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Abstract The fate of various emerging contaminants as well as priority pollutants from the
European Union Water Framework directive was examined along a complex combination of
natural and engineered processes used to produce drinking water downstream of a major
metropolitan area. The sampling points examined comprised Seine river water downstream of the
Paris area, water from a primary well after bank filtration, water from a secondary well influenced
by an artificial recharge process and water from the mixture of secondary wells after drinking
water treatment. More than 80 organic contaminants including drugs, polycyclic aromatic
hydrocarbons, pesticides, oestrogenic hormones, PBDEs, chlorophenols, nonylphenols, drugs, were
monitored during five campaigns. River bank filtration and to a lesser extent artificial recharge
clearly decreased the variety of contaminants, in particular a variety of drugs detected in the river.
On the other hand riverbank filtration was found to increase nonylphenols by anaerobic
degradation of nonylphenolpolyethoxylate precursors. Traces of aspirin, nonylphenols and
stimulants were occasionally detected in the finished drinking water above 0.1 pg/l.

Keywords Artificial recharge; drinking water; drugs; emerging substances; nonylphenols; priority
substances; riverbank filtration.

INTRODUCTION

Since the discovery of substances with endocrine disrupting properties (EDCs) and
pharmaceutical substances in natural waters during the 1990s, a lot of research has been
devoted to emerging substances. Emerging substances can be defined as non regulated
compounds that represent a threat to human health or the aquatic environment. In addition to
drugs and EDCs, emerging substances comprise a variety of man-made or natural substances
such as fragrances (Ternes and Joss, 2006), benzotriazoles efJakeR009), UV filters
(Zenker et al, 2008), organophosphate flame retardants (Andresen and Bester, 2006),
perfluorinated chemicals (Becket al, 2008)...In addition to emerging substances, the
European Union (EU) has set environmental quality standards (EQS) for 33 priority
substances in inland waters in order to restore their good chemical and ecological status
(Official Journal, 2008). Urban wastewaters represent one of the major routes of introduction
of emerging substances into natural waters. As an illustration, Seanalchave detected

more than 1000 different compounds in a non treated urban wastewater (8teaha2009).

The benefits of wastewater treatment for the removal of hormones and nonylphenols have
been demonstrated (Janex-Halaal, 2009). However, as the world population is increasing

and aging and furthermore tends to concentrate in denser urban areas, conventional waste
water treatment does not represent an absolute barrier for emerging contaminants and their
levels in natural waters located downstream of metropolitan areas is likely to increase.
Therefore production of safe drinking water requires a combination of physical (clarification,
membrane filtration), chemisorption (activated carbon filtration) and oxidation (ozonation or
advanced oxidation)-disinfection steps. Despite the efficiency of such processes, health
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authorities are often reluctant to allow direct abstraction of river water downstream of major
cities for the production of drinking water. One such example is the Seine river downstream
of Paris that can only be used for drinking water production after an additional artificial
recharge process (Bruchet al, 1991) or a combination of riverbank filtration-artificial
recharge process. The objective of this paper is to illustrate the benefits of riverbank filtration
coupled with an artificial recharge process and subsequent treatment at a drinking water plant,
for the attenuation of various priority and emerging substances.

METHODS

Study site

The aquifer studied (Figure 1) is located along the Seine river, downstream of Paris and its
urban wastewater plants. In particular, it is located downstream of a wastewater plant that
treats the effluents from 6.5 million people at a rate of 2 millidtuay.

w Artificial recharge basins
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Figure 1 Description of study site

This aquifer covers an area of 40%amd comprises 36 primary and secondary wells. Primary
wells are located mostly along the river and are naturally re-supplied under anoxic conditions
through riverbank filtration. The mixture of primary wells is pumped and re-infiltrated
through a sand-gravel artificial basin in order to recharge secondary production wells . This
artificial recharge takes place under slightly aerobic conditions. This process that comprises
active biological interfaces in anoxic-aerobic conditions allowed to replace drinking water
treatment processes including settling, nitrification, iron and manganese removal and hence
allowed a reduction in sludge production. Water from the mixture of secondary wells is
further treated in a drinking water plant that comprises settling with addition of powdered
activated carbon (PAC), sand filtration, ozonation and final disinfection with chlorine. The
plant production is equal to 144,000%day.The following points were sampled (grab
samples) on 5 occasions during September and October 2008 : 1) the Seine raw water, 2)
primary production well 1 (one of the C wells in figure 1) which is located on a small island
on the Seine river and hence directly influenced by the river after bank filtration, 3) secondary
well 2 (one of the B wells in figure 1) which is influenced by the main artificial recharge
basin. However, due to the direction of underground flows, this well is also influenced by
other areas of the aquifer and 4) the treated water at the outlet of the plant.
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Analytical methods.

A wide array of analytical methods was used to cover most priority pollutants and emerging
contaminants. Volatile organic compounds (VOC’s) were determined by Purge and Trap gas
chromatography-mass spectrometry (GC/MS). 25 semi-volatile priority pollutants including
the 6 indicator polycyclic aromatic hydrocarbons (PaHs) and naphthalene, anthracene, plus
various pesticides or degradates (1,2,4-trichlorobenzene, pentachlorobenzene, trifluralin,
HCB, chlorpyryphos-methyl and ethyl, alachlor, aldrin, isodrin, dieldrin, endrin, 4,4’-DDT,
chlorfenvinphos), hexachlorobutadiene and diethylhexylphtalate (DEHP) were determined
together by gas GC/MS after liquid-liquid-extraction followed by Florisil purification. 4
herbicides (atrazine, diuron, isoproturon, simazine) and two antibiotics (sulfamethoxazole and
roxythromycin) were determined together by solid phase extraction (SPE) on OASIS HLB
followed by liquid chromatography-mass spectrometry (LC/MS/MS) in electrospray positive
ion mode (ESI). Pentachlorophenol and 8 other halogenated phenols were determined by
solid phase microextraction (SPME) on DVB/CAR/PDMS-GC/MS, glyphosate and AMPA
were determined by FMOC derivatization-HPLC-fluorescence. Chloroalkanes and
polybrominated diphenylethers (11 congeners from penta to deca-BDE) were determined by
GC/ECD and GC/MS after stir-bar-sorptive-extraction (SBSE). 5 estrogenic hornwnes (
and (-estradiol, ethinylestradiol, estriol and estrone were measured by SPE (Oasis-HLB)-
LC/MS/MS in ESI mode after enzymatic deconjugation (Miéggeal, 2009). 4-nonylphenol
(4-NP), 4-t-octylphenol (4-OP), 4-NP1EO, 4-NP2EO and 4-NP1EC were determined by SPE
(Bond Elut® C18)-UPLC/MS/MS in ESand EST mode. Ter-blockers were measured by
SPE (Oasis MCX)-LC-MS/MS in ESImode. Non steroidal analgesics, antidepressants,
tranquillizers, lipid regulators, vasodilatators and stimulants were determined by SPE (Oasis-
MCX)-LC-MS/MS in ESI and ESImode. Details concerning these methods and their
performances can be obtained from the authors.

RESULTSAND DISCUSSION

During the five sampling campaigns, total organic carbon (TOC) in the Seine river varied
from 2.3 to 2.9 mg/l, with one exception of unknown origin at 12.6 mg/l. This is significantly
lower than in the past when the TOC downstream of Paris often ranged from 6 to 8 mg/Il. This
illustrates the quality improvement of surface waters downstream of a major metropolitan
area after the extension of existing, or the start-up of new wastewater plants. The TOC in the
1 and 2 wells varied from 0.9 to 1.1 mg/l, clearly illustrating the benefit of riverbank filtration
and artificial recharge for natural organic matter removal. At the outlet of the drinking water
plant, the TOC was further reduced to 0.7-0.8 mg/I.

Compounds undetected in the Seineriver

Although the sampling point on the Seine river is located downstream of a metropolitan area
with 11 million people, most EU priority compounds were never detected : {h€£
chloroalkanes (<0.5 pg/l), the 11 PBDE congeners (<10 ng/l), pentachlorophenol and 8 other
mono, di, tri and tetrachlorinated or brominated phenols, some of which have been reported in
untreated and treated urban wastewaters (Brigttagt 2008), implying that they were below

their limits of quantification (LOQ) of 25 or 50 ng/l. 23 out of the 29 semi volatile priority
pollutants investigated by GC/MS were never detected in the Seine river or aquifer water
(most LOQs were equal to 10 ng/l). These include the PAH’'s (with the exception of
fluoranthene), most pesticides or degradates (1,2,4-trichlorobenzene, pentachlorobenzene,
trifluralin, HCB, chlorpyryphos-methyl and ethyl, alachlor, aldrin, isodrin, dieldrin, endrin,
4,4-DDT, chlorfenvinphos) and hexachlorobutadiene. Trace levels of VOCs including
dichloromethane, chloroform, trichloroethylene, tetrachloroethylene and cis-1,2-
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dichloroethylene were detected in the Seine river, at levels ranging from 0.1 to 0.4 ug/l, far
below their environmental quality standards. The wells 1 and 2 contained a higher level of
cis-1,2-dichloroethylene (0.5-1 ug/l) and especially trichloroethylene (5 to 8 ug/l),
reminiscent of a past contamination with industrial solvents. The levels of chlorinated
solvents remained below 1 pg/l in the finished drinking water.

Semi-volatile priority substances

Fluoranthene was measured at a level of 10-15 ng/l in the Seine river water (Table 1), much
below its EQS for inland waters (100 ng/l). As expected from its high octanol/water partition
coefficient (Kow>5) this compound is removed during riverbank filtration, very likely by
adsorption. Although blank levels for diethylhexylphtalate were quite low (<15ng/l), this
compound was present throughout the whole system without showing any clear trend. This
may be due to a combination of soil adsorption (Kow>5) and desorption by plastic materials
in the wells or the treatment plant. The 4 herbicides determined by HPLC/MS/MS (atrazine,
simazine, diuron isoproturon) are found in the river at levels ranging from 1 to 50 ng/l, much
lower than levels observed a decade ago (JaslailkE 1999). It is interesting to note the
persistence of atrazine and simazine which were withdrawn from the market at the end of
2004. Their level is unchanged after bank filtration (well 1) while it tends to be higher in the
well influenced by the artificial recharge and other underground water flows (well 2). This
illustrates their long term persistence in the aquifer that was contaminated by higher levels in
the past. Only atrazine is detected in the drinking water at a level below 10 ng/l, 10 times
below the maximum contaminant level (MCL) for pesticides (100 ng/l). The only pesticide or
degradate found at a level exceeding 0.1 pg/l in the Seine river is glyphosate (on one
occasion) and its degradate AMPA (systematically in the range 0.25-0.65 pg/l). These two
compounds are totally removed by bank filtration, in accordance with previous observations
(Reemtsma and Jekel, 2002) and do not reappear in the aquifer.

Hormones and alkylphenols

Total (deconjugated) hormones were measured during two campaigns in October 2008. Only
17{3-estradiol and estrone were detected in the Seine river at a level of 0.4-1.0 ng/l and 1.4-
2.2 ng/l, respectively. Bank filtration reduces estrone below its quantification limit (<0.2
ng/l). Unexpectedly, a trace of Brestradiol is detected in wells 1 and 2 (0.6-0.7 ng/l) and
even more unexpectedly, in the finished drinking water. This result was obtained by
LC/MS/MS in the multiple reaction monitoring (MRM mode) and was not further confirmed

by full scan MS/MS. This result should hence be considered with extreme caution, as the
processes in use at the plant (PAC and especially ozone) are known to be very efficient at
removing hormones. Traces of 4-nonylphenols (0.07 to 0.2 pg/l) and 4-t-octylphenol (from
<LOQ to 0.05 pg/l), as well as their ethoxylates NP1EO and NP2EO (0,01-0,13 pg/l and their
acidic by-products (4-NP1EC) were found in the Seine river. 4-NP and 4-t-OP significatly
increased by a factor of 10 and 17, during bank filtration. This is most likely due to a
transformation of alkylphenol polyethoxylates (not measured) which are normally present at
higher levels, into the lower molecular weight 4-NP and 4-t-OP. This transformation is known
to take place under anaerobic conditions such as during anaerobic digestion of sewage sludge
(Janex-Habibi et al, 2009). By contrast, NP1LEO and NP2EO show a decrease during bank
filtration. The different forms of alkylphenols are significantly reduced during artificial
recharge as shown by their lower level in well 2, and are further reduced by the drinking
water plant. The detection of low levels of 4-NP in the drinking water (0.04-0.18ug/l),
although much lower than levels found e.g. in Canada (Ministére de I'environnement du
Québec, 2003) will deserve further investigation.
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Table 1. Fate of priority and emerging contaminants during bank filtration (C11), artificial
recharge (B5) and drinking water treatment

Parameter Unit Seine river C11 well B5 well Drinking water
n=>5 n=5 n=5 n=>5
Semi-volatiles compounds
Fluoranthene ng/l 9-14 <10 <10 <10
DEHP ng/l 191-675 367-509 320-2013 243-521
Atrazine ng/l 17-23 19-23 34-50 3-9
Diuron ng/l 32-40 58-73 26-52 <1
Isoproturon ng/l <1-3 24-35 15-31 <1
Simazine ng/l 3-9 6-10 7-15 <1
Glyphosate ug/l <0.1-0.12 <0.1 <0.1 <0.1
AMPA po/l 0.25-0.65 <0.1 <0.1 <0.1
Alkylphenols
4-NP (Nonylphenols) pg/l 0.06-0.21 0.45-1.71 0.06-0.29 0.05-0.18
4-t-OP (Octylphenols) po/l <0.01-0.05 0.05-0.57 <0.01-0.02 <0.01-0.03
4-NP1EO pg/l 0.02-0.11 0.04-0.19 0.02-0.04 0.002-0.04
4-NP2EO pg/l 0.01-0.13 0.03-011 0.01-0.04 0.01-0.08
4-NP1EC ug/l 0.08 0.19 0.03-0.01 <0.001-0.003
Beta-blockers
Atenolol ng/l 99.5-155.2 <LoQ-6.6 0.7-2.5 <LoQ-1.6
Sotalol ng/l 65.9-117.1 3.3-12.1 <LoQ-3.8 <LoQ-0.6
Nadolol ng/l 1-4 <LoQ <LoQ <LoQ
Timolol ng/l <LoQ-0 .5 <LoQ <LoQ <LoQ
Acetobutolol ng/l 32.9-75.6 0.6-1.6 3.3-6.2 <LoQ-1.2
Metoprolol ng/l 8.5-13.5 <LoQ-0.9 <LoQ-0.4 <LoQ-0.4
Oxprenolol ng/l <LoQ-1.7 <LoQ <LoQ <LoQ
Propanolol ng/l 8.8-30.6 <LoQ <LoQ-0.6 <LoQ-0.5
Betaxolol ng/l <LoQ-1.7 <LoQ <LoQ-0.5 <LoQ
Bisoprolol ng/l 7.5-12.5 <LoQ-0.3 <LoQ-0.3 <LoQ-0.5
400
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Figure 1. Evolution of drugs and stimulants
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Table 2. Fate of drugs and stimulants during bank filtration, artificial recharge and drinking water treatment.

SEINE River C11 Well BY Well Chlorinated Water
Parameter Unit 2008
9sept  16sept 23sept  13-oct| 20-oct 9sept 16sept 2Isept  13-oct 20-oct 9sept  16sept 23sept| 13-oct  20-0ct 9sept 16sept 23sept  13-0ct  20-oct
Other Drugs
cafeing ngl | 3150 «leQ | 1035 | 5303 3381 <ol <Lo() 320 | 343 17 152 | <loQ | 2427 | 244 | B7A4 | <loQ | <loQ | 347
carbarnazepine ngl 515 3 720 B8 3 755 £99 42,1 534 GO G 57,1 408 BG,1 492 515 | <Lo@ | <Lo@  <Lo@ | <LoQ
diazepam ngl 14 <lol | <loll | <lo@ | <LoQ 19 27 <LoQ 14 oo <lol | <lo@ @ <Le oo <Lo@ | <Lo@ @ <Lo@ | <LoQ
nordiazepam ngl 33 34 1.8 38 15 1,0 <LoQ on <lo@ | <lo@ | <lo@ | <LoQ 1.2 <Lo@ | <lo@ @ <Lo@ | <LoQ 07
Amitriptyling ngl 3B 41 B3 3.4 32 <LoC 0g <Lo@ | <=lo@ | <lo@ | <lo@ | <LoQ 1.2 <lo@ | <lo@ | <Lo@ @ <lo@ | <LoQ
doxepine ng/l | <loQ | <loQ | <lo@ @ <loQ | <LoQ | <lo@ | <lo@ <Lo@ | =lo@ | <=lo@ | <lo@ | <Lo@ | =lo@ | =loQ @ =lo@ | <lo@ @ <Lo@ | <Lo@
imipramine rig| ns <lo@ | <loQ@ | <lo@ | <loQ | <la@ | <Lo@ <lo@ | <lo@ | <lo@ | <lo@ | <lo@ | =lol | <lod | <Lo@ | <Lo@ | <Lo@ | <LoQ
ibuprofens ng/| 318 1019 264 499 242 Lo | «<LoQ “Lo@ | <Llo@ @ <lo@ | <lo@d | <lol | <lofy | «<loQ | «<lo® | <lo@ | «<loQ | <Lo@
paracetamol ng/| 2811 ) 056 | 2923 ) 3241 24BE | «lad | <LoQ “Lo@ | «<loQ @ <lo@ | <lo@d | <lod | <lo | «loQ | «loO | <LoQ M1 Lol
ketoprofene ngd| 16,1 127 op 0o 0o 106 73 208 52 50 04 52 255 | <LoQ | G4 1.2 <Lo@ | 0D
naproxene ngl 38 244 VB 40 4 347 | <lol | <Led <LoQ@ | <lo@ | <lo@ | <Lo@ | <LoQ 1.0 <Lo@ | <lo@ | <Lo@ @ <Lo@ | <LoQ MD
aspirine ngl 228 | «<Lod BE 7 8,1 532 75 MND 507 462 711 118 65 632 | <Lo@ | <Lo@ 170 95 1256
diclofenac ngl EO5 522 745 7B 750 112 11,1 93 14 3.2 38 08 28 23 <LoQ 15 <LoQ oo
gemfibrozil ngl 103 78 7B 12,4 85 03 1.4 0f <lo@ | =Lo@ 00 <Lo@ | <Llol | <loQ | <LoG 0g <Lo@ | =Lo@
clenbuterol ri| <LaQ 23 0o <Lo@ | <loQ | <la( 15 <Lod | <LoQ 07 <Lod oo <lol | «<loQ | <LoQ 17 <Lod | <LoQ
salbutamol rigl 16 <ol 12 0o 1.7 zlol | <lod zLoQ | =lo@ | <lo@ | <Lo@ | =LoQ | =LoQ 24 0s zLol | =Lol@ | <LoQd
terbutaline gl 18 <Ll 20 =L 18 <ol | <Lol zLoQ | =Lo@ | <lo@ | <LoC 1.0 <ol | <lo@ | =La® | <LoQ @ <Lol @ <LoQ
Théophylline ngd | 7320 <lo@ | 707 0 1523 1013 <la@ | <LoG 72 <loQ | <lod 335 | <lod | 28 <lo@ | <Lo@ | <Lo@ @ 102 1.1
Alprazolam ng/d | <LoQ op <lo@ | <lo@ | <loQ | <@ | <La <LoQ | <Lo@ | <lo@ | <lo@ | <lo@ | <loQ | <lo@ | <lo@ | <Lo@ | <Lo@ | <La@
Bromazépam ng/l | <Lo@ | <lo@ | <Lo@ 0p sLoQ@ | <lod | <LeO 55 <loQ@ | <lo@ | <le@ | <Lo@ | <LoQ | <lol @ <la@ | <lo@ @ <Lo@ @ <LoQ
Fluoxétine ngl 15 <Lold 1.4 12 oA <Lol | <Lo@ <Lo@ | <lo@ | <Lo@ 07 <lo@ | <lo@ | <lo@  <lo@ | <Lo@ @ <Lo@ @ <Lo@
Sulphamethoxazole nil nD 240 nD 16,0 .0 6,0 60 80 <Lo@ | <Lol ND <lol | <loQ | <Lo@ | <LoQ@ ] <Lo@ | <LoQ
Foxythromicine gl <loQ | <lod | <lLo0d 16,0 16,0 <lol | <lod <LoQ | =LoQ | <Lo@ | <Lo@ | <loQ | <ol | <Lo@ @ <Lo@ | <LoQ@ | <lo@ @ <Lo@ | <LoQ

MO - Mo Determined
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Drugs and stimulants

Drugs from various therapeutic classes were found in the Seine river (Table 1 and Table 2).
Two beta-blockers (sotalol and atenolol) exceeded 100 ng/l while acebutolol reached 75 ng/l.
These compounds were drastically reduced by bank filtration and did not exceed 6 ng/l in the
aquifer and were decreased below 2 ng/l at the outlet of the drinking water plant. A complex
set of other drugs was also found in the river. The highest level was recorded for paracetamol
with was consistently found between 250 and 330 ng/l. This seems to imply that downstream
of major metropolitan areas, drugs are now present at levels equivalent to, or higher than,
levels of pesticides. Stimulants such as caffeine (up to 530 ng/l) and theophyllin (up to 100
ng/l) widely used in beverages are also outstanding. Carbamazepin, one of the most persistent
drugs is found at a rather constant level of 37-75 ng/l. It is of interest to note that a variety of
antidepressants (imipramine, fluoxetine) and tranquillizers is also detected in the river water,
albeit at low levels. Except for carbamazepin and aspirin, the benefit of bank filtration is
clearly visible in Figure 1. Infiltration through the artificial recharge basin brings an
additional benefit for a few compounds (diazepam, ketoprofen, diclofenac,
sulphamethoxazole). The drinking water plant is quite efficient at removing the few drugs and
stimulants detected in the aquifer, in particular carbamazepin and ketoprofen. Finally, only
one drug (aspirin) and the two stimulants are found in excess of 10 ng/l at the plant outlet. The
occasional presence of such compounds in tap water is not considered as a health risk.

Conclusions

The present study allowed to measure most priority substances from the EU Water
Framework Directive and a wide variety of emerging substances in a surface water
downstream of a major metropolitan area that treats the majority of its urban wastewaters (the
Seine river downstream of Paris). The study site selected allowed to observe the fate of the
substances detected, during their infiltration into an aquifer primarily re-supplied by natural
bank filtration. The fate of the substances reaching the aquifer was monitored along a natural
recharge process and at the outlet of a drinking water plant treating a mixture of boreholes
from this aquifer. Major conclusions from the current study are the following:

-Priority substances are observed (chlorinated solvents, DEHP, fluoranthene, atrazine,
simazine, diuron, , 4-nonyl and 4-t-octylphenol) in the Seine river water at levels below their
environmental quality standards (EQS).

-Numerous emerging substances such as estrogenic hormones of human origin as well as
various drugs belonging to most therapeutic classes (beta-blockers, antibiotics, analgesics,
anti-inflammatory drugs, cholesterol reducers, antidepressants and tranquillizers) have been
found in the Seine river. Estrogenic hormones are sometimes present at a low level (1-3 ng/l)
still likely to induce disrupting effects on the aquatic fauna. Specific drugs are detected at
levels between 0.1 and 0.4 pg/l. With the exception of the glyphosate herbicide and its
degradate AMPA, drugs are now found at a general level exceeding that from pesticides.

- Some compounds or groups of compounds have never been found in any sampling point :
this was the case for 3 volatile organic compounds (VOCs), - benzene, 1,2-dichloroethane and
carbon tetrachloride-, most of the semi-volatile compounds investigated - e.g. polycyclic
aromatic hydrocarbones (PAHs) -, chloroalkanes, PBDE, chlorophenols and some
pharmaceuticals.

-Natural river bank filtration is beneficial for the attenuation of select priority substances
(fluoranthene) and a wide range of emerging substances. In particular, many drugs and
stimulants are decreased during their infiltration into the aquifer.
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-By contrast, natural bank filtration which essentially takes place under anaerobic conditions,
induces the transformation of polyethoxylated alkylphenols into 4-nonylphenol and 4-
nonylphenol-1-ethoxycarboxylate.

-No beneficial effect of river bank filtration could be demonstrated for chlorinated solvents

and pesticides that are already present in the aquifer.

-In a system influenced by urban wastewaters downstream of a major metropolitan area, a
drinking water produced by a complex combination of natural bank filtration, artificial
recharge, clarification with powdered activated carbon addition, ozonation and chlorination,
complies with the current legislation. It however occasionally reveals traces of emerging
contaminants including nonylphenols and drugs/stimulants (especially aspirin) at a level
exceeding 0.1 pg/l. The presence of the 4-nonylphenol endocrine disruptor in drinking waters
produced from influenced resources warrants further investigation. Also, the results from this
study should be confirmed by additional campaigns covering other hydrological conditions
such as summer low flow conditions.
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