WWTP-S WWTP-L WWTP-S WWTP-L WWTP-S WWTP-L WWTP-S WWTP-L WWTP-S WWTP-L

n = 6 n = 4 AVG ±SD AVG ±SD n = 6 n = 4 AVG ±SD AVG ±SD

Amphetamine 100% 100% 7 ±2 56 ±11 10 70 50% 100% 1 ±0.1 20 ±3 1 22
MDA 0% 0% nd nd nd nd 0% 0% nd nd nd nd
Methamphetamine 100% 100% 2 ±0.4 13 ±4 3 16 100% 100% 3 ±1.2 18 ±2 5 20
MDMA 100% 100% 65 ±25 88 ±2 122 89 100% 100% 67 ±11 67 ±10 82 75
Ephedrine 100% 100% 112 ±22 133 ±13 151 154 100% 100% 14 ±4 152 ±8 19 160
Benzoylecgonine 100% 100% 306 ±66 60 ±5 388 65 100% 100% 101 ±15 76 ±9 116 76
Cocaine 100% 100% 122 ±37 38 ±4 177 24 100% 100% 204 ±65 81 ±9 324 53
Morphine 100% 100% 18 ±5 2 ±1 24 4 100% 100% 13 ±3 4 ±0.5 18 4
Dihydrocodeine 100% 100% na na na na 100% 100% na na na na
Codeine 100% 100% 177 ±34 22 ±6 234 31 100% 100% 893 ±208 15 ±3 1139 18
Oxycodone 100% 100% 66 ±21 1 ±0.1 93 10 100% 100% 220 ±15 9 ±0.5 235 10
Ketamine 0% 100% na na na na 100% 75% na na na na
Tramadol 0% 0% nd nd nd nd 100% 0% 164 ±13 nd 179 nd
EDDP 0% 100% nd 15 ±1 nd 15 100% 100% 193 ±57 11 ±0.4 254 12
Methadone 0% 100% nd 2 ±0.2 nd 3 100% 100% 128 ±37 9 ±0.3 171 9
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and methadone are inconsistent for samples collected as 24-h compos-
ites or with POCIS. For the POCIS samples, EDDP and methadone were
only detected in WWTP-L, and tramadol was not detected at either
plant. For the 24-h composite samples, EDDP, tramadol andmethadone
were detected at relatively low concentrations in untreatedwastewater
from both plants.

3.3. Comparison of passive samplers to composite sampling

In order to evaluate the use of POCIS for quantification of prescrip-
tion opioids and drugs of abuse in wastewater, the concentrations esti-
mated from the POCIS were compared to values obtained using 24-h
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wastewater that were lower (or not detected), while it gave estimates
in the treated wastewater that were higher than concentrations detect-
ed in composite samples. It is interesting that MDA was detected in the
passive samplers, but not in the 24-h composite samples. As mentioned
previously, POCIS could not be used to estimate concentrations of
acetylcodeine, acetylmorphine and heroin because sampling rates
could not be calculated in our bench scale experiments. It appears that
when the matrix is more complex (i.e. untreated wastewater), lower
concentrations are calculated based on the POCIS results. In a few
cases, such as formethamphetamine atWWTP-L, thedrugswere not de-
tected at all in the POCIS deployed in untreated wastewater. This might
be explained by biofouling of the POCIS or clogging of the sampler cages
by debris. In fact, larger discrepancies between the POCIS and composite
samples were observed in WWTP-L where the treated wastewater ma-
trix exiting the advanced primary treatment plant ismore complex than
the secondary effluent produced at WWTP-S. Curiously, Harman et al.
(2009) observed an increase in the accumulation of alkylphenol com-
pounds in POCIS after biofouling, which they explained as possible re-
ductions in the interactions of the analytes with the fouled membrane.
The role of biofouling in altering sampling rates for POCIS requires
more study.

One source of variability using POCIS is the influence of temperature,
flow and water quality parameters (e.g. pH, dissolved organic carbon)
on the accumulation of target compounds. The estimates of concentra-
tions in wastewater from POCIS data were based on sampling rates
(Rs) determined in bench scale experiments conducted at 20 °C. The
temperatures of the untreated wastewater at WWTP-S and WWTP-L
were in this range over the samplingperiod, but temperatures of treated
wastewater were in the range of 8–12 °C. However, our previous stud-
ies have shown that sampling rates for POCIS do not vary widely with
temperature, water flow, pH and dissolved organic content (Li et al.,
2010a, 2010b, 2011). Overall, it appears that passive sampling using
POCIS in complexmatrices such as untreatedwastewaterwould require
different calibration approaches such as the in situ calibration suggested
by Harman et al. (2011) in order to obtain data on concentrations
that can be reliably used to estimate community drug consumption.
However, in some cases, POCIS may accumulate drugs to detectable
levels when these compounds are not detectable in grab or composite
samples of wastewater. Thus, passive sampling with POCIS may be a
valuable tool for semi-quantitative monitoring of drugs of abuse in
wastewater. Our previous studies have shown that POCIS provide reli-
able estimates of the concentrations of pharmaceuticals when deployed
in surface waters (Li et al., 2010a).
3.4. Removal of drugs by wastewater treatment

Negative values for percent removals (data not shown) were
observed for many of the target compounds, especially for the opioids.
Similarly to Ternes (1998) who suggested that glucuronide conjugates
formed during metabolism of drugs may be cleaved as these metabo-
lites pass through WWTPs, thereby increasing the concentration of the
parent compound in the treated wastewater, negative removals might
be explained by the transformation of conjugated metabolites during
biological treatment. These observations might also have been be due
to mixing regime characteristics, as well as flow and concentration
variability that may have led to negative elimination efficiencies, as
demonstrated by Majewsky et al. (2011). In any event, Ort et al.
(2010) pointed out the need for more sophisticated sampling strategies
to accurately determine removals of drugs in wastewater treatment
plants.

Concentration data generated from POCIS, integrating concentra-
tions for the target drugs over a period of two weeks, did not give
more consistent results for removals of most of the drugs relative to
removals calculated from 24-h composite samples. This may be due to
the low efficiency of the POCIS for accumulating some of the opioid
compounds, including tramadol, EDDP, methadone and ketamine.
These discrepancies might be explained by fouling problems associated
with sampling untreatedwastewater leading to inappropriate sampling
rates in that specific environment. Improved sampling strategies are re-
quired to better evaluate the removal of these drugs during wastewater
treatment.
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Fig. 3.Variations over theweek in the concentration of the target drugs in 24 h composite samples of untreatedwater from theWWTP at the large city (WWTP-L). Sampleswere collected
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3.5. Variations of drug concentrations over time

As shown in Fig. 3, MDMA (i.e. Ecstasy) concentrations in 24-h
composite samples of untreated wastewater from WWTP-L increased
slightly on Saturday and markedly on Sunday relative to samples
collected earlier in the week (i.e. Tuesday and Thursday). Ecstasy is
known to be consumed by people who visit clubs, parties, music festi-
vals and dance events (Yacoubian et al., 2003; McCaughan et al.,
2005; Van Havere et al., 2011). These temporal variations strongly
suggest that a sampling method accounting for episodic events is
essential for adequate monitoring of these drugs in wastewater. Con-
centrations of other prescription opioids, amphetamines, cocaine and
benzoylecgonine remained fairly consistent throughout the week, al-
though there may have been a trend of increasing concentrations of
methamphetamine as the week progressed. For reasons that are not
clear, the concentrations of the prescription opioid, EDDP declined as
the week progressed.

3.6. Estimates of community drug use

Community drug use was estimated for certain target compounds
for which data are available on excretion rates of the parent compound
or major metabolite and the estimated doses of illicit drugs or the
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Fig. 4.Mean (n = 3) community use of selectedprescription opioids and drugs of abuse (doses
the target compounds in 24-h composite samples of untreated wastewater collected from the
recommended daily dosages of prescription drugs (Table 2). As present-
ed in Fig. 4, the drug with the highest number of doses per 1000 people
per day was cocaine, with a value of about 38 doses per day per 1000 in
both communities. Cocaine use in the present study is within our previ-
ously published range of 8.1 to 56.7 (median 15.7) doses per day per
1000 people (Metcalfe et al., 2010). In our previous sampling of
WWTP-S reported byMetcalfe et al. (2010), amphetaminewas detected
in untreated wastewater, while this illicit drug was not detected in the
present study. Tramadol is being increasingly prescribed as a painkiller
(Radbruch et al., 1996), so it is not surprising that there was moderate
use of this drug in both communities (Fig. 4). Use of heroin (including
therapeutic use of morphine) was low but consistent for the two com-
munities. Since heroin use is estimated from levels of its metabolite,
morphine, it is possible that illicit heroin use is overestimated as a result
of the therapeutic use of morphine for palliative care and other medical
uses. The community drug consumption values obtained in this study
for cocaine, amphetamine, methamphetamine, MDMA (ecstasy) and
heroin are similar to values reported for other countries (Castiglioni
et al., 2006; Boleda et al., 2007; Zuccato et al., 2008; Kasprzyk-Hordern
et al., 2009; Postigo et al., 2010; van Nuijs et al., 2011a, 2011b).

When comparing the data between WWTP-S and WWTP-L, the
number of doses per day per 1000 people is fairly consistent for
amphetamine, MDMA and heroin in the two cities (Fig. 4). There were
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per day per 1000people) in two Canadian cities estimated from themean concentrations of
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differences between the two communities for drug consumption esti-
mates for ephedrine, ketamine and oxycodone. This might be explained
by the different population sizes and demographics of the two cities.
WWTP-L serves a large, ethnically diverse metropolis with a median
age of 38.8 (City-Data.com, 2012) and WWTP-S serves a smaller city in
a rural region of Ontario with a median age of 42.8 (City-Data.com,
2012) and a high proportion N60 years old. The difference in average
population age might explain the higher number of doses of codeine
and oxycodone. Codeine is a commonly prescribed analgesic and
oxycodone is prescribed formanagingmore severe pain, and sometimes
is used for palliative care. However, elevated consumption of oxycodone
in the city served by WWTP-S could also be due to abuse of this highly
addictive drug. It has been documented that oxycodone is a major
drug of abuse among high school students in the province of Ontario
in Canada, as 3% of students of 16 years of age reported using it for
non-medical purposes (Paglia-Boak et al., 2011).

Ketamine was only detected in untreated wastewater from
WWTP-L. This opioid is most commonly used as a veterinary tran-
quilizer but it is sometimes used for human surgical procedures.
Because of its ability to produce a dissociative anesthetic state and
induce hallucinations, ketamine has become an illicitly sold recrea-
tional drug in North America (Dotson et al., 1995). This is the first re-
port of the presence of this drug in wastewater in a North American
city and only the second report in the literature (van der Aa et al.,
2010). Ephedrine, a substituted amphetamine, is a sympathomimet-
ic agent that has been shown to increase energy in humans. Ephed-
rine is widely available in various forms, ranging from prescription
and non-prescription medications to herbal products and energy
drinks. Medical applications of ephedrine include treatment of asth-
ma, sinusitis and acute hypertension. Ephedrine is also used in clan-
destine laboratories for production of methamphetamine (Lee et al.,
2007), so some ephedrine in wastewater could be due to direct dis-
charges from these clandestine sources. Postigo et al. (2010) found
that out of 17 investigated compounds, ephedrine was the most
prevalent in untreated wastewater from a treatment plant in Spain.
In the city served by WWTP-L, ephedrine was second only to cocaine
as having the highest community consumption at 21 doses per 1000
people. However, this consumption estimate probably underesti-
mates community use of ephedrine because it is based upon the rec-
ommended therapeutic dose of 30 mg/d (Table 5).

The use of cocaine and methamphetamine in the city served by
WWTP-S was lower than in the city served by WWTP-L (Fig. 4). The
lower consumption in the smaller city may reflect problems with sus-
taining supplies of these illicit drugs. Law enforcement officers in the
smaller city contend that supplies of cocaine and methamphetamines
fluctuatewidely in smaller centers because larger cities have greater de-
mand. This may explainwhy smaller cities and rural areas are subject to
abuse of prescription opioid drugs.

4. Conclusions

The survey of prescription opioids and illicit drugs in wastewater
from WWTPs serving a large city and a small city in Canada shows
that several opioids are present at detectable levels, but concentrations
were all below the levels of cocaine and its major metabolite,
benzoylecgonine. In terms of community drug consumption, cocaine
had the highest level of consumption, but ephedrine was the next
most prevalent compound in one of the WWTPs that serves a large
urban center. Estimates of community drug consumption of other
opioids indicated that the use of oxycodone was greater in the smaller
city relative to the larger city. This is probably due to the older demo-
graphic in the smaller city, but it cannot be ruled out that oxycodone
is a major drug of abuse in this community. Ketaminewas also detected
in larger urban centers, which indicates that there is a problem with
abuse of this veterinary anesthetic. The analysis of both untreated and
treated wastewater indicated that removals of prescription opioids
were generally negative; probably as a result of de-conjugation of
these compounds as a result of microbial activity during the treatment
process to release the parent compound and further investigation
using improved sampling strategies is required to better assess of the
removal of these drugs duringwastewater treatment.Whilemonitoring
with the POCIS passive sampler was a convenient method for monitor-
ing for these drugs, problems encountered while estimating concentra-
tions in untreated wastewater limited the use of the data for calculating
community drug consumption.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2013.11.094.
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