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Abstract The goal of our study was to identify
pharmaceuticals, their potential sources and consump-
tion level in two different socioeconomic and geo-
graphical regions—Bordeaux, France and Kharkiv,
Ukraine. These substances were monitored in rivers
water during contrasted seasonal conditions with appli-
cation of passive samplers. The 21 pharmaceuticals

(psychiatric drugs: alprazolam, amitriptyline, diazepam,
fluoxetine, nordiazepam, carbamazepine, bromazepam;
analgesics: aspirin, paracetamol; broncholidator: clen-
buterol, salbutamol, terbutaline; non-steroidal anti-
inflammatory drug: diclofenac, ibuprofen, ketoprofen,
naproxen; lipid regulator: gemfibrozil; stimulants: caf-
feine, theophylline) were identified in sites upstream
and downstream of urban areas and discharge of
wastewaters. Caffeine, carbamazepine, and diclofenac
were relatively abundant into the surface water and
could be considered as potential anthropogenic markers
of wastewater discharges into rivers. A mass balance
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Capsule abstract This work (comparing two Ukrainian and
French rivers) has demonstrated the successful application: (1)
of passive samplers to monitor water quality, (2) of mass
balance modeling to estimate drug consumption rates, and (3)
of pharmaceuticals as potential indicators of wastewater
treatment efficiency.
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modeling has been applied to calculate approximate
consumption rates for carbamazepine, diclofenac, and
caffeine in both regions to assess socio-economic factors
linked with pharmaceuticals behavior.
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POCIS . Anthropogenic wastewater markers . Mass
balance modeling

1 Introduction

Pharmaceutical products (PPs) have been detected in
various natural media: fresh surface waters (Bendz et
al. 2005), drinking and tap water (Heberer 2002;
Kuster et al. 2006), groundwater (Barnes et al. 2008),
marine and ocean waters, and some aquatic organisms
(Comeau et al. 2008) in different countries. The
presence of these compounds in the environment is
generally linked to effluents of metabolized and
unused pharmaceuticals into natural waters through
wastewater treatment facilities (Togola and Budzinski
2007a). All pharmaceuticals and metabolites are
bioactive and they can have toxic effect on living
organisms (Cleuvers 2003). However, due to recent
developments of analytical chemistry techniques,
protocols, and growing consumption rate of these
substances in the world, PPs are becoming a part of
the environmental monitoring.

The water monitoring on pharmaceuticals is pro-
cessed using standard (Buerge et al. 2003; Kasprzyk-
Hordern et al. 2009) and passive sampling techniques
(MacLeod et al. 2007; Togola and Budzinski 2007a;
Söderström et al. 2009). Standard approach (pump or
grab sampling) can only measure the instantaneous
concentrations of contaminants in water (Li et al.
2010). Such method is more time and cost efficient
for short-term investigations. (Söderström et al.
2009). The main limitation of this technique is that
the measured results represent the value of targeted
compounds at a specific place and time, while inter-
and intra-diurnal variations of pharmaceuticals can be
significant (Togola and Budzinski 2007a). The other
alternative for the sampling is the biological sampling
(e.g. fish), but this procedure brings up other
problematic issues: (1) difficulty of complex biolog-
ical matrixes chemical analysis; (2) different accumu-
lation patterns inherent to each species (e.g. age, size,
metabolism rate) which make data interpretation

misleading; and (3) unexpected mortality of test
organisms.

In order to avoid these limitations, the passive
sampling technique can be chosen instead for the pilot
identification of targeted chemicals in the rivers. Since,
this technique can greatly simplify sample collection
(both in handling and long time maintenance) ensuring
simultaneously the obtaining of representative time-
integrated samples for the identification of studied
compounds (Vrana et al. 2005; Togola and Budzinski
2007a; Arditsoglou and Voutsa 2008).

Polar organic chemical integrative sampler (POCIS)
is one of the types of time-integrated sampler was
developed for assessing the presence and potential
toxicological significance of a broad spectrum of
environmental contaminants (Petty et al. 2004;
MacLeod et al. 2007). These sampling devices have
the capacity to record large volumes of water fluxes over
a period from several days to weeks. They have the
ability to integrate episodic changes in distribution of
environmental contaminants and their membrane is
fitted for the selective sampling of polar molecules from
the dissolved phase. POCISs were successfully applied
in the water of various countries, e.g. Czech Republic
(Grabic et al. 2010), Greece (Arditsoglou and Voutsa
2008), France (Togola and Budzinski 2007b), USA
(Jones-Lepp et al. 2004). The only complexity of the
use of POCISs is an estimation of the sampling rate
and calculation of water concentration of targeted
compounds (Togola and Budzinski 2007a). The
sampling rate (Zhang et al. 2008; Arditsoglou and
Voutsa 2008) can be affected by field conditions
(water temperature, UV light, pH, flow rate, turbu-
lence, suspended solids, organic carbon, salt content,
algal growth, biofouling, degradation), but still inde-
pendent from the presence of analytes in the water
(Vrana et al. 2005; Togola and Budzinski 2007a).

Monitoring of pharmaceuticals in water gives us a
possibility to (1) detect these emerging pollutants, (2)
measure their concentration, and (3) use these environ-
mental data for the further research. For example, due to
specific properties (degradation, solubility, accumula-
tion, etc), pharmaceuticals have been found to be
efficient markers of wastewaters (Glassmeyer et al.
2005; Nakada et al. 2008). Previous studies report the
application of carbamazepine as a conservative
marker of treated sewage (Clara et al. 2004; Fenz et
al. 2005; Nakada et al. 2008) and caffeine as a labile
indicator of untreated wastewater (Buerge et al. 2003;
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Benotti and Brownawell 2007) for coastal and
freshwater systems.

Additionally, in perspective, the data on pharma-
ceuticals in the water can be used for the approximate
estimation of drug consumption rates in communities.
Usually, data on medicaments consumption are scarce
or unavailable due to the use of a large amount of
non-prescription drugs. In this case, the application of
mass balance modeling provides a possible means to
obtain these data (Khan and Ongerth 2004; Kasprzyk-
Hordern et al. 2009; ter Laak et al. 2010).

The objective of the study was (1) identify,
quantify, and compare the presence of targeted
pharmaceuticals in two small rivers influenced by
municipal wastewater discharges: the Jalle River,
Bordeaux (France) and the Lopan River, Kharkiv region
(Ukraine), (2) determine time–spatial distribution of PPs
compounds in water in order to access potential
pollution sources and (3) estimate drug consumption
rates in two different socio-economic regions (France
and Ukraine) using the mass balance modeling.

2 Site Selection and Sampling

The Jalle River, Bordeaux agglomeration (France),
and the Lopan River, Kharkiv region (Ukraine) have
been selected to introduce pollution status of river
basins with similar hydrological characteristics
(length, width, depth, water flow, etc.) and water
usage (wastewaters discharge, irrigation, etc), repre-
senting however different socio-economic character-
istics of watersheds in terms of population density,
economic activities, incomes, lifestyles, etc. Surface
water in both rivers was sampled in sites located
upstream and downstream of the major cities and
wastewater treatment plants (WWTPs). Average flow
rates were obtained from annual reports of the
regional Environmental Agencies.

The alluvial Jalle River is a right tributary of the
Garonne River with 34 km of length, with depth from
0.8 to 2.5 m, and 3 m3 s−1 of average water debit,
located on the north from Bordeaux city (Fig. 1). The
subsurface geological structures of the area are dated
from Oligocene and consist mainly of sedimentary
rocks like sand and marl. The river has mostly pluvial
feeding, runs through residential suburban and rural
areas and receives effluents from two major municipal
wastewater treatment facilities of the Bordeaux

suburbs, serving greater than 100,000 people. The
treated effluent accounted up to 33% of the river flow
and heavily impacted on the quality of the river’s
water (Labadie 2004; Othoniel 2006).

The Lopan River is an alluvial transboundary river,
which flows through Russia and Ukraine (Vystavna et
al. 2011) and is used for the recreation, drinking water
supply, irrigation, and fishing in the Kharkiv region of
Ukraine (c.a. 2,700,000 inhabitants; 2010). The total
length of the river is about 98 km, depth ranges from
0.4 to 2.3 m and several dams constructed along the
watercourses regulate the flow. The mean annual
discharge of the Lopan River is 1.4 m3 s−1 in winter
and 0.9 m3 s−1 in summer in the site located upstream
of the Kharkiv city (Vasenko et al. 2006). River is
partly covered by ice from the end of November to
the end of March. The subsurface geological struc-
tures of the area are dated from Palaeogene and
consist mainly of sedimentary rocks like sandstone,
marl, and chalk. The major land application purposes
on the watershed are: agriculture (40%), urban lands
(50%), and water reservoirs (10%). The Lopan River
receives mixed municipal and industrial wastewaters
(about 600,000 m3 per day) from Kharkiv city and its
suburbs. The wastewater discharge contributes up to
5–6 m3 s−1 to the natural flow downstream of the
Kharkiv city (Vystavna et al. 2011). Wastewaters are
discharged into the same river basins, which are used
for water supply (NRDW 2006).

Sampling sites were chosen and named according
to the results of the previous monitoring campaigns
(Vystavna et al. 2009, 2010, 2011). The POCISs have
been installed using a cotton net for membranes
protection at three sites on the Jalle River (Fig. 1): J01
is located close to the source of the river in Saint Jean
d’Illac; J02 is located on an area of agricultural
activity of Eysines community, famous for the bio-
agriculture, and approximately 0.4 km downstream of
the “Cantinolle” WWTP (WWTP 1); and J03 is
located inside the natural reservation area of Bruges,
approximately 0.5 km downstream of the “L’Ile”
WWTP (WWTP 2). Three sampling sites have been
chosen in the Lopan River (Fig. 1): L03 is located
upstream of the Kharkiv city and downstream
(approximately 1 km) of the Veterinary Academy
discharges; L08 is located in the Kharkiv city,
upstream of the wastewater discharges; L09 is located
approximately 0.7 km downstream of the wastewater
discharge from the “Dykanivka” WWTP .
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Fig. 1 The sampling sites location on the Jalle and the Lopan Rivers

2114 Water Air Soil Pollut (2012) 223:2111–2124



All the sites both on the Jalle River and the Lopan
River have been sampled in May and December
2009. Additional sampling has been provided in dry
season (August 2009) on the Lopan River in the sites
L03 and L09 in order to exclude the inputs of
emerging pollutants due to precipitation and run-off.
During the spring sampling campaign, the passive
samplers at site L08 have been lost, possibly caused
by pillage or active fishing of local population.

3 Materials and Method

3.1 Chemicals and Reagents

POCIS pharmaceuticals with the Oasis HLB sorbent
were purchased from Expometer (Tavelsjö, Sweden).
Acetone, dichloromethane, acetonitrile, and methanol
(high-performance liquid chromatography reagent
grade, Scharlau) were purchased from ICS (Belin-
Beliet, France). Glass solid-phase extraction (SPE)
cartridges of 6 mL with Teflon frits (20 μm porosity)
filled with Oasis HLB bulk sorbent (60 μm) were
purchased from Supelco (Saint Quentin-Fallavier,
France) and Waters (Guyancourt, France), respectively.
Ultrapure deionized water was obtained with a Milli-Q
system (Millipore, Molsheim, France). All standards
were purchased from Sigma Aldrich (St. Quentin
Fallavier, France; Tapie et al. 2011).

3.2 POCIS Extraction

The extraction procedures for POCIS were adapted from
previously developed methods (Togola and Budzinski
2007a; Tapie et al. 2011). After 3 weeks of exposure,
each individual POCIS device was retrieved from the
water, briefly rinsed with ultrapure water in order to
remove any materials adhering to the surface of the
surface membrane (biofilm, particles, etc.).

The POCIS preparation and analysis have been
performed in the ISM CNRS UMR Laboratory of
University of Bordeaux 1, France. The surface
membrane was detached from the stainless steel rings
and rinsed with ultrapure water. The phase from the
two membranes of each POCIS has been carefully
transferred into an empty SPE tube by rinsing it with
5 mL of ultrapure water per each membrane in
cartridges filled with cleaned by methanol Teflon frits
and dried under vacuum for 1 h. The sorbent was

eluted in each sample using 10 mL of each solution
of: methanol, methanol/dichloromethane mixture
(50:50), and dichloromethane and being spiked with
internal standards (Budzinski et al. 2009).

The extracts obtained from the sorbent were finally
evaporated to dryness using a nitrogen flux and
transferred into injection vials 50 μL of acetonitrile.
The mass of sorbent has been measured by gravimetry
for each dried POCIS. Blanks were performed in the
laboratory concurrently with water samples in order to
monitor possible contamination. Recovery rates of the
POCIS samples were determined by spike samples and
vary from 79% to 97% of spiked amount (Table 1) for
all chemicals, except aspirin, fluoxetine, and terbuta-
line with recoveries ranges from 51% to 62%. The
lowest recovery rate (51%) has been observed for the
aspirin. The residual standard deviation of the spikes
values was in the range from 0% to 30% (theophyl-
line and fluoxetine, respectively; n=3, Table 1). The
aspirin (4 ng g−1) and caffeine (5 ng g−1) (Alvarez et
al. 2005) have been detected in laboratory procedural
blanks and corrections have been made for the data.

The target pharmaceuticals were selected based on
resources of the chemical protocol and the list of
leading medicaments, which are most frequently
consumed in France (Ministère de la Santé et des
Sports en France: http://www.sante-sports.gouv.fr)
and Ukraine (Ministry of Health Protection in
Ukraine: http://www.moz.gov.ua). Accordingly, the
21 pharmaceuticals from different therapeutic groups
(psychiatric drugs: alprazolam (ALPZ), amitriptyline
(AMI), diazepam (DZP), doxepin (DOX), fluoxetine
(FLUOX), imipramine (IMI); nordiazepam (NDZP),
carbamazepine (CBZ), bromazepam (BRMZ); anal-
gesics: aspirin (ASP), paracetamol (PARA); broncho-
lidator: clenbuterol (CLENB), salbutamol (SALB),
terbutaline (TERB); non-steroidal anti-inflammatory
drug: diclofenac (DICLO), ibuprofen (IBU), ketopro-
fen (KETO), naproxen (NAP); lipid regulator: gemfi-
brozil (GEMF); stimulants: caffeine (CAF),
theophylline (THEO)) have been analyzed in samples
using liquid chromatography/tandem mass spectrom-
etry (LC/MS/MS) with an electrospray (ESI±) ioni-
zation source. The limit of the detection was around
1 ng g−1 of sorbent for all compounds (Table 1),
which makes approximately a detection limit from
0.05 to 0.1 ng L−1 depending on the exposure time
when considering sampling rates (Rs). Limits of
detection are varied depending on the origin and kind
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of water, as water presents different organic matter
contents and matrix complexity. They can range
between 0.1–1.5 and 0.1–2.5 ng L−1 for surface water
(Togola and Budzinski 2008). These low detection
levels allow quantifying pharmaceuticals in the
studied environment. In our research only one matrix,
i.e. surface water was considered. Thereby, the
quantification was performed using the stable
isotope-labeled compounds (internal standards) that
were spiked into the POCIS sorbent prior to analysis
in order to compensate for the mass loss during the
sample preparation and the matrix effects during the
LC/MS/MS process. The detection limits for targeted
compounds were determined by measuring the coin-
cident instrumental response of standard solutions and
spiked blank POCIS extracts, respectively, using a
signal to noise ratio of 3 and 10, correspondingly
(Togola 2006).

3.3 Calculation of POCIS Uptake Rates and Data
Interpretation

Uptake rates (MacLeod et al. 2007; Bartelt-Hunt et al.
2009) have been calculated for a limited number of
pharmaceuticals (Togola and Budzinski 2007a). At
the present time, the research on the estimation of
sampling rates of pharmaceuticals is under develop-
ment (Miege et al. 2011). In this study, we estimated
concentrations for most frequently detected pharma-
ceuticals using Eq. 1:

Cw ¼ CsMs= Rstð Þ ð1Þ

where, Cw and Cs are concentrations of compounds in
the water (ng L−1) and in the POCIS (ng g−1)
respectively; Ms is the mass of the sorbent in the
POCIS (g); Rs is the sampling rate (L d−1; Table 2);

Table 1 The targeted pharmaceuticals (PP) detected by POCIS and analytical method performance

PP CAS no. Therapeutic class LOD,
ng g−1

Recovery (n=3), %

Mean RSD

Alprazolam 28981-97-7 Antidepressant 1 97 8.3

Amitriptyline 50-48-6 Antidepressant 1 79 19

Aspirin 50-78-2 Analgesic 1 51 13

Bromazepam 1812-30-2 Psychiatric drugs 1 93 11

Caffeine 58-08-2 Stimulant 1 88 4.1

Carbamazepine 298-46-4 Sedative 1 86 21

Clenbuterol 37148-27-9 Bronchodilator 1 92 6.9

Diazepam 439-14-15 Antidepressant 1 86 4.9

Diclofenac 15307-86-5 Non-steroidal anti-inflammatory drug 1 81 9.6

Doxepine 1668-19-5 Antidepressant 1 86 2.3

Fluoxetine 54910-89-3 Antidepressant 1 60 30

Gemfibrozil 25812-30-0 Lipid regulator 1 84 6.8

Ibuprofen 15687-27-1 Non-steroidal anti-inflammatory drug 1 90 5.5

Imipramine 50-49-7 Antidepressant 1 89 24

Ketoprofen 22071-15-4 Non-steroidal anti-inflammatory drug 1 89 3.9

Naproxen 22204-53-1 Non-steroidal anti-inflammatory drug 1 91 2.1

Nordiazepam 1088-11-5 Benzodiazepines active metabolite 1 82 8.5

Paracetamol 103-90-2 Analgesic 1 87 3.3

Salbutamol 18559-94-9 Bronchodilator 1 85 5.7

Terbutaline 23031-25-6 Bronchodilator 1 62 18

Theophylline 58-55-9 Stimulant 1 90 0.0

LOD limit of detection, RSD residual standard deviation
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and t is the sampling period (days; Petty et al. 2004;
Arditsoglou and Voutsa 2008).

The Rs is not dependent on the concentration of
target components in the sampling water (Arditsoglou
and Voutsa 2008); however, it depends on the water
temperature variation, salinity, pH, and other param-
eters (Togola and Budzinski 2007a). In our study,
water turbulence and flow have no significant
variations in the sampled rivers as they are alluvial
and velocity has small changes during the sampling
period, so these parameters were neglected for the
estimation of the Rs. The pH of the rivers was 6.9–8.6
and at this low variation level has no significant
influence on the diffusion of the components in the
POCIS’s membrane (Zhang et al. 2008). The water
temperature variation has not been taken into account
because of the lack of the data on POCIS calibration
(Togola and Budzinski 2007a).

4 Results

4.1 Presence of Pharmaceuticals in Rivers

Among 21 targeted PPs of different therapeutic
classes, 18 of them (ALPZ, ASP, AMI, BRMZ,
CAF, CBZ, CLENB, DZP, DICLO, FLUOX, GEMF,
IBU, KETO, NAP, NDZP, PARA, SALB, and THEO)
have been identified in the Jalle River, France and 15
of targeted compounds (ALPZ, ASP, AMI, CAF,
CBZ, DZP, DICLO, FLUOX, IBU, KETO, NAP,
NDZP, PARA, SALB, and THEO) have been found

in the Lopan River, Ukraine (Fig. 2). The values of
DOX, IMI, and TERB were lower than detection
limits in all sampling sites of both rivers (Rabiet et al.
2006). In both rivers, the accumulation and diversity
of pharmaceuticals vary along the sampling sites and
sampling seasons.

Three general accumulation levels of pharmaceuti-
cals were identified in set up POCIS: high accumulation
level (more than 1,000 ng g−1; amount of pharmaceut-
icals in the sorbent of the passive sampler); medium
accumulation level (100–1,000 ng g−1); and low
accumulation level (less than 100 ng g−1; Fig. 2).

In the Jalle River, high accumulation was found
only for KETO. Medium accumulation was detected
for DICLO, CAF, THEO, NAP, IBU, and PARA. The
BRMZ, FLUOX, GEMF, AMI, NDZP, ASP, CLENB,
DZP, ALPZ, and SALB were identified at low-
accumulation level. In the Lopan River, the maximum
accumulation was measured for CBZ, DICLO, and
CAF. The KETO, THEO, AMI, and DZP were found
in the medium accumulation level and FLUOX, ASP,
NDZP, SALB, and ALPZ were at the low accumula-
tion level (Fig. 2).

According to the maximum accumulation level, the
river in Ukraine was more contaminated by CBZ,
DICLO, DZP, AMI, and ASP than the studied river in
France (Fig. 2). The PARA, THEO, SALB, ALPZ,
and FLUOX show approximately the same level of
accumulation in POCIS installed in both studied
rivers (Fig. 2). Among the other target compounds,
CAF, DICLO, and CBZ were measured at all
sampling sites on the both rivers and during all
sampling campaigns.

4.2 Concentration of Pharmaceuticals in Two Rivers

The exact concentrations of AMI, CAF, CBZ,
DICLO, DZP, FLUOX, GEMF, IBU, KETO, NAP,
NDZP, and PARA have been estimated (Fig. 3) using
Eq. 1 and the previously published sampling rates
(Table 2). In the Lopan River, the concentration and
diversity of PPs changed from the upstream (L03) to
downstream (L09) sites. In the upstream site (L03),
the contamination of pharmaceuticals presented the
following order: KETO>CAF>PARA>DICLO>
CBZ. In the city center (L08), ketoprofen has not
been measured, possibly due to the reduction of
sources, degradation (Nakada et al. 2008) and dilution
from the upstream site, where presence of KETO

PPs Rs,
L d−1

Amitriptylinea 0.41

Caffeinea 0.13

Carbamazepineb 0.29

Diclofenacb 0.15

Diazepama 0.40

Fluoxetinea 0.24

Gemfibrozilc 0.19

Ibuprofena 0.30

Ketoprofenb 0.13

Naproxena 0.14

Nordiazepama 0.39

Paracetamola 0.03

Table 2 The sampling
rates (Rs) for POCIS
(pharmaceutical
configuration), L d−1

a Togola 2006
b Budzinski et al. 2009
cMacLeod et al. 2007
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relates to discharges from the Veterinary Academy
located upstream L03 and/or with the run-off from
farms (Lees et al. 2004; Curry et al. 2005). The
concentration of other target compounds was in the
following tendency: CAF>PARA≥DICLO>CBZ.
Downstream of the WWTP (L09), the concentration
and diversity of drugs were significantly different from
upstream sites (L03 and L08). There are several
additional target compounds of psychiatric (DZP,
AMI, and FLUOX) and anti-inflammatory (NAP) drugs
were measured together with KETO, CAF, CBZ, and
DICLO. The range of the concentration in L09
represents the following order: CBZ>DICLO>CAF>
KETO>NAP≥AMI≥DZP>PARA>FLUOX (Fig. 3).

Thus, non-conservative compounds (CAF and PA-
RA) were dominated in upstream sites and conservative
compound (CBZ; Clara et al. 2004; Fenz et al. 2005;
Huerta-Fontela et al. 2008) was in the majority
downstream of WWTP on the Lopan River. The
prescribed psychiatric drugs (NDZP, AMI, FLUOX,
and DZP) were found in the Ukrainian river only
downstream of the WWTP. The consumption of these
medicaments is strongly regulated by the government
(Ministry of Health, Ukraine: www.moz.gov.ua).
These pharmaceuticals generally can enter the water-
courses through the WWTP with contaminated
effluents from hospitals and medical institutions.

In the Jalle River, the concentration and diversity
of PPs were less varied in comparison with the Lopan
River. In the J01, the contamination of pharmaceut-
icals represented the following structure: KETO≥
CAF>NAP≥PARA>DICLO>IBU>CBZ>GEMF.
Downstream of WWTP 1 (J02), the concentration of
KETO, CAF, and PARA decreased possibly due to

the combination of different factors (reduction of
sources, degradation, and dilution), but the concen-
tration of DICLO and CBZ increased. At the J03, the
concentration of all substances, previously measured
at J02, grew and represented the following order:
DICLO>CAF>PARA≥NAP>CBZ>KETO>IBU>
GEMF>FLUOX>NDZP>AMI, which showed the
domination of non-conservative substances.

Comparison with the research of Togola (2006) on
the Jalle River showed, that in our study the
concentration of CBZ was lower, inversely DICLO
presented higher concentration level. This discrepan-
cy can relate to the difference in the location of the
sampling sites and sampling technique, but also to
changes in the wastewater treatment process and drug
consumptions during the last 7 years (the sampling of
the Jalle River reported in Togola (2006) has been
done in 2003).

The analysis of the pharmaceutical concentrations
and accumulation in both rivers showed that the same
trend of the accumulation of KETO was observed in
the Lopan River and in the Jalle, where both the
highest contamination were detected in upstream
sites. The diclofenac and carbamazepine showed the
tendency to accumulate along both study waters, what
characterize the relatively conservative behavior of
these substances (Clara et al. 2004; Fenz et al. 2005;
Huerta-Fontela et al. 2008). The concentration of
other widely prescribed psychiatric drugs (i.e. AMI,
ALPZ, FLUOX, and DZP) increased only in the sites
downstream WWTPs, thus, wastewaters can be
considered as the general source of these medica-
ments in the studied rivers. The stimulant, caffeine,
was detected upstream and downstream of the
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Fig. 2 Box plots of the accumulation of pharmaceuticals (ng g−1) in POCIS installed in the Lopan and Jalle Rivers
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WWTPs (Fig. 3). This compound has a non-
conservative behavior (Buerge et al. 2003; Joss et al.
2006) and easily degrades during treatment processes
(more than 90% of the removal efficiency on the
conventional wastewater treatment plant; KNAPPE
2008) and under influence of biological factors.
Consequently, the presence of stimulants along the
river can be characterized by (1) the continuous
discharge of not efficiently treated wastewaters, (2)

other additional sources of pollution, e.g. run-off
(Froehner et al. 2010) and/or (3) the regional “base-
line” of the caffeine in water. According to the
maximum concentration, the river in Ukraine was
more contaminated by CBZ, DICLO, DZP, and AMI
than the studied river in France (Fig. 3). The
paracetamol, salbutamol, and alprazolam showed
approximately the same level of contamination in
studied rivers (Fig. 3).
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Finally, found differences can be linked to various
factors, e.g. (1) as a result of the disparity in the
medicaments consumption and (2) efficiency of
wastewater treatment facilities. In order to understand
how the drug consumption rate per capita is related to
the water quality, a mass balance approach has been
applied.

4.3 Mass Balance Modeling of Drug Consumption
Using Water Monitoring Data

Caffeine, carbamazepine, and diclofenac were found
in all sampling sites of both rivers in the highest
values compared to other compounds. In our study,
the calculation of the theoretical consumption rate of
these pharmaceuticals in regions of Ukraine and
France has been done using the data of water
monitoring and their comparison with reported na-
tional data on level of the drug use. A mass balanced
model includes following (Eq. 2):

Mc ¼ QwCw � QuCuð ÞÞ= K1 1� K2ð Þð Þ ð2Þ

Mc drug consumption rate in a studied settle-
ment, which is served by sewage system
(g d−1)

K1 drug excretion rate (a part of a pharmaceuti-
cal component which enters a sewage system
as unchanged form by human excretion;
g g−1). Pharmacokinetics represents a very
complex process and depends on the metab-
olism, age, activity, etc. We used previously
reported data on the parent drugs excretion
(Table 3).

K2 the efficiency of wastewater treatment pro-
cesses was estimated as a part of pharma-
ceuticals which are efficiently removed
during the treatment (g g−1). The efficiency
has been used from previously published
works for selected substances taking into
account the treatment processes type. In the
studied sites of France and Ukraine, WWTPs
treatment processes have the conventional
treatment scheme and consist of mechanical
and biological operations.

Cw,
Cu

concentrations of pharmaceuticals in the
river, downstream and upstream of WWTP
(g m−3), respectively.

Qw,
Qu

the water flow rate in the river, downstream
and upstream of WWTP

The daily drug consumption rate per person (D)
was estimated as:

D ¼ Mc=P ð3Þ
where, P is the number of people using the sewage
system (n=inhabitants).

In order to process the mass balance modeling, the
following assumptions have been done for the
estimation of the drug consumption rate:

1. Caffeine has been considered as the quickly
biodegradable component, so the upstream influ-
ence has not been taken into account.

2. The served population was estimated: the Jalle
River, WWTP 2—50,000 people; the Lopan
River, WWTP—1,000,000 people.

We have not considered the veterinary consump-
tion, environmental degradation, and sorption because
of the absence of relevant data. The calculated data on
carbamazepine and diclofenac consumption rates
(Fig. 4) have been compared with reported data for
France. For Ukraine, similar data were not available,
as no any official statistics on the drug consumption
exist and the insurance and social security system is
under development (Ministry of Health Protection,
Ukraine www.moz.gov.ua)

The calculated carbamazepine consumption rate
(0.1 g per person per year) was of the same magnitude
as the previously reported one (0.3 g per person per

Table 3 The excretion and treatment efficiency of caffeine,
carbamazepine, and diclofenac (data for the mass balance
modeling)

PPs Drug excretion
rate, g g−1

The treatment
efficiency, g g−1

France Ukraine

Caffeine 0.10a 0.80c 0.80d

Carbamazepine 0.31b 0.20d 0.04d

Diclofenac 0.02b 0.40d 0.12d

a Froehner et al. 2010
b Khan and Ongerth 2004
c Kosma et al. 2010
d KNAPPE 2008
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year; Coetsier et al. 2009). A good agreement
between predicted environmental concentration and
measured environmental concentration was found in
previous research on carbamazepine in the South of
France (Coetsier et al. 2009). For diclofenac, the
discrepancy was much higher, as we estimated an
annual consumption rate of 1.7 g per person (based on
the May data) and 4.3 g per person (based on the
December data). However, the reported data (Coetsier
et al. 2009) were much lower, approximately 0.25 g
per person per year. A high discrepancy between the
calculated and measured concentrations of diclofenac
has been presented in research in Sweden (Bendz et
al. 2005) and France (Coetsier et al. 2009). As the
reported data were based on the statistics of the social
security reimbursement and present only a prescribed
amount, we can assume that a significant amount of
diclofenac is used without prescription. Also, the
results of the mass balanced modeling showed that the
consumption rate of carbamazepine was twofold
higher in the studied regions of France than in the
Ukrainian region, as well as threefold higher diclofe-
nac and tenfold higher caffeine. In contrast, the river
in Ukraine was higher contaminated by carbamaze-
pine, diclofenac and caffeine than the studied river in
France. This can be related to the lower dilution of
wastewaters in the Lopan River (dilution rate can
reach 21 (wastewater):1 (riverine water); Vasenko et
al. 2006) compared to that for the Jalle River (dilution

rate 1 (wastewater):3 (riverine water); Labadie 2004)
and lower efficiency of the wastewater treatment.
Also, the drug consumption was about 1.5- to 2-fold
higher in December than in May in both countries.
However, seasonal variation of these pharmaceuticals
needs additional research taking into account the
social and environmental data.

The results of this basic mass balance approach
show that water quality monitoring can be useful for
the estimation of social indicators such as the medical
drug consumption rate and the illicit drug consump-
tion rate (Huerta-Fontela et al. 2008; Zuccato et al.
2008). For further development of the approach:
temporal variations, environmental degradation and
other uncertainty factors can be incorporated in the
mass balance model.

4.4 Molecular Indicators of Wastewaters in the River

Caffeine, carbamazepine, and diclofenac show differ-
ences in behavior and diverse sources. These properties
were considered for the further analysis of these
pharmaceuticals as potential indicators of anthropogenic
activities.

In our study, carbamazepine and caffeine showed a
high abundance in natural water (with a range for
carbamazepine of 17–27 ng L−1 in the Jalle River,
France; 2–272 ng L−1 in the Lopan River, Ukraine,
and for caffeine: 40–75 and 10–152 ng L−1, respec-
tively). By using a passive sampling technique, these
compounds can be detected in such values. Carbama-
zepine exhibits the most persistent behavior during
both May and December (SD ±10% (J03) and
SD ±40% (L09)) and was resistant to degradation in
the natural environment. However, carbamazepine
can be useful for tracing pathways of sewage water,
even the treated one. In contrast, caffeine is a labile
compound and easily degraded during the water
treatment processes and in natural waters: it can be
used for the identification of effluents of untreated
wastewaters. In our study caffeine, carbamazepine,
and diclofenac were detected in the Lopan River
during the dry weather in August 2009 on the
upstream site (L03; Fig. 5) and their occurrence can
characterize uncontrolled discharges of untreated
wastewaters, since the volume of the run-off is
extremely small during the dry period. Untreated
wastewater can come from households, which are not
connected to the sewage, but also from the Veterinary

Fig. 4 The calculated drug consumption rate in the studied
regions of France (FR) and Ukraine (UAH)
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Academy. Further monitoring is necessary to fully
understand the occurrence of pharmaceuticals in the
water as they can be used as a wastewater marker for
surface and ground waters pollution by treated and
untreated discharges.

4.5 The Application of the POCIS Method

Our practical experience of the passive sampling
application shows that this technique is simple for the
installation in contrasted climate conditions including
the ice cover on the river. Also, the installation and
retrieval was handy and does not need specific
knowledge. Other positive aspect is that POCIS can be
easier delivered to the laboratory for the analysis, even
in the case of the sample manipulation in the different
geographical regions. The passive technique has
limitations on the exact assessment of PPs concen-
trations, however for pilot and research monitoring
(Allan et al. 2006) focused on the identification of
the presence of compounds, pollution sources, and
their behavior the quantitative data analysis can be
used in order to save the expenses on the laboratory
analysis and experiments.

5 Conclusions

1. Eighteen pharmaceuticals and their potential
sources in the natural water have been detected
in the Jalle River (France) and 15 in the Lopan

River (Ukraine) during the May 2009 and
December 2009 using the POCIS passive sam-
pling technique.

2. The accumulation of pharmaceuticals in the
POCIS and the concentration of PPs in the rivers
varied along the sampling sites and sampling
seasons. Generally, the Lopan River was more
contaminated by medicaments than the Jalle
River in terms of the concentration of target
compounds.

3. Caffeine, carbamazepine, and diclofenac were
found in all samples with the high accumulation
and concentration in urban area. The presence of
ketoprofen was related mostly to upstream sites.

4. Mass balance modeling has been applied to
estimate approximate consumption rates of carba-
mazepine, diclofenac, and caffeine in Bordeaux
and Kharkiv regions. The results showed higher
consumption rates of these pharmaceuticals in
France than in Ukraine. In contrast, the levels of
contamination of carbamazepine and diclofenac
were higher in the Ukrainian river, this can be
related to distinct efficiency in wastewater man-
agement and treatment.

5. Due to the abundance and stability in the water
environment, some of measured pharmaceuticals
(e.g. carbamazepine, caffeine, and diclofenac)
have been proposed as potential wastewater’s
markers in the river for identification of different
uncontrolled wastewaters discharges.

Finally, our study underlines the presence and
behavior of pharmaceuticals in the Jalle River, Bor-
deaux (France) and the Lopan River, Kharkiv (Ukraine).
It demonstrates the successful application: (1) of passive
sensors to monitor water quality, (2) of mass balance
modeling to estimate drug consumption rates and (3) of
pharmaceuticals compounds as potential indicators of
wastewater treatment efficiency.
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