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Introduction

According to the World Drug Report1 the
prevalence of illicit drug (ID) consumption
among the worldwide population aged 15-64 is
between 162 and 324 million people. Moreover,
billions of pharmaceutical pills are produced
every year for medication use. The illicit and
legal human consumption of these com-
pounds, their excretion as metabolites or
unchanged molecules and their transport
through the sewer system lead to their pres-
ence in wastewaters. Wastewater treatment
plants (WWTP) are inefficient to remove all ID,
pharmaceuticals and their metabolites causing
the dispersion of these compounds in effluents
and in aquatic environments. In addition,
sewage sludges (biosolids) produced by WWTP
are often recycled as soil amendment. The pos-
sible leaching of ID and pharmaceuticals
sorbed to biosolids can also disperse them in
soils, rivers and ultimately in the ocean.
Consumption of ID and pharmaceuticals are a
modern global issue due to continuous supply
of these compounds in many aquatic environ-
ments. 
Data on ID occurrence are increasing world-

wide.2 However, the data published on the
presence of ID in wastewaters of Canadian
municipalities is limited to three cities3,4 and
almost nothing is known on the environmental
fate of ID following wastewater treatments.
Despite significant databases on the toxicolog-
ical effects of ID and pharmaceuticals on
humans, their deleterious effects and toxicity
on freshwater and marine wildlife is limited.5,6

The analysis of raw urban sewage can be
used to provide estimates of drug use, to deter-
mine temporal and spatial trends in drug use
at different scales, and to identify changes in
habits and the use of new substances.7,8

Moreover, the analysis of ID in different WWTP
effluents could be a good indicator of the
amount of ID introduce in aquatic environ-
ments. The wastewater analysis approach con-
sists in two important steps.7 The first step is
the quantification of target molecules in a rep-

resentative sample (composite 24 h). The sec-
ond step is the estimation of different amounts
of target residues by back-calculation. At the
end, we obtain estimates of ID quantities
entering the WWTP and amounts consumed by
1000 inhabitants providing societal key indica-
tors at city or nationwide level. However, this
approach cannot provide information on preva-
lence and frequency of use or the purity of the
drugs consumed.7 The back-calculations
require precise knowledge of the sewage flow,
the metabolism of the target compounds, the
proportion of the different metabolites rejected
by the body, the bacterial degradation rates in
WWTP, the proportion of the compound sorbed
on activated sludge or suspended matter, etc.
Knowledge on sorption of ID onto particles is a
real limitation of wastewater analysis since
very little data exist. The aim of this study was
to measure the presence of six psychoactive
substances (three ID and three pharmaceuti-
cal residues) in wastewaters from a Canadian
city in the Maritime Provinces. We also studied
the sorption of these compounds onto particles
to quantify the interactions of these com-
pounds with sediments or suspended matter. 

Materials and Methods
Sampling and analysis
The studied ID were methamphetamine,

benzoylecgonine, the main metabolite of
cocaine, and 11-nor-9-carboxy-Δ9-tetrahydro-
cannabinol (THC-COOH), the main urinary
metabolite of cannabis. Codeine, morphine
and methadone were selected for pharmaceu-
tical residues. High purity standard solutions
and deuterated compounds (>97%) were pur-
chased from Cerilliant (Round Rock, TX, USA). 
The wastewaters from a WWTP of a medium

size Canadian city in the Maritime Provinces
was sampled and processed. As recently sug-
gested,9 the name of the city is not provided,
but results are normalized to 1000 inhabitants
to allow comparison. Twenty-four hours com-
posite influent and effluent samples were col-
lected on Saturday October 25th and Monday
October 27th 2014. This sampling allows com-
paring consumption on weekdays and week-
ends. The sampled WWTP uses an enhanced
primary treatment. Samples were collected in
clean one liter amber glass bottles. All samples
were filtered through glass fiber filters (GF/D
and GF/F, Whatman), acidified to pH=2 and
stored at 4°C until analysis.10 The extraction
were done on 100 mL of influent and 200 mL of
effluent. Samples were spiked with labeled
compounds, at concentration of 100 ng/L.
Extraction were performed with Oasis HLB
cartridges for THC-COOH following the proce-
dure of Bijlsma et al.11 and other compounds
were extracted with OASIS MCX cartridges

according to the method described in Baker et
al.12 After the extractions of compounds, the
analyses were performed with an Accela LC
system hyphenated to a LTQ FT Orbitrap mass
spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). The analytes were sepa-
rated at 25°C on a Cortecs C18 column (150x3
mm, 2.7 �m, Waters) with a C18 guard column
(Waters). A binary elution gradient was
applied from 100% solvent A (formic acid 0.1%
in water) to 100% solvent B (formic acid 0.1%
in methanol) in 23 min, followed by an equili-
bration time of 5 min. Mass spectrometer oper-
ating parameters are described elsewhere.11

Calibration curves (8 concentrations), assess-
ment of recovery and matrix effects have been
done with isotope labeled internal standards.

Sorption assays
The optimal soil/solution ratio, the kinetics

of sorption and the losses during different
steps were determined according to the batch
equilibrium method.13,14 Briefly, glass bottles
with Teflon screw caps were filled with 0.5 g of
homogenized marine sediments, 50 mL of
electrolyte solution (0.01M CaCl2), and a mix-
ture of target compound at 2.0 ug/L. These sus-
pensions were shaken for 48 h, then filtered
through GF/F glass fiber filter and extracted as
described above to obtain the concentrations
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of dissolved compounds in the aqueous phase.
The quantity of compounds sorbed onto sedi-
ment were estimated by subtracting the quan-
tity of compounds dissolved in the aqueous
phase to the initial quantity of compounds
added to the sorption reactor at the beginning
of the experiment. Correction for losses of
analytes due to pre-concentration steps and
sorption onto bottle walls and caps were calcu-
lated for each drugs. The sorption of com-
pounds onto sediments was quantified by the
distribution coefficient, Kd, and the organic
carbon-normalized distribution coefficient,
Koc.

13,14

Results and Discussion
Concentration of illicit drugs 
and pharmaceutical residues 
in wastewater 
Table 1 shows the concentrations of ID and

drug residues measured in influents and efflu-
ents of a WWTP of a Canadian city. Levels of ID
in influents were from below the limit of detec-
tion (LOD), for benzoylecgonine and metham-
phetamine on Monday, to 12.5 ng/L for THC-
COOH on Saturday. In effluents, concentra-
tions ranged from lower than LOD to 6.3 ng/L

for benzoylecgonine on Saturday. THC-COOH,
the metabolite of marijuana, was the dominant
ID in wastewaters followed by benzoylecgo-
nine, issue from cocaine, and then metham-
phetamine. The concentrations of THC-COOH,
benzoylecgonine and methamphetamine were
generally lower than those reported for other
Canadian cities.3,4 Concentrations were higher
on Saturday than on Monday as well as for
untreated influents compared to treated efflu-
ents (Table 1). THC-COOH was more efficient-
ly removed by the WWTP (i.e., almost 100%
removal) than benzoylecgonine or metham-
phetamine (16-29% removal).
For pharmaceutical residues, levels were

between 25.1 ng/L and 285.6 ng/L in influents
and between 7.5 ng/L and 71.4 ng/L in efflu-
ents. Codeine was the preeminent pharmaceu-
tical followed by morphine and methadone.
There was no significant difference (P>0.05)
between samples collected on Saturday and
Monday. The concentrations measured in 24 h
composite untreated wastewater samples were
lower for codeine (~50%) or similar for
methadone to levels reported for another
Canadian city of comparable size.4 A compari-
son of the levels of pharmaceutical residues
entering the WWTP and those in the effluents
showed a removal of 63 to 75% for the three
studied compounds. 

Community drug usage
The ID concentrations measured in waste-

water influents allowed estimating the ID con-
sumption for weekday (Monday) and weekend
(Saturday). Weekday cocaine and metham-
phetamine consumptions increased by 6 fold
during the weekend. For instance, the esti-
mates for cocaine were 12 mg/day/1000 inhab-
itants in weekend, but 2 mg/day/1000 inhabi-
tants in weekday. Estimates of marijuana con-
sumption showed a slight 1.5 fold increase for
the same days. It thus appears that cocaine
and methamphetamine consumption are
mainly from recreational use during weekend
while the consumption of marijuana appears
more constant throughout the week.2,12,15 The
population-normalized consumptions estimat-
ed in this studied city were lower than in big-
ger cities in Canada (12 mg/day/1000 inhabi-
tants this study vs 1570 mg/day/1000 inhabi-
tants)3 or in Europe.2 Our results confirm the
main trend that cocaine consumption is higher
in highly urbanized area.2,3 The estimation of
use for methamphetamine (9 mg/day/1000
inhabitants for weekends) were similar to
those found in London (England) or Milan
(Italy)16 but lower than levels found in
Scandinavian cities like Helsinki, Turku or
Oslo (~230-350 mg/day/1000 inhabitants from
Figure 2 in Thomas et al.2). Cannabis con-
sumption (53 mg/day/1000 inhabitants) meas-
ured in the present study was similar to values
found in Spain.17

Sorption of illicit drugs and phar-
maceutical residues onto sediments
We have evaluated the sorption coefficient

for the six compounds. Preliminary works have
shown that sorption kinetics reached a steady
state after 48 h (data not shown). Table 2
shows the results obtained using 48 h of con-
tact time between dissolved analytes and sedi-
ments. The distribution coefficients, Kd, great-
ly varied, between 3 to 1052 mL/g, depending
on the compound. For Koc, the values varied
from about 100 to 35,000 mL/g. Kd and Koc are
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Table 1. Concentrations of illicit drugs and drugs residues in influents and effluents and consumption by community.

                                                                      Saturday                                                                                     Monday
                          Influent                            Effluent    Influent                                    Effluent
                                     Concentration      mg/day/1000       Concentration          Concentration            mg/day/1000        Concentration
                                              ng/L               inhabitants                ng/L                           ng/L                      inhabitants                  ng/L

Drug residues
  Codeine                                         285.6                             279                                71.4                                     263.4                                     257                                 64.0
  Morphine                                       121.4                              -*                                 44.9                                     116.7                                       -*                                   43.2
  Methadone                                     25.1                               53                                  7.5                                       27.8                                       59                                   9.2
Illicit drugs
  Benzoylecgonine                            8.9                                12                                  6.3                                    <LOD                                     -°                                <LOD
  Methamphetamine                        6.8                                 9                                   5.7                                    <LOD                                     -°                                <LOD
  THC-COOH                                    12.5                               53                               <LOD                                   11.7                                       36                                <LOD
<LOD, inferior to limit of detection; THC-COOH, 11-nor-9-carboxy-Δ9-tetrahydrocannabinol. *No estimation was done for morphine because this compounds could be issue from two sources, direct consumption
and from metabolism of heroin; °No estimation was done because <LOD.

Table 2. Affinity of illicit drugs and drugs residues onto sediments estimated from distri-
bution coefficient and carbon-normalized distribution coefficient.

                                                                Kd                                           Koc

Drug residues                                                                                                                        
   Codeine                                                                 31                                                      1028
   Morphine                                                             114                                                     3773
   Methadone                                                          444                                                    14793
Illicit drugs                                                                                                                             
   Benzoylecgonine                                                  3                                                         97
   Methamphetamine                                             42                                                      1387
   THC-COOH                                                         1052                                                   35077
THC-COOH, 11-nor-9-carboxy-Δ9-tetrahydrocannabinol.
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proxies of the affinity of a compound for sedi-
ments or suspended particulate matter (SPM)
and particulate organic matter, respectively.
Following the classification of McCall et al.,18

benzoylecgonine, due to its very low Koc, has
very little affinity for SPM and particulate
organic matter. This compound should be
observed mostly in the dissolved form and
should be very mobile in aqueous media. In
contrast, THC-COOH and methadone with
their Koc>5000 mL/g showed a high affinity for
sediments and should be mostly bounded to
SPM or sludge in WWTP and should not be very
mobile. Methamphetamine, codeine and mor-
phine showed intermediate affinity for SPM.
Despite their high affinity for SPM, the detec-
tion of THC-COOH and methadone in effluents
suggests that equilibrium sorption was not
achieved during the transit of these molecules
into the WWTP or that concentrations of SPM
in WWTP were low so most of these com-
pounds remained in water instead to be
sorbed. Data from sorption experiments sug-
gest that the community drug usage estimates
could be accurate for benzoylecgonine but
underestimated for the other compounds con-
sidering that a significant proportion of them
should be sorbed onto solid particles present in
WWTP. Our data suggest that sorption behav-
iors could significantly affect the presence of
target compounds in wastewater and should be
taken into account when estimating communi-
ty drug usage.

Conclusions

Our study highlights the presence of low lev-
els of drug residues and illicit drugs in waste-
waters of a WWTP of a Canadian City in the
Maritime Provinces. These compounds may
interact with particles. THC-COOH showed the
strongest affinity to particulate matter and
could be partially removed by sorption in
WWTP or could interact with sediments or
SPM if it is released in the environment.
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