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Consumption of illicit drugs is a new concern forwatermanagement thatmust be considered not only because of
the social and public health aspects but also in an environmental context in relation with the contamination of
surface waters. Indeed, sewage treatment plant (STP) effluents contain drug residues that have not been elimi-
nated since STP treatments are not completely efficient in their removal.
We developed and validated an HPLC–MS/MS analytical method to assess the concentrations of 17 illicit drugs
and metabolites in raw urban wastewaters: cocaine and its metabolites, amphetamine and amphetamine-likes
(methamphetamine, MDMA, MDEA, MDA), opiates and opiate substitutes (methadone and buprenorphine),
and THC-COOH cannabis metabolite.
This method has been applied to the analysis of influent and effluent samples from 25 STPs located in France
all over the country. The results allowed evaluating the drug consumption in the areas connected to the STPs
and the efficiency of the treatment technology implied.
We selected STPs according to their volume capacity, their treatment technologies (biofilters, activated
sludges, MBR) and their geographical location.
In influents, the concentrations varied between 6 ng/L for EDDP (main metabolite of methadone) and
3050 ng/L for benzoylecgonine (cocaine metabolite). Consumption maps were drawn for cocaine, MDMA,
opiates, cannabis and amphetamine-like compounds. Geographical significant differences were observed
and highlighted the fact that drug consumption inside a country is not homogeneous. In parallel, compari-
sons between STP technology processes showed differences of efficiency. More, some compounds appear
very resistant to STP processes leading to the contamination of receiving water.

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

The increasing use of illicit drugs and thenonmedical use of prescrip-
tion medications are a growing concern for public health authorities.
According to data supplied by surveys on populations, some 230 million
peopleworldwide use illicit drugs each year (UNODC, 2012).When con-
sumption data for the different drugs are combined, the numbers of
European citizens who have used an illicit drug during their life reach
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approximately a third of the population (EMCDDA, 2012). These estima-
tions are calculated from population surveys, seizure data andmortality
rates related to illicit drug use. Such data makes it possible to improve
our understanding of the evolution of drug consumption to develop ap-
propriate prevention and harm-reduction programs. These approaches
are however limited by their biases, especially a lack of representative-
ness. Using them, it takes a long time to establish a complete overview
of consumption and, generally, results are published several years
after the surveys. Hence, it is difficult to obtain a true estimation of cur-
rent consumption and to follow its evolution. Moreover, current assess-
ment techniques are generally not deployed to a defined scale, thus
limiting true information for a specified area inside a country.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2013.05.038&domain=pdf
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Over recent years studies have been conducted to detect and mea-
sure the presence of illicit drugs in wastewaters. Indeed, drugs and
medication are consumed, metabolized and eliminated from the
human body in urinary and fecal excretions and the excreted parent
compounds andmetabolites are detectable in sewage. Based on this ob-
servation, Daughton (2001) proposed analyzing illicit drug residues to
estimate the global consumption of a community. Then, Zuccato et al.
(2005) published a new calculation method called “sewage epidemiol-
ogy” that appears to be efficient for obtaining local and real-time esti-
mates of drug consumption. Since 2005, different authors worldwide
have used this method: Belgium (Gheorghe et al., 2008; Van Nuijs et
al., 2011b), Croatia (Terzic et al., 2010), France (Karolak et al., 2010),
Germany (Hummel et al., 2006), Ireland (Bones et al., 2007), Italy
(Castiglioni et al., 2006; Zuccato et al., 2005; Mari et al., 2009), UK
(Kasprzyk-Hordern et al., 2010), Spain (Huerta-Fontela et al., 2008;
Boleda et al., 2009; Postigo et al., 2009; Bijlsma et al., 2012;
González-Mariño et al., 2010; Pedrouzo et al., 2011), Switzerland
(Berset et al., 2010), United States (Jones-Lepp et al., 2004; Chiaia et
al., 2008; Loganathan et al., 2009; Bartelt-Hunt et al., 2009), Canada
(Metcalfe et al., 2010) and Australia (Irvine et al., 2011; Lai et al.,
2011). Recently, a multisite study has been run to compare drug con-
sumption in nineteen European cities (Thomas et al., 2012).

In this study, seventeen compounds have been analyzed in influ-
ents and effluents from 25 STPs located in metropolitan France and
an overseas department. We estimated drug consumption using sew-
age epidemiology method in order to establish a map and evaluate
geographical drug consumption variations in France. In addition, we
compared influent and effluent concentrations of the compounds in
the different STPs in relation with their treatment process.

The following compounds were analyzed: first, the cocaine group
that contains cocaine and its metabolites, benzoylecgonine, ecgonine
methyl ester, norcocaine and cocaethylene which is formed when
cocaine and alcohol are consumed simultaneously. Then, we analyzed
the group of synthetic stimulant drugs including amphetamine,
methamphetamine,3,4 -methylene-dioxy-N-methylamphetamine,
3,4 -methylenedioxyamphetamine and 3,4 -methylenedioxy-N-
ethylamphetamine. In the opiate group, we chose to analyze heroin
and its metabolites 6-monoacetylmorphine and morphine even if
the latter has therapeutic prescriptions. We also analyzed two opiate
substitutes, buprenorphine andmethadonewith its mainmetabolite
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine. Finally, we an-
alyzed the 11-nor-delta-9-hydroxytetrahydrocannabinol that corre-
sponds to the main metabolite of cannabis.
Fig. 1. Location of investigated STPs.
2. Materials and methods

2.1. Chemicals and materials

Standard solutions of cocaine (COC), benzoylecgonine (BZE),
norcocaine (NOR), ecgonine methyl ester (EME), cocaethylene
(CET), morphine (MOR), 6-monoacetylmorphine (6-MAM), hero-
in (HER), 3,4-methylene-dioxy-N-methylamphetamine (MDMA),
3,4-methylenedioxyamphetamine (MDA), 3,4-methylenedioxy-N-
ethylamphetamine (MDEA), methamphetamine (MET), amphetamine
(AMP), methadone (METD), 2 - ethylidène -1,5 -dimethyl - 3,3 -
diphenylpyrrolidine (EDDP), buprenorphine (BUP), 11-nor-delta-9-
hydroxytetrahydrocannabinol (THC-COOH), cocaine-d3, BZE-d3,
EME-d3, CET-d8, MOR-d6, 6-MAM-d3, HER-d9, MDMA-d5, MDA-d5,
MDEA-d5, MET-d5, AMP-d6, METD-d3, EDDP-d3, BUP-d4, THC-COOH-
d3, in methanol (MeOH) or acetonitrile (ACN), were purchased from
LGC Standards (Molsheim, France).

MeOH and ACN, HPLC grade (Hipersolv Chromanorm), formic acid
(FA) (Normapur) and ammonium formate (AF) (Normapur) were
purchased from VWR (Fontenay-sous-Bois, France). Ultra-pure
water was produced using successive Milli-RO reverse-osmosis
filtration and the Milli-Q Plus water purification system (Millipore
SAS, Molsheim, France).

Solid Phase Extraction (SPE) cartridges Oasis HLB (500 mg/6 mL)
and Xbridge Phenyl 3.5 mm, 3 mm × 150 mm HPLC column were
purchased from Waters (Guyancourt, France).

Analysis was carried out with a Thermo Accela pump and Accela
sampler coupled to a triple quadrupole mass spectrometer Quantum
Access Max equipped with Xcalibur software (ThermoFisher Scientif-
ic, Courtaboeuf, France).

2.2. Sampling strategy

25 sewage treatment plants (STP) were selected in order to have
representative capacities, French locations and types of treatment
(Fig. 1). We classified the STPs in three capacity groups of equivalent
inhabitants (EI): big with EI > 100,000 EI, medium with EI ranging
from 30,000 to 100,000 EI and small with EI close to 10,000 EI. Select-
ed STPs were spread across the Frenchmetropolitan territory. Charac-
teristics of the selected STPs are summarized in Table 1.

We arbitrarily divided the French metropolitan territory into 4
parts, North West (NW), North East (NE), South West (SW) and
South East (SE) with big, medium and small STPs in each (Fig. 1). Be-
sides, one STP in Paris (PAR) and one STP in Réunion Island (REU), a
French overseas territory in the Indian Ocean, were also investigated.

At least two samplings were made, one during weekdays and one
during the weekend for all STPs except SW5 due to logistic problems.

Sampling was carried out using cooling autosamplers to obtain
24 h flow-weighted composite influent or effluent samples with a
sampling frequency of at least 6 times per hour according to the
local STP procedures. At the end of sampling, 2 L samples were col-
lected in polypropylene bottles and sent to laboratory in a cool box
intended to be used for 24 h shipments. Upon receipt, samples were
filtered and extracted according to the following protocol and the ex-
tracts were stored at 4 °C before analysis.

2.3. Analytical methods

2.3.1. SPE extraction
Samples were filtered on glass fiber filters (1 mm, GF/B Whatman)

before SPE extraction. Isotopically labeled compounds were added to
250 mL of WWTP influent or 500 mL of effluent samples (250 μL of a
200 μg/Lmethanolic solution of each deuterated compound). Cartridges
were conditioned by following elution of 2 × 5 mLMeOH and 2 × 5 mL
ultra-pure water. Samples were percolated at a flow rate of 2 mL/min.
The SPE cartridges were then washed using 2 × 5 mL ultra-pure water
and dried for 30 min. Analytes were eluted with 2 × 5 mL of MeOH
and eluates were evaporated to dryness under a gentle stream of



Table 1
Characteristics of the investigated sewage treatment plants.

Code Design capacity (Eq. inh.) Type of treatment Tertiary treatment

NE1 188,333 Low-load activated sludge — extended aeration None
NE2 650,000 Medium-load activated sludge None
NE3 36,300 LOW-load activated sludge — extended aeration None
NE4 99,200 Low-load activated sludge Biological dephosphatation
NE5 22,000 Low-load activated sludge — extended aeration None
NW1 550,000 No data No data
NW2 400,000 Low-load activated sludge — extended aeration Physical and chemical dephosphatation
NW3 160,000 Low-load activated sludge Biological dephosphatation

Biological nitrification
NW4 40,000 Membrane bioreactor Biological and chemical dephosphatation

Biological nitrification
NW5 115,000 Membrane bioreactor None
NW6 12,000 Activated sludge Physical and chemical dephosphatation
NW7 13,417 Low-load activated sludge — extended aeration None
PAR 372,000 Activated sludge Biological nitrification and denitrification
SE1 500,000 Biofiltration None
SE2 466,667 Medium-load activated sludge Physical and chemical dephosphatation
SE3 177,167 Low-load activated sludge None
SE4 20,000 Low-load activated sludge Biological nitrification
SE5 40,000 Biofiltration None
SW1 950,000 Medium-load activated sludge + biofiltration Biological nitrification
SW2 190,000 Low-load activated sludge — extended aeration Biological dephosphatation

Biological nitrification/denitrification
SW3 35,000 Low-load activated sludge None
SW4 50,000 No data UV disinfection
SW5 14,000 Low-load activated sludge None
SW6 13,250 Low-load activated sludge None
REU 80,000 High-load activated sludge None

High-load activated sludge corresponds to F/M ratio between 0.50 and 1.50 kg BOD/kg SS (suspended solids) and a mean retention time of 2.4 h.
Medium-load activated sludge corresponds to F/M ratio between 0.25 and 0.50 kg BOD/kg SS and a mean retention time of 4 h.
low-load activated sludge corresponds to F/M ratio between 0.10 and 0.25 kg BOD/kg SS and a mean retention time of 8 h.
low-load activated sludge with extended aeration corresponds to F/M ratio b 0.10 kg BOD/kg SS and a mean retention time of 20 h.
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nitrogen. Extracts were reconstituted in 500 mL of MeOH and kept fro-
zen until analysis. A 5 μL volume was injected for LC–MS/MS analysis.

2.3.2. LC–MS/MS measurement
Chromatographic separation was performed using a 0.4 mL/min

flow gradient elution composed from solvents A: ACN and B: AF buff-
er, 5 mM, pH 4 with the following program: 0–3 min, 2% solvent A;
3–22 min, increase to 90% solvent A; 22–24 min, 90% solvent A;
24–24.5 min decrease to 2% solvent A; 24.5–30 min, 2% solvent A.

Mass spectrometry was performed with positive and negative
mode electrospray ionization and the following conditions were
applied:

- For the positive mode: capillary voltage, 2.5 kV; source tempera-
ture, 300 °C; desolvation temperature, 300 °C; desolvation gas
flow rate, 800 L/h.

- For the negative mode: capillary voltage,−2.5 kV; source temper-
ature, 300 °C; desolvation temperature, 300 °C; desolvation gas
flow rate, 800 L/h.

Specific conditions are reported in Table 2.
Quantitative analyses were done in the selected multiple reactions

(SMR) monitoring mode according to European requirement 2002/
657/CE with two transitions for each compound (Table 2). Calibration
standards in MeOH were prepared in the range of 12.5–400 μg/L for
all compounds. A calibration curvewas drawn for each run using the in-
ternal standard (IS) method with addition of labeled compounds.

2.3.3. Method validation
Recovery was determined as the ratio of the peak area obtained for a

wastewater sample spiked at 400 ng/L (corresponding to a 200 μg/L ex-
tract after SPE) before extraction to the peak area obtained for an extract
of the same wastewater sample spiked at 200 μg/L.
Efficiency was determined as the ratio of the peak area obtained
for the wastewater sample spiked at 400 ng/L before extraction to
the peak area obtained for a 200 μg/L MeOH solution.

Linearity was evaluated from the calibration curves obtained with
methanolic solutions at the following concentrations: 12.5; 25; 50;
100 and 200 μg/L.

Intra-run precision was calculated as the relative standard devia-
tion obtained for three repetitions of the analysis – including SPE
extraction – of wastewater samples spiked at a concentration of
400 ng/L corresponding to 100 μg/L in the extracts.

To determine the limit of quantification (LOQ), influent wastewa-
ter aliquots were spiked with decreasing volumes (500 μL to 5 μL) of
a 20 μg/L methanolic solution of deuterated compounds and were
extracted by SPE. LOQ were then determined as a signal to noise
ratio of 10 and expressed in ng/L, taking account of the concentration
factor of samples.

2.4. Comparison of influent concentrations (IC) and effluent concentrations
(EC)

Influent and effluent samplings were made simultaneously fol-
lowing the sampling procedure of each STP that we had to follow.
Consequently, residence time was not taken into account and we
could not calculate exact removal efficiencies. However, comparison
between IC and EC allows to roughly describe the trends of the com-
pound elimination. For this purpose, we calculated the ratio EC/IC in
order to compare the results observed in the different STP.

2.5. Calculation of drug consumption

Cocaine, MDMA, amphetamine, cannabis andmethadone consump-
tions were back-calculated from the measured daily loads of the drug
target residues (DTR), respectively, BZE, MDMA, AMP, THC-COOH and



Table 2
Selected analytes, HPLC and optimized MRM conditions.

Molecules Retention time (min) Mode Precursor Quantification ion Qualification ion

Transition Ecol (eV) Transition Ecol (eV)

Ecgonine methyl ester 2.12 + 200.06 182.09 18 82.22 25
Ecgonine methyl ester-D3 2.12 + 203.08 185.12 16
Morphine 7.79 + 286.13 152.11 58 165.13 35
Morphine-D6 7.73 + 292.16 165.10 42
Amphetamine 9.59 + 136.13 91.22 17 119.18 6
Methamphetamine 10.15 + 150.21 91.23 20 119.21 10
Methamphetamine-D5 10.10 + 155.22 92.20 19
MDA 9.93 + 180.10 105.20 22 135.13 19
MDA-D5 9.91 + 185.11 110.21 22
MDMA 10.38 + 194.11 135.12 19 105.24 22
MDMA-D5 10.36 + 199.13 135.19 19
Benzoylecgonine 10.56 + 290.11 168.10 18 105.12 29
Benzoylecgonine-D3 10.55 + 293.13 105.15 33
6-Monoacetylmorphine 10.10 + 328.08 164.99 34 211.05 26
6-Monoacetylmorphine-D3 10.14 + 331.10 165.01 38
MDEA 10.98 + 208.04 163.11 13 135.12 22
MDEA-D5 10.96 + 213.12 163.11 13
Norcocaïne 12.71 + 290.11 168.14 14 136.17 21
Cocaine 12.69 + 304.12 182.15 19 82.26 33
Cocaïne-D3 12.68 + 307.14 85.38 35
Heroin 12.18 + 370.10 268.01 27 165.01 47
Heroin-D9 12.13 + 379.15 165.19 45
Cocaethylene 13.60 + 318.09 82.22 31 196.08 18
Cocaethylene-D8 13.62 + 326.17 85.23 31
Buprenorphine 14.95 + 468.31 396.20 40 414.26 34
Buprenorphine-D4 14.90 + 472.27 400.13 37
EDDP 15.76 + 278.11 234.06 30 249.08 23
EDDP-D3 15.75 + 281.13 234.05 30
Methadone 16.44 + 310.14 265.06 13 105.12 31
Methadone-D3 16.43 + 313.15 268.06 13
THC-COOH 19.86 − 343.12 299.10 23 245.00 31
THC-COOH-D3 19.84 − 346.14 248.14 28
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EDDP using the model suggested by Zuccato et al. (2008) with the fol-
lowing equation (Eq. (1)):

Q mg=day=1000 inh:ð Þ ¼ Qday=Uex �Mratio � 1000=Ninh ð1Þ

where Qday is the load of the DTR, Uex is the percentage of the DTR uri-
nary excretion, Mratio is the parent drug/DTR molar ratio (Table 3) and
Ninh is the number of inhabitants provided by the STP staffs and corre-
sponds to the evaluation of the population linked to the STPs.

DTR percentages of excretion were obtained from Zuccato et al.
(2008) for BZE, MDMA, AMP and THC-COOH and from Ferrari et al.
(2004) for EDDP.

3. Results and discussion

3.1. Method validation

In sewage water, recoveries ranged from 61% for THC-COOH to
124% for 6-MAM. Because of the loss during SPE extraction and the
matrix effect, the efficiency values ranged from 23% to 93% in influ-
ents and effluents (Table 4). Linearity was confirmed for all of the
compounds in their relative concentration range using the IS addition
method with correlation coefficient r values above 0.99 (Table 4).
Table 3
Analytical drug target residues (DTR) selected for illicit drug monitoring in wastewater.

Drug DTR Relation of DTR to parent drug Percen

Cocaine Benzoylecgonine Major metabolite 45
MDMA MDMA Parent drug and major excretion product 65
Amphetamine Amphetamine Parent drug and major excretion product 30
Cannabis THC-COOH Major metabolite 0.6
Methadone EDDP Major metabolite 13
Spiking solutions were added in samples before SPE extraction and
analysis was repeated three times. R.S.D. values for the 400 ng/L con-
centration ranged from 0.52% for BZE to 18.8% for MOR (Table 4).

According to a signal to noise ratio of 10, LOQ ranged from 5 ng/L
to 40 ng/L (Table 4).

3.2. Evaluation of uncertainties in drug consumption estimation

The estimation of illicit drug consumption using the formula pro-
posed by Zuccato et al. (2008) takes account of four parameters that
cannot be exactly determined: DTR concentration, sewage flow, metab-
olism data and population size (Mathieu et al., 2011; Castiglioni et al.,
2013). Precision of analyticalmeasurements is less than 20% but the rep-
resentativeness of the sample should be also considered. In this study,
the STP staffs were in charge of the sampling that was carried out
using the local procedure. In all cases, influent and effluent were taken
with flow-proportional and cooled auto samplers with at least six sam-
plings per hour. According to Castiglioni et al. (2013), such a sampling
procedure presents an uncertainty between 5 and 10%. Another factor
that can affect the analytical results is the stability of the compounds
during sampling and storage before treatment. Sampling locations
were more or less distant from our laboratory but all the precaution
were taken to limit the latency delay: in practice, the delay from the
tage of drug excreted as DTR Molar ratio (parent drug/DTR) Correction factor

1.05 2.33
1.0 1.5
1.0 3.3
0.91 152
0.82 6.3
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Fig. 2. Box-plot representation of influent (A) and effluent (B) concentrations ob-
served in the 25 STPs. For graphic drawing, “no detectable” values have been taken
as “0” and “bLOQ” values have been taken as the half of LOQ value for each compound.
♦ mean, - median level.

Table 4
Analytical validation data.

Molecules Recovery
(%)
(400 ng/L)

Efficiency
(%)
(400 ng/L)

Linearity
(r2)

Intra-run
precision
(%)

LOQ
(ng/L)

Cocaine 107 36 0.999 2.42 20
Benzoylecgonine 119 54 1.000 0.52 10
Ecgonine methylester 110 24 0.997 3.58 40
Norcocaine 105 34 0.994 2.35 20
Cocaethylène 109 41 0.999 4.02 5
Amphetamine 104 37 0.999 1.56 10
MDMA 113 23 0.997 2.97 20
MDEA 110 23 0.999 2.04 20
MDA 103 36 0.999 3.67 20
Heroin 121 82 0.999 1.33 40
6-Monoacetylmorphine 124 37 0.999 3.79 40
Morphine 79 64 0.999 18.8 40
Methadone 92 37 0.999 6.69 40
EDDP 103 66 0.999 7.38 5
Buprenorphine 109 93 0.999 4.57 40
THC-COOH 61 57 0.998 14.41 5

Intra-run precision: three time analyses of a 400 ng/L spiked wastewater sample.
Linearity range: 12.5, 25, 50, 100, and 200 μg/L.
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beginning of the sampling to the extraction was 48 h except for rare
cases but never exceeded 72 h. Samples were always kept at −4 °C,
and, according to Castiglioni et al. (2006), concentration variations
should remain within 15% except for COC, NOR and MOR. The back cal-
culation of consumption needs to define the elimination percentage of
the DTR compound: parent drug was used for MDMA and AMP and a
major metabolite was used for the other compounds, BZE for COC,
THC-COOH for cannabis and EDDP for MTD. However, excretion per-
centages present individual variations and may be influenced by the
route of administration, leading to uncertainty over 20% (Castiglioni et
al., 2013). The DTR excretion rates used in this study are the same as
those used in previous studies (Zuccato et al., 2008; Ferrari et al.,
2004). For COC, we used an excretion rate of 45% although recent
paper proposed revised values of 38% (Thomas et al., 2012) or 29%
(Castiglioni et al., 2013). To relate drug consumption to population, it
is necessary to know the population size of the STP area. There are var-
ious models using hydrochemical parameters to calculate population
size (Andreottola et al., 1994). Because of the numerous investigated
STPs and the difficulty to adapt amodel to each case, we kept the design
capacity provided by each STP.
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Fig. 3. Frequencies of detected analytes in sewage water samples.
3.3. Occurrence of illicit drugs in influents and effluents of 25 STPs

Concentrations measured in influent and effluent wastewater
samples from 25 STPs are summarized in Supplementary file S1 and
represented as box-plot in Fig. 2. THC-COOH is the most frequently
detected compound. It was found in all influent samples and in 78%
of effluent samples. The percentages of detection of MOR, BZE, COC,
EME, METD and EDDP in influents were >75% whereas those of
MET, HER, NOR, AMP, 6-MAM and CET were ≤10% (Fig. 3).

Concentrations ranged from 6 ng/L for EDDP to 3050 ng/L for BZE
in the influents while they ranged from 5 ng/L for CET and THC-COOH
to 910 ng/L for BZE in the effluents.

In the cocaine group, BZE was the most quantitatively abundant
compound in influents and effluents. It remained undetected in only
17 samples out of 124. CET and NOR were rarely detected, respective-
ly in only 10% and 3% of the influents and 10% and 3% of the effluents.
Considering all the compounds of this group, the concentrations
ranged from 10 to 3050 ng/L in influents and from 5 to 910 ng/L in ef-
fluents. The highest concentrations for BZE (3050 ng/L), COC
(1532 ng/L) and CET (167 ng/L) were observed in a small STP in the
south of France, SE5. Moreover, it was the only place where we
found NOR. High concentrations of BZE were also observed in three
STPs located in the south of France: two big STPs, SE2 (1189 ng/L)
and SW1 (1788 ng/L) and one small, SW5 (1182 ng/L). However,
we also found high values of BZE in a small STP in the North West:
(NW6 (1327 ng/L)) and in Paris (PAR: 1203 ng/L). The concentra-
tions of COC and EME were lower than those of BZE, between 21
and 1532 ng/L for COC and between 40 and 761 ng/L for EME. The
concentrations of CET remained between 10 and 167 ng/L and the
concentrations of NOR were always under 25 ng/L. These concentra-
tions are in the range of those reported in similar studies carried
out in Italy (Mari et al., 2009), in Croatia (Terzic et al., 2010), in
Belgium (Van Nuijs et al., 2009b; 2011a), in Canada (Metcalfe et al.,
2010), in Spain (Postigo et al., 2009) and in the US (Chiaia et al.,
2008). It is to note that the highest concentrations of BZE and COC
found in France are higher than those found in other countries with

image of Fig.�2
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the exception of one value reported for BZE in Spain (3790 ng/L,
Postigo et al., 2009) and one value reported for COC in Brussels
(1603 ng/L, Van Nuijs et al., 2011a). The latter concentration could
correspond to a direct discharge.

The percentages of detection observed for the amphetamine-like
stimulant group were very low: MDMA was detected in 20% of the
samples while AMP and MET were observed respectively in only 3%
and 2% of the samples. Concentrations of MDMA remained between
49 and 756 ng/L in influents and between 20 and 352 ng/L in efflu-
ents. The highest concentration (756 ng/L) was measured in a big
STP in the South East of France (SE2) during a weekend and is higher
than those reported in similar studies, 598 ng/L in north-eastern
Spain (Huerta-Fontela et al., 2008), 380 ng/L in Castellon province
(Bijlsma et al., 2009) or 187 ng/L in Australia (Irvine et al., 2011).
This STP is the only one where amphetamine was detected at relatively
high values, 194 ng/L during the weekend and 125 ng/L during the
week. High MDMA concentrations, between 89 and 320 ng/L, were ob-
served in three other STPs, two in the South (SW1 and SE5) and one in
the North (NW3). These concentrations are higher than those reported
for countries with a sizeable MDMA consumption, such as the US
(70 ng/L, Chiaia et al., 2008), UK (13.9 ng/L, Kasprzyk-Hordern et al.,
2010) and Spain (180 ng/L, Postigo et al., 2009).

METwas found in only 1 out of 4 samples taken at the entry of a STP
located in the South (SE5): the concentrationmeasured, 51 ng/L, was of
the same order as those observed elsewhere in Europe (Boleda et al.,
2009; Van Nuijs et al., 2011a). Values up to 2000 ng/L have been quan-
tified in the US (Chiaia et al., 2008).

Concerning the opiate group, MOR was detected in 98% of the in-
fluent samples and 64% of the effluent samples. The percentages of
detection of HER and 6-MAM were respectively 3 and 7% in the influ-
ents and 0 and 3% in the effluents. The concentrations of MOR varied
between 71 and 1637 ng/L. The highest concentrations were found in
the East of France, in particular in a medium-sized STP (NE3), which
is the only place where HER was detected. The concentrations of
MOR are higher than those reported in similar studies carried out in
Europe: the median value observed in this study, 483 ng/L, is higher
than the highest values observed in Italy (Mari et al., 2009), in Croatia
(Terzic et al., 2010) and in Spain (Boleda et al., 2009; Postigo et al.,
2009).

Among the opiate substitutes, METD was detected in less than 50%
of the samples (influents and effluents) and was even less often
detected in the influents (13%) than in the effluents (19%). Influent
concentrations of METD ranged from 42 to 234 ng/L and effluent con-
centrations from 40 to 145 ng/L. In contrast, the METD metabolite,
EDDP, was detected in more than 75% of the samples, mainly in par-
allel with METD. The EDDP concentrations remained between 6 and
260 ng/L in the influents, and between 10 and 246 ng/L in the efflu-
ents. However, 37% of influents and 44% of effluents contained only
EDDP. No difference appeared between concentrations observed in
influents and effluents.

These concentrations of METD and EDDP are higher than values
observed in other countries: the US (62 ng/L, Chiaia et al., 2008),
Croatia (94 ng/L, Terzic et al., 2010) and Belgium (16 ng/L, Van
Nuijs et al., 2009b). The only study showing higher concentrations
was made in prison sewage water in Spain, by Postigo et al. (2009)
(4704 ± 1424 ng/L).

BUP was detected in only three influent samples (195 ng/L, NW6,
56 ng/L, NE3 and 42 ng/L, SW1) and one effluent sample (40 ng/L,
NE2). These values are higher than those observed in a previous
study carried out in the Parisian region, remaining under 20 ng/L
(Karolak et al., 2010).

THC-COOH was observed in all influent samples with concentra-
tions ranging from 44 to 1196 ng/L. In effluents, the concentrations
ranged from 5 to 161 ng/L. The highest concentration was observed
in a small STP located in the SW of France (SW5) during the weekend.
The sizeable concentrations, over 600 ng/L, were observed mainly in
the south of France, with the exceptions of four STPs (NE1, NE4,
NW3 and NW7).

These concentrations are the highest reported for similar studies
carried out in Europe, even compared to the Netherlands (430 ng/L
in Amsterdam, Thomas et al., 2012) where the drug policy concerning
cannabis is more liberal.
3.4. Comparison of influent concentrations (IC) and effluent concentrations
(EC)

Drug and prescription medication residues are not totally re-
moved by the STPs. They reach the surface water and may represent
an environmental risk. Fig. 4 presents the mean EC/IC ratio for STPs
classified according to their type of treatment: low-load activated
sludge (LAS) without tertiary treatment (NW2, NW5, NW7, NE1,
NE3, NE5, SW3, SW6, SE3), LAS with tertiary treatment (NW3,
NW4, NW6, NE4, SW2, SW5, SE4), medium-load activated sludge
(MAS) (NE2, SW1, SE2), and biofilter BF (PAR, SE1, SE5). Only EC/IC
ratio for the seven compounds that were detected in more than 30%
of the samples are presented. It is difficult to compare the efficiency
of the different kinds of treatment because of the insufficient number
of samples but trends could nevertheless be observed.

The mean EC/IC expressed in Fig. 4 allows us to divide the com-
pounds in three different groups: first, molecules which are
well-eliminated (EC/IC b 0.2) by LAS technology with or without
tertiary treatments but moderately eliminated (EC/IC b 0.5) with
MAS treatment: COC, BZE, EME and MOR. Secondly, molecules
which are badly eliminated whatever the technology, MTD and
EDDP with EC/IC ratio > 0.5 (this observation is in agreement with
Zuccato and Castiglioni, 2009) who reported removal rates between
9 and 22% for METD and between 8 and 27% for EDDP); finally,
THC-COOH, which seems always well-eliminated (EC/IC b 0.2)
whatever the technology used.

These observations, in spite of the lack of representativeness,
allow drawing the following remarks:

– among the tested compounds, MTD and its metabolite EDDP
appeared difficult to remove: this observation should be specially
considered for ecotoxicologic purpose,

– LAS treatments appear to be more efficient than MAS treatments
and biofilters.
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The difference in EC/IC ratio between LAS and MAS could be at-
tributed to higher hydraulic and solid retention time of LAS technolo-
gies leading to a lower food to microorganism ratio (F/M ratio)
(Table 1). Anyway, this study takes into account compounds quanti-
fied in liquid phase and sorption to solids should be kept in mind in
removal estimation.

3.5. Estimation of drug and prescription medication consumption

According to Eq. (1) and load data (Supplementary file S2), con-
sumption estimations showed noteworthy differences between the
cities retained for this study (Fig. 5 and Table 5).

During the week, the highest rates of consumption are observed as
COC > METD > cannabis. AMP and MDMA consumptions are much
lower. During the weekend, similar tendencies are observed except
that the cannabis consumption was slightly higher than the METD
one.

3.5.1. Cocaine
COC consumption can be calculated using COC, BZE or EME con-

centrations but calculations based on BZE data are more reliable
for several reasons. First, the BZE excretion percentage is higher
leading to concentrations superior to those of COC. Secondly, BZE is
more stable in wastewater than COC (Gheorghe et al., 2008) or
EME (van Nuijs et al., 2011b). Finally, COC may be directly disposed
of in sewage. Therefore, considering COC metabolism with 9% of
unchanged COC and 45% of BZE in urine, the ratio COC/BZE concen-
trations in influents should be 0.2. In this study, the mean ratio is
0.34 ± 0.15 (mean ± SD, n = 46), in agreement with Van Nuijs et
al. (2009a). COC consumption values ranged from 3 mg to more
than 2400 mg/day/1000 inhabitants (inh.) with median values of
111 and 130 mg/day/1000 inh. during weekends and weekdays
respectively. The city linked to NE1 presents the highest
consumption data: 1409 mg/day/1000 inh. during the week and
2434 mg/day/1000 inh. during the weekend. Such consumption is
higher than the consumption data found in other European countries.
Indeed, theweekend consumption data in this city is over the values de-
termined in Antwerp (192 mg/day/1000 inh.) where the highest
consumption was reported (Thomas et al., 2012). Cities where the con-
sumption is superior to the median value are mainly located in the
south of France and we note three cities with consumption exceeding
500 mg/day/1000 inh. The weekend consumption is superior to the
weekday consumption (Student, p b 5%).

These observations agree well with our previous observations in
the Parisian region where the consumption of cocaine was close to
500 mg/day/1000 inhabitants (Karolak et al., 2010; Thomas et al.,
2012). In these studies, a significant weekend effect was also
observed.

Just two cities showed no cocaine consumption, one in a rural area
(SE4) and the other one located on Réunion Island.

3.5.2. MDMA & amphetamine
MDMA was exclusively found in STPs located in the South, with

two exceptions in the North West (NW3 and NW4). Consumption
ranged from 5 to 41 mg/day/1000 inh. during the week and from 15
to 167 during the weekend. Although the majority rates of consump-
tion stood between 10 and 30 mg/day/1000 inh., we estimated con-
sumptions over 150 mg/day/1000 inh. in a city located in the South
(SE2). This estimation of consumption corresponds to a load in influ-
ent of 144 mg MDMA/day/1000 inh., and thus it is not in agreement
with the reported prevalence of MDMA consumption in France and
appears superior to the majority of the MDMA loads in European cit-
ies (Thomas et al., 2012), which are below 80 mg/day/1000 inh., in-
cluding Paris. The city linked to SE2 is also the only one where we
observed amphetamine, for which we estimate a consumption of
93 mg/day/1000 inh. during the weekend. This is an unexpectedly
high value given the low prevalence of AMP consumption in France,
0.2% between 15 and 64 years of age (EMCDDA, 2012). In view of
the nature of the results, MDMA consumption appears to be correlat-
ed to cocaine consumption. Indeed, the same cities simultaneously
show high consumptions of MDMA and cocaine (SW1, SE2 and
SE5). This is probably linked to the fact that these compounds are
both drugs of recreational use. They are mainly consumed in big cities
where there are more festive events. However, with the exception of
the city linked to STP SE2, the consumption of MDMA in France is
lower than expected considering EMCDDA (2012) statistics. For the
SE2 city, MDMA consumption could be explained by the high youth
population with many students.

3.5.3. Cannabis
Cannabis rates of consumption range from 28 to 920 mg/day/1000

inh. during the week and from 32 to 999 mg/day/1000 inh. during the
weekend. The difference in consumption between weekdays and the
weekend is not significant (Student, p > 5%).

Two cities, NE1 and SE3, stand out from the others with consump-
tion of respectively 999 and 241 mg/day/1000 inh. during the week-
end and 920 and 561 mg/day/1000 inh. during the week. The values
of consumption in the other cities are lower but relatively high, be-
tween 28 and 176 mg/day/1000 inh., corresponding to loads in influ-
ent between 30 and 203 mg/day/1000 inh. These values are close to
the ones estimated for Amsterdam (Netherland) which seems to be
the place where cannabis consumption is the most significant in
Europe, around 200 mg/day/1000 inh. (Thomas et al., 2012). In com-
parison, data obtained for NE1, SE3 and SW5 cities are approximately
five times higher: the sample from city SE3 was taken during a fa-
mous summer drama art festival; NE1 and SW5 cities stand close to
the northern and the southern borders respectively, in areas where
consumption of other drugs (cocaine and MDMA) also appear
sizeable.

Our observations are in agreement with cannabis use statistics
reported by EMCDDA (2012) which concludes that French people
are the leading consumers of cannabis in Europe. The consumption
of this drug remains unchanging between cities even if the highest
rates are observed in the places where consumptions of cocaine and
MDMA are also the highest, except for city SE5 where cannabis con-
sumption is quite low compared to the other cities. However, the
lack of weekend effect corroborates the fact that cannabis is not a fes-
tive drug such as cocaine or MDMA.

3.5.4. Heroin, morphine and opiate substitutes
MOR is used mainly as an analgesic but a part of morphine residues

found in wastewater can be related to heroin consumption. HER and
6-MAM were detected in only one city, linked to WWTP NE3, where
we also estimated a high consumption of METD, 407 mg/day/1000
inh. on weekdays. Regarding this opiate substitute, we calculated con-
sumption ranging from 5 to 1594 mg/day/1000 inh., weekdays and
weekends alike. The lack of weekend effect is explained by the fact
that METD is prescribed for a daily intake. We note that METD con-
sumption is higher in big cities and even if there is no notable geograph-
ical variation, three cities on the NE showed high consumption (NE1,
NE2 andNE3). Itwas also in this geographical zone that highest concen-
trations of MOR and traces of HER and 6-MAMwere observed, although
these drugs were not detected anywhere else.

There is only one city where the samples were EDDP free, SE4
where only THC-COOH was found.

3.5.5. Geographical variations
In spite of the lack of sampling campaigns, geographical differ-

ences of illicit drug uses were noticed. The uncertainty of the calcula-
tions, linked to analysis, sampling and back calculation, impairs to
give accurate estimations but should allow comparing and drawing
tendencies for drug use in France. As can be seen in Fig. 6, cocaine



Fig. 5. Maps of illicit drugs and methadone consumption in France based on sewage water analysis. Made with CoucouCarto: http://coucoucarto.free.fr.

719T. Nefau et al. / Science of the Total Environment 461–462 (2013) 712–722

http://coucoucarto.free.fr


Table 5
Illicit drugs and methadone consumption in different cities in France based on sewage water analysis.

Consumption in mg/day/1000 inhabitants

Cocaine MDMA Amphetamine Cannabis Methadone

Weekdays Weekend Weekdays Weekend Weekdays Weekend Weekdays Weekend Weekdays Weekend

NW1 99 127 NC NC NC NC 123 116 172 116
NW2 18 37 NC NC NC NC 62 79 30 59
NW3 47 91 NC 24 NC NC 74 59 63 62
NW4 — 1 – 23 – NC – NC 31 49 55 85
NW4 — 2 3 13 5 NC NC NC 33 32 24 NC
NW5 29 23 NC NC NC NC 34 45 32 58
NW6 175 87 NC NC NC NC 47 50 31 29
NW7 7 95 9 15 NC NC 48 51 NC NC
NE1 1409 2434 NC NC NC NC 920 999 1594 216
NE2 74 115 NC NC NC NC 72 58 175 190
NE3 93 106 NC NC NC NC 81 43 407 253
NE4 30 24 NC NC NC NC 94 69 126 117
PAR 1 387 548 26 61 NC NC 185 111 148 78
PAR 2 197 328 NC 23 NC NC 110 23 72 89
SW1 — 1 130 – NC – NC – 134 – 94 –

SW1 — 2 161 216 14 30 NC NC 68 73 NC NC
SW2 150 – 24 – NC – 102 – 138 –

SW3 128 91 NC NC NC NC 108 111 124 136
SW4 NC 6 7 NC NC NC 57 70 86 111
SW5 – 267 – NC – NC – 176 – 104
SW6 141 177 NC NC NC NC 83 106 – –

SE1 — 1 140 196 NC NC NC NC 145 147 110 65
SE1 — 2 191 270 NC 35 NC NC 148 119 NC NC
SE2 282 398 41 167 65 93 195 164 161 156
SE3 534 172 16 50 NC NC 561 241 NC 170
SE4 NC NC NC NC NC NC 28 57 NC NC
SE5 367 568 12 15 NC NC 41 39 9 4
REU NC NC NC NC NC NC 100 85 5 23

NC: not calculated.
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consumption is higher in the large cities than the others, especially
during the weekend. Similar, but less clear trends were observed for
MDMA, amphetamine and cannabis consumption. AMP was found
only in influent water of a STP linked to a large city. In view of the na-
ture of the results, it now appears that illicit drug consumption is
more prevalent in large cities than in middle or small cities which
are, in this study, particularly located in rural areas. This can easily
be explained by a larger market in the big cities than in the others.
The second reason is that these products are mostly consumed for
recreational use and big cities present more opportunities of festive
events.

Regarding the data obtained across the country, we note that COC is
consumedmore in the south of France during theweek (Mann–Whitney,
p b 5%). It is not statistically significant during the weekend because of
the important cocaine consumption in the city linked to the STP NE1,
butwhen the data from this city is eliminated for theMann–Whitney sta-
tistical test, the difference is significant (p b 5%). A difference between
the south and the north is also observed with cannabis consumption
with a more significant consumption in the south during the weekend
(Mann–Whitney, p b 5%). On the opposite, there is no difference be-
tween the consumption of methadone between north and south
(Mann–Whitney, p > 5%). Finally, concerningMDMA and amphetamine
consumption, the lack of data inhibits us from applying statistical tests
but it seems possible that the consumption of these drugs is higher in
the south where they are more frequently detected (Supplementary
file S1). In spite of the difficulties in interpreting these results due to
the lack of local information about drug consumption in France, the
high rates of cocaine and cannabis consumption in the south of France
could be explained by different hypotheses. First, it is known that cocaine
arrives from South America to Africa then to Europe. Consequently, the
main traffic road of this drug is through the south of Europe, which
may explain more availability of cocaine in the south of France. In the
same way, the highest quantity of cannabis comes from Morocco.
Secondly, COC, MDMA and AMP are known to be consumed highly dur-
ing festive or recreational events and the south of France, in particular in
cities located along the sea, offers more possibilities for such activities
than does the north.

Concerning the city linked to STP NE1, where high levels of con-
sumption were found during the weekend, the samples were taken
during a large flea-market which draws a lot of people into the region.
On the other hand, the weekday sampling, carried out several days
before, also resulted in high drug concentrations and proved a high
level of illicit drug consumption in this region. Moreover, this city is
located close to the northern border, which could also be considered
as a major traffic road for illicit drugs.

Unlike COC and MDMA, consumption of METD is homogeneous in
France and higher than METD consumption rates in other European
countries where EDDP was analyzed. The three cities that we investi-
gated in the east of France presented surprisingly high levels of EDDP
given their sizes. HER and 6-MAM were only found in the influent of
NE3 located in the east. In spite of the limited number of samples con-
tributing to our results, it seems that consumption of opiates and opi-
ate substitutes is higher in this region and acts as a counterbalance to
the low consumption of COC and MDMA. This hypothesis needs to be
further investigated.

In view of these results, it appears that the consumption of drugs is
not homogeneous across the French territory. The drugs which are con-
sumed and the quantities consumed are not the same from one city to
another. Hence, it is now proven that the population surveys and the
other tools used to estimate illicit drug consumption are not sufficient
because data are generally expressed as national consumption without
taking account of regional specificity. In contrast, “wastewater epidemi-
ology” appears to be an important complementary tool because of its
capacity to be used in a restricted area and over a defined period. Con-
sidering these advantages, this method appears to be the best tool to
support prevention and harm-reduction programs.
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Fig. 6.Mean ± SEMrates of drug consumptiondepending on the size of cities. A = during
week, B = during weekend.
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4. Conclusion

This study had two aims, the assessment of illicit drug consump-
tion in France and the evaluation of the behavior of these compounds
during different wastewater treatment technologies. 25 STPs were in-
vestigated and samples were collected at least two times in each.

In spite of the low scale of this study, significant differences appear
quantitatively and qualitatively for drug consumption inside the
French territory: for example, cocaine consumption during the week-
end is estimated at a level of 6 mg/day/1000 inhabitants for SW4 and
2434 mg/day/1000 inhabitants for NE1. Likewise, a greater stimula-
tion drug consumption in the South and an important opiate and opi-
ate substitute consumption in the North East were observed.
Differences were noted between small and big cities, the later show-
ing higher rates of consumption. These results prove that sewage ep-
idemiology is a useful complementary tool for drug consumption
assessment inside a country offering information for a defined area
that usual surveys on the basis of population investigation and policy
statistics are unable to give.

Variable trends of removal were observed between the com-
pounds and to a lesser extent between the treatment technologies.
Taking all data together, the values of the IC/EC ratio ranged from
0.00 for cocaine for low-load activated sludge with tertiary treatment
to 1.87 for EDDP for biofilters. Our observations seem to highlight a
possible resistance of methadone and EDDP whatever the treatment
technologies and are in favor of higher treatment efficiencies for the
STPs with longer retention times.

This study offers for the first time in France a map of drug consump-
tion. Sampling locations were spread all over the country and special
care has been taken to select cities of various sizes to highlight trends
of drug consumption in France and compare with other countries. It
proves the relevance of the sewage epidemiology method that should
be considered as an efficient tool to support harm-reduction activities
and prevention policy. This study could be the reason for the launching
of a large-scale studywith repeated campaigns, intended for risk reduc-
tion management and health purpose.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.scitotenv.2013.05.038.
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