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• For the first time, hydrophilic organic
matter has been considered regarding
Zn

• Effluent organic matter shown high
binding capacities and constants re-
garding Zn

• Hydrophilic organic matter bound more
zinc than natural humics and fulvics

• Specific UV Absorbance is not the right
indicator of Zn-DOM binding

• BLM would need better indicator than
SUVA to predict Zn bioavailability &
toxicity
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The zinc binding characteristics of dissolved organic matter (DOM) fractions from the Seine River Basin were
studied after being separated and extracted according to their polarity: hydrophobic, transphilic, and hydrophilic.
The applied experimentalmethodologywas based on a determination of labile zinc species bymeans of differen-
tial pulse anodic stripping voltammetry (DPASV) at increasing concentrations of total zinc on a logarithmic scale
and at fixed levels of: pH, ionic strength, and temperature. Fitting the DOM fractions with two discrete classes of
ligands successfully allowed determining the conditional zinc binding constants (Ki) as well as total ligand den-
sity (LiT). The binding constants obtained for each DOM fraction were then compared and discussed with respect
to the hydrophobic/hydrophilic nature and sample origin. Results highlighted a strong complexation of zinc to
the effluent organic matter and especially the most hydrophilic fraction, which also displayed a very low specific
UV absorbance. Although the biotic ligand model takes into account the quality of DOM through UV absorbance
in the predictions of metal bioavailability and toxicity, this correction is not efficient for urban waters.

© 2014 Elsevier B.V. All rights reserved.
, benoit.pernet-coudrier@univ-
t).
1. Introduction

Zinc is widely used in urban areas, especially for infrastructure such
as buildings or street furniture. In central Paris, where architectural
rules protecting historical monuments and their environment prevent
any changes over many years (Gromaire et al., 2002), roughly 40% of
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all roofing surfaces are coveredwith rolled zinc. Hence, the atmospheric
corrosion of roofing materials (roofing tiles, gutters, downspouts) has
been identified as a major source of zinc, cadmium, lead and copper in
wet weather flows (Gromaire et al., 2001; Robert-Sainte et al., 2009).
This situation has led to extremely high concentrations of zinc (up to
7000 μg L−1) in roof runoff (Robert-Sainte et al., 2009), which further-
more is being discharged into the Seine River (Thevenot et al., 2007).

Dissolved organic matter (DOM) exerts a strong influence on zinc
speciation in water due to significantly lowering the free Zn2+ levels
relative to the total dissolved Zn (Cheng and Allen, 2006; Cheng et al.,
2005), which in turn serves to modulate its bioavailability. In aquatic
systems, DOM is a ubiquitous mixture of compounds resulting from
diverse processes that can be categorized as either degradation or
primary production. In an urbanized aquatic system, DOM may also be
discharged from the wastewater treatment plant and/or produced lo-
cally from the large primary production induced by these discharges.
These phenomena account for the high hydrophilic and low aromatic
fractions of DOM within urbanized aquatic systems (Imai et al., 2002;
Ma et al., 2001; Pernet-Coudrier et al., 2011b), compared to natural wa-
ters where the hydrophobic acid fraction of DOM, humics and fulvics
likely constitute the predominant fraction (Martin-Mousset et al.,
1997). Some studies conducted on urban wastewater (Buzier et al.,
2006a; Buzier et al., 2006b; Sarathy and Allen, 2005) have emphasized
the strong affinity of the hydrophilic fraction for metal ions. Hydrophilic
fractions from wastewater discharges were also recently shown to play
a similar role as fulvic substances during an acute toxicity test on copper
withDaphniaMagna (Pernet-Coudrier et al., 2008).Moreover, recent in-
vestigations with Pb, Hg, Cu, Cd and Ni have demonstrated the higher
metal binding ability of hydrophilic DOM compared to humic sub-
stances (Baken et al., 2011; Muresan et al., 2011; Pernet-Coudrier
et al., 2011a). Evidence thus suggests that when computing trace
metal speciation within “urbanized” water bodies, it is essential to
consider the binding capabilities of hydrophilic DOM as well. The
metal binding ability of hydrophilic DOMhas not yet been taken into ac-
count in the widely used biotic ligand model (BLM), used to predict
metal toxicity (Di Toro et al., 2001). The variability in DOM quality is
in fact not considered as an especially critical parameter. BLM may
eventually be corrected for DOM aromaticity with a specific UV absor-
bance (SUVA), in assuming that only fulvic acids are active in zinc com-
plexation (De Schamphelaere et al., 2004). This hypothesis might be
reliable in a natural aquatic system; such is not the case however in an
anthropized aquatic system, where fulvic acids are not predominant
(Baken et al., 2011). To better assess the level of zinc ecotoxicity in
water, a comprehensive knowledge of Zn–DOM binding properties is
required, especially in urbanized areas where Zn is widely present and
where the DOM composition is capable of varying widely from one
source to the next.

Among all the analytical methods available to determine chemical
speciation (Batley et al., 2004), anodic stripping voltammetry (ASV) is
an appealing one that satisfies the requirements of both sensitivity
and selectivity. In addition, ASV can provide useful information on the
DOM–metal association (complexing parameters) needed to run the
mathematical speciation programs (Coale and Bruland, 1990; Garnier
et al., 2004a; Muller, 1999). According to a number of studies, the only
limitation with ASV for metal speciation is this technique's kinetic de-
pendence (van Leeuwen et al., 2005), whereby some complexes may
dissociate and become electro-labile during the accumulation period,
which could then lead to underestimating the complexing parameters.
This limitation however might also be favorable given that such pro-
cesses may be occurring on the biological cell membranes as well (van
Leeuwen et al., 2005). According to DOM structural heterogeneity,
mono- and multi-dentate ligands could be expected (Tipping, 1998).
Yet no convincing evidence has been found to corroborate that models
with multi-dentate ligands perform any better than single-site models.
In practice, it is generally valid to assume a 1:1 stoichiometry of the
complexation reaction between Zn and DOM, and moreover a number
of studies have shown that this assumption is reasonable when model-
ing metal ion and NOM complexation (Bugarin et al., 1994; Cheng and
Allen, 2006; Tipping, 1998). In this study therefore, DOM binding prop-
erties towards zinc have been modeled using a discrete distribution of
mono-dentate binding ligands (Li), each defined by 2 parameters: a
total site concentration (LiT), and a conditional stability constant
(KZnL,i) (Garnier et al., 2004a; Sposito, 1981).

In a previous study (Pernet-Coudrier et al., 2011b), theDOM isolated
fromboth upstreamand downstreamParis, aswell as from the effluents
of Paris' largest regionalwastewater treatment plant (WWTP),was frac-
tionated according to polarity criteria. The aim of this study is to charac-
terize the interaction between these DOM fractions and zinc using
differential pulse anodic stripping voltammetry (DPASV) in conjunction
with a discrete model. During a subsequent step, these parameters will
be compared for various extracted fractions (hydrophobic, transphilic
and hydrophilic) from several different areas (urban and natural).

2. Materials and methods

2.1. Sampling sites and DOM extraction

Four sites located within the Seine River Basin (see Fig. 1), upstream
(Méry-sur-Marne) and downstream Paris (Andrésy and Méricourt),
along with treated effluent from the largest wastewater treatment
plant (WWTP, also called Seine-Aval) within the Paris Metropolitan
Area, were sampled during various dry weather periods between April
2006 and July 2007. Sampling site characteristics are presented in
Table 1.

This WWTP (labeled A1 and A2) was chosen for the present study
due to the fact that it collects over 60% of all dry weather flows (com-
bined sewer) from Paris and the surrounding suburbs (approx. 8 mil-
lion population). This WWTP is the biggest in France, with a treated
wastewater volume of about 1.6 · 10^6m3/day. Such effluents are high-
ly representative of Paris discharge and are treated at this WWTP by
means of primary settling and aerobic activated sludge. The Méry-sur-
Marne site (labeledM1 andM2) is located upstream frommetropolitan
Paris on the Marne River. Due to low population density in the catch-
ment, this site was chosen as a reference; given its limited impact
from urban discharges, Méry-sur-Marne could be considered as a “nat-
ural” reference site. Samples M1 and M2 were extracted in winter and
summer, respectively. The Andrésy site (labeled AN) is located ~5 km
downstream of the Seine-Aval WWTP; given the fact that WWTP
effluents are well mixed with the Seine River at this spot, Andrésy was
thus chosen as a highly anthropized site. The Méricourt site (labeled
MT) is located further downstream at ~50 km from Andrésy; this site
was selected to study the influence of travel time on modifications to
the physicochemical properties of DOM.

The exhaustive DOM extraction process has been described in detail
in Pernet-Coudrier et al. (2011a, 2011b). Surface waters were briefly
filtered, concentrated in-line and on-site by reverse osmosis, and then
acidified and fractionated on Amberlite DAX-8 resins and Supelite
XAD-4 in the laboratory. This procedure allows for fractionating DOM
into three fractions according to polarity criteria: hydrophobic (HPO),
transphilic (TPI), and hydrophilic (HPI). The HPI fractions, which are
those not absorbed on the resins, were purified through various
zeotropic distillations, salt precipitations and filtrations with cationic
exchange resins. Lastly, the eluates were freeze-dried and stored for
subsequent use.

2.2. Chemicals and instrumentation

All vessels used were cleaned with 10% nitric acid (Fisher Scientific,
analytical grade) and rinsedwith ultra-pure deionizedwater (N18MΩ).
Zinc solutions (10, 100 and 1000 μmol L−1) used for titration were
prepared from zinc standard (1 g L−1, Merck). Samples were acidified,
as needed, using 65% HNO3 (Fisher, Optima).



Fig. 1. Map of the sampling sites.

832 Y. Louis et al. / Science of the Total Environment 490 (2014) 830–837
All voltammetric measurements were carried out with a PGSTAT12
voltammetric analyzer (Metrohm, Switzerland) controlled by GPES 4.9
software (Eco Chemie) and coupled with the 663VA Stand three-
electrode system (Metrohm, Switzerland). The working electrode was
a static mercury drop electrode (SMDE) (size: 1, cross-section:
0.25mm2). Potentials were given relative to theAg|AgCl (sat. KCl) refer-
ence electrode. A glassy carbon electrode was used as a counter elec-
trode. 30 mL of a sample, supported in a PFA electrochemical cell
(Metrohm), was stirred with a Teflon rotating stirrer at 3000 rpm.
Dissolved oxygen was removed from the solution prior to analysis by
purging with ultra-pure nitrogen for at least 15min. To exclude sample
evaporation, a water-saturated nitrogen blanket was maintained above
the solution surface throughout the experiment. All experiments were
performed at room temperature (20°± 2 °C). Three automatic burettes
(Cavro XE 1000 syringe pumps, Tecan, Switzerland) were introduced to
automate zinc titration.

The conditions applied to DPASV measurements of electro-labile
zinc were: a pulse amplitude of 25 mV, a potential step increment of
2.5 mV, a time interval between pulses of 0.1 s with a pulse duration
of 0.05 s, and a quiescent period of 5 s. The potential was scanned
from −1.1 V to−0.7 V. The critical point in this protocol is the deposi-
tion time, which has been divided into two parts: i) 120 s (or 60 s) at a
deposition potential (Edep) of−1.05V; and ii) 2 s (or 1 s) at a deposition
potential of −1.6 V. This last strong negative potential allows for the
removal of a number of surface-active substances capable of
being adsorbed at the electrode surface and producing interference
during the stripping step (Louis et al., 2008). Moreover, the deposition
potential of −1.05 V was precisely determined according to the
pseudopolarography technique (Nicolau et al., 2008) for all samples in
order to measure with the available higher sensitivity just the most
electro-labile zinc.

Total dissolved zinc concentrations (ZnT) were determined using
ICP-MS (X Series, Thermo Electron Corporation) controlled by the
Thermo Plasmalab software (LOQ= 10 nmol L−1).

To measure and control pH, a Titrando 835 titrator (Metrohm,
Switzerland), controlled via the Tiamo software (Metrohm,
Switzerland), was used. The combined pH electrode used (Metrohm)
was calibrated daily with pH buffer solutions (Fisher, 4.01, 7.01, 10.01).
Table 1
Location and dates of sampling and main physico-chemical characteristics of the sampled wat

Sampling site Symbol Date Flow (m3 s−1) Temperature (°C) pH Conduct

Méry/Marne M1 30/01/07 80 7 8.5 560
M2 27/06/07 35 19 8.3 517

Seine-Aval WWTP A1 06/04/06 ≈20 17 7.8 1580
A2 15/12/06 ≈20 14 8.1 1261

Andrésy An 29/06/07 120a 18 7.7 606
Méricourt Mt 03/07/07 120a 20 7.6 625

a Measured in Paris (Austerlitz).
2.3. Experiments and data modeling

Due to small available amount, 4 DOM fractions were not analyzed
(HPI M1 and M2, HPO A2 and TPI MT). All samples were prepared at
25 mg L−1 (dry mass) of organic matter, which lies within the range
of environmental concentrations. To work at constant pH, the PIPPS
(Calbiochem) non-complexing “better” buffer (Kandegedara and
Rorabacher, 1999; Soares and Conde, 2000) was added to the sample
at a final concentration of 5 mmol L−1, then adjusted to pH 8 with
KOH (Merck, Suprapur) and left overnight to both ensure proper disso-
lution and reach pH equilibrium. KNO3 (Merck, Suprapur), with a final
concentration of 10 mmol L−1, was also added in order to establish
the ionic strength.

As a next step, 30mL of each samplewas titrated using a logarithmic
scale titration (Garnier et al., 2004b) covering a zinc concentration
range from about 50 nmol L−1 to 10 μmol L−1. Let's note at this point
that no intermetallic compound (Nicolau et al., 2008) of zinc with cop-
per is expected in this study due to the relatively low copper content of
samples. Deposition times of 120 s and 60 swere selected for each titra-
tion point in order to improve the sensitivity of these techniques for low
and highmetal concentrations, respectively. After each addition, DPASV
measurements using both deposition times (120 s and 60 s) were
repeated 5 times to reach equilibrium. Generally speaking, the last
two measurements served to determine the binding parameters. For
each sample, voltammograms obtained for at least 13 zinc additions
were used.

For all voltammetric experiments, the peak height was adopted as a
characteristic signal value. The resultant DPASV peak heights were inte-
grated according to the tangent fit technique (Omanović et al., 2010),
which was convenient given the baseline shape obtained with zinc
measurements at pH 8. Corresponding electro-labile zinc concentra-
tions were calculated from the sensitivity (0.182 nA L nmol−1 and
0.094 nA L nmol−1 respectively for deposition times of 120 s and
60 s) derived at the end of the logarithmic titration and for a blank
sample under the same conditions of pH, ionic strength and buffer,
but without any organic matter.

DOMbindingproperties towards zincweremodeled using a discrete
distribution of mono-dentate binding ligands (Li), each of which was
er.

ivity (μS cm−1) DOC (mg C L−1) HPO (% of DOC) TPI (% of DOC) HPI (% of DOC)

2.0 69 21 10
2.0 62 15 23
38.7 35 20 45
17.4 37 21 42
4.1 42 23 35
4.0 51 18 31
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defined by 2 parameters: total site concentration (LiT), and conditional
stability constant (KZnL,i) (Garnier et al., 2004a; Sposito, 1981). The asso-
ciation between zinc and a mono-dentate ligand (Li) can be described
by the following equation:

Zn2þ þ Li ⇔
KZnL ;i

ZnL2þi withKZnL; i ¼
ZnL2þi
h i

Zn2þ� �� Li½ � ð1Þ

where [Zn2+] and [Li] are the free zinc and ligand concentration,
respectively.

DPASV measurements help determine the electro-labile Zn fraction
([Zn]labile), which mainly corresponds to inorganic metal complexes
(Louis et al., 2009; Tsang et al., 2006), while the difference between a
total (ZnT) and electro-labile Zn fraction corresponds to inert organic
complexes, non-labile under the selected voltammetric parameter
conditions.

For each sample, complexing parameters (LiT, KZnL,i) were deter-
mined by fitting a measured set of electro-labile zinc concentrations
using a nonlinear fitting technique. Data were fitted using a 2-ligand
model. Although the physicochemical structure of these two classes of
natural ligands remains unknown, their presumed structure is often
sufficient to correctly describe DOM–metal properties in the natural
environment (Town and Filella, 2000).

3. Results and discussion

3.1. DOM characteristics

The exhaustive DOM characterization procedure has been described
in detail in Pernet-Coudrier et al. (2011a, 2011b). Upstream from Paris,
the hydrophobic fraction represents more than 60% of DOC. Due to
WWTP discharge, a substantial increase in the hydrophilic fraction
(N40%) could be observed downstream of Paris at Andrésy, whereas
the transphilic fraction always stayed around 15%–20% of DOC. For the
A1 fractions, which correspond to EfOM (Effluent Organic Matter), as
the hydrophilic character of the sample increases (HPO b TPI b HPI),
the percentage of C decreases while that of N increases. Also, the degree
of unsaturation (e.g. due to rings or multiple bonds) decreases and the
average oxidation number of C increases. As already shown (Pernet-
Coudrier et al., 2011b), the hydrophilic nature of EfOM stems from the
high content of polar functional groups, especially N-containing groups
(amides and amines), which is consistentwith the observation of abun-
dant proteinaceous structures by Py-GC-MS, fluorescence and FTIR.

3.2. Zinc–DOM binding parameters

Zinc titration was carried out with the same organic matter content
(i.e. 25 mg DOM L−1); results are presented in Fig. 2.

At Méry-sur-Marne (Fig. 2a), which corresponds to our natural ref-
erence area, winter fractions (HPOM1 and TPIM1) display a higher
binding capacity than the summer fractions (HPOM2 and TPIM2). This
higher binding capacity is confirmed and mainly explained by a higher
ligand content for the HPOM1 fraction (see Table 2) as well as by a
higher binding constant (logKZnL,1) for the TPIM1 fraction. In the
WWTP effluent (A1 and A2), the most binding fraction is HPOA1 with
both high L2 and L1 content (Fig. 2b). The TPI fraction also displays a
high content of ligand L1. However, ligand L2 of the HPIA2 fraction is a
strong contributor in the binding capacity (approx. 39%), while L2 of
the other fractions barely contributed 5%. These same trends are ob-
served for sample A1, with a HPI fraction characterized by a higher L2/
LT ratio compared to the other fractions. This feature may be explained
by the very high nitrogen content (Table 2), which has been related to
the proteinaceous structures (Pernet-Coudrier et al., 2011b). The
Andrésy (AN) sample, extracted downstream of Paris, reveals a higher
binding capacity for the HPI fraction compared to HPO (Fig. 2c). This
result ismainly indicated by higher L2 content and a higher binding con-
stant (logKZnL,1) of the HPI fraction. Similar to the WWTP, this HPI frac-
tion also exhibits a higher L2/LT ratio (by about 12%), which is likely
explained by the WWTP being a major point source of zinc-binding li-
gands for the Seine River. At Méricourt (Fig. 2d), here once again, even
though the HPI fraction only contains 34.2% of carbon compared to the
46.5% of HPO, it still displays higher ligand contents (both L2 and L1).
The HPI fraction maintains a higher L2/LT ratio (by about 16%), whereas
the L2/LT ratio of the HPO fraction only comes in at 3%.

In general, independent of the sampling site, the HPI fraction can
systematically be characterized by higher stability constants (K1 and
K2) and a higher L2/LT ratio compared to the other fractions. The very
high N content (up to 12.3%) is mainly suspected to be involved in
Zn–HPI binding since N, as a proteinaceous structure, has previously
been shown to strongly complex Pb, Hg and Cu (Muresan et al., 2011;
Pernet-Coudrier et al., 2008; Pernet-Coudrier et al., 2011a). The logKZnL,1

values, obtained here for the various fractions, are consistent with
previously published conditional constants, as derived from different
surface waters and basically under the same conditions for DOM
(Chaminda et al., 2010; Cheng andAllen, 2006). The logKZnL,2 values pro-
duced here range between 8.43 and 9.84; these values however are
higher than those found in the literature, which lie around 7. This result
can mainly be explained by a higher and more representative pH (8)
used herein, whereas Chaminda et al. (2010) performed their titration
at pH 7, and pH has already been shown to be a critical parameter in
the conditional zinc binding constant (Cheng and Allen, 2006). The L1
concentration values given in our study are slightly less than those pub-
lished by Cheng and Allen (2006) but nearly equivalent to those obtain-
ed by Chaminda et al. (2010). L2 concentrations fromour DOM fractions
are roughly one order of magnitude lower than literature values
(Chaminda et al., 2010; Cheng and Allen, 2006).

3.3. Environmental implications

In order to assess the environmental implications related to the
strong zinc binding ability of EfOM, and especially the hydrophilic
fraction, zinc speciation was computed in the Seine-Aval WWTP efflu-
ent as well as in receiving water downstream of WWTP discharges.
Only the binding parameters determined in this study were entered
into this computation (Table 2). The competition of zinc with other
trace metals or major elements for the DOM complexation was not
taken into account.

3.3.1. Seine-Aval WWTP
Zinc speciation was computed at three different environmental zinc

concentrations (Table 3), all of whichwere consistentwith the total dis-
solved zinc concentrations observed in aquatic systems (Chiffoleau
et al., 1994; Chiffoleau et al., 1999; Kraepiel et al., 1997; Naito et al.,
2010; Zwolsman et al., 1997). The DOC concentration was set at
15 mg C L−1, which lies within the environmental range for this
WWTP effluent. The DOC distribution among the three operationally-
defined fractions (HPO, TPI and HPI) was the one experimentally deter-
mined in this study (see Table 1).

At low zinc concentrations (1 and 10 μg L−1), approx. 60% to 75% of
the total zinc was bound to the HPI fraction, which allowed controlling
zinc speciation in the effluent. When considering all DOM fractions,
strong binding sites (L2) bind more than 97% of the total zinc, whereas
weak sites (L1) are only minimally involved (b2.7%) in the HPI fraction
of DOM binding the zinc speciation. Regardless of the total zinc concen-
tration, the transphilic fraction played just a minor role, i.e. in binding
less than 10% of total zinc.

For the highest zinc concentration (100 μg L−1), L2 sites are saturat-
ed; hence, around 60% of zinc is bound to L1 sites that had not been
saturated with zinc. An increase in zinc concentration was also accom-
panied by an increase in zinc (up to 40% for Zn = 100 μg L−1) bound
to the HPO fraction. This fraction actually contains the highest



Fig. 2. Logarithmic zinc titration of the different fractions obtained for each sampling sites and their fitting curve in full line (Pearson coefficient of experimental point vs. fitting are pre-
sented in Table 2). Dots represent THE average of the experimental data obtained for a 60 s- and 120 s-deposition time which were used for the fitting.
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concentration of L1 binding sites. It is important to note that at a high
zinc concentration, the inorganic zinc and especially the free zinc con-
centration increase considerably, from less than 1% to 13.9% of total zinc.

3.3.2. Receiving water downstream of the Seine-Aval WWTP
Two contrasting theoretical cases were studied. According to the

first case, zinc speciation was computed with 100% of HPOM2 (humic
substances sampled upstream from Paris). This case represents
Table 2
Conditional binding parameters obtained for various DOM fractions at pH 8 and I = 10 mmol

Site Fraction C (%) N (%) logKZnL,1 logKZnL,2 L1 (μ

M1 HPO 45.0 3.0 5.57 9.14 206
M1 TPI 46.0 4.8 5.33 8.43 544
M2 HPO 40.4 2.8 5.57 8.46 112
M2 TPI 47.3 4.9 4.73 8.48 916
A1 HPO 53.6 5.7 5.64 8.81 1928
A1 TPI 48.4 8.4 5.40 8.91 1255
A1 HPI 43.8 12.3 5.86 9.55 467
A2 TPI 47.3 6.9 4.96 8.68 2188
A2 HPI 40.1 10.6 6.53 8.93 53
AN HPO 50.2 3.4 5.85 8.65 122
AN TPI 41.4 4.9 5.81 8.59 139
AN HPI 34.1 10.2 6.11 8.62 113
MT HPO 46.5 3.1 5.66 9.84 224
MT HPI 34.2 5.5 5.84 8.81 304
the “natural” river without urban discharge. In the second case, zinc
speciation was computed with a mixture of 50% HPOM2 and 50%
HPIA1 (the main EfOM fraction). Such a mixture does not physically
exist due, at least in part, to the presence of other fractions; however,
it represents a low river flow period with over 40% of DOC coming
from urban discharge (Matar, 2012). Computations were performed
for zinc concentrations ranging from 1 to 100 μg L−1, which are consid-
ered to be environmentally relevant (Chiffoleau et al., 1994; Chiffoleau
L−1.

mol gC−1) L2 (μmol gC−1) LT (μmol gC−1) Pearson coefficient
(fitting vs. experimental)

27 233 0.9987
14 558 0.9988
8 120 0.9995
2 918 0.9997
30 1958 0.9993
15 1270 0.9995
22 489 0.9961
10 2198 0.9989
33 86 0.9988
6 128 0.9996
11 150 0.9996
15 128 0.9997
7 231 0.9982
56 360 0.9997

image of Fig.�2


Table 3
Zinc speciation (in %) for each binding site and for each DOM fraction in WWTP effluent at a given total dissolved Zn concentration, pH 8 and DOC = 15 mg C L−1.

[Zn]total/μg L−1 Zn inorganic HPO A1 TPIA1 HPIA1

Zn2+ Total L2 L1 Total L2 L1 Total L2 L1 Total

1 0.3 0.4 17.1 0.7 17.8 6.3 0.2 6.5 74.9 0.4 75.3
10 0.6 0.9 26.5 1.4 27.9 9.1 0.4 9.5 60.8 0.9 61.7
100 13.9 20.2 10.1 31.2 41.3 3.0 7.5 10.5 9.5 18.5 28.0

835Y. Louis et al. / Science of the Total Environment 490 (2014) 830–837
et al., 1999; Kraepiel et al., 1997; Naito et al., 2010; Zwolsman et al.,
1997).

For the first case with no EfOM, L2 sites controlled zinc speciation at
the lower zinc concentration. As zinc concentration increased, these
sites became saturated and, consequently, L1 sites bound a slightly
higher zinc proportion (2%–7%). As a result of the lower stability
constant of L1 sites, the inorganic zinc and especially the free zinc highly
increased, i.e. from 15% to 62% (Table 4).

In the second case, which represents the Seine River with urban
discharge (EfOM) during a low river flow period, roughly 49% to 94%
of total zinc was bound to the HPI fraction, mainly through L2 sites at
low zinc concentrations (10 and 1 μg L−1, respectively). EfOM and espe-
cially the HPI fraction therefore controlled to a large extent zinc specia-
tion in the Seine. When Zn = 10 μg L−1, L2 sites of the HPI fraction
became saturated, resulting in a 25% distribution of total zinc among
the L2 sites of theHPO fraction and L1 sites of theHPI fraction;moreover,
the inorganic zinc and especially free zinc increased significantly,
from 1% to 26% of total zinc. Due to the lower stability constant of
HPOM2 binding sites compared to HPIA1 sites, the free zinc propor-
tion is higher (48%) in the first case than in the second (26%). When
[Zn]total = 100 μg L−1, organic binding sites were saturated and the
inorganic zinc fraction rose above 70%, as previously observed in se-
verely polluted waters (Lourino-Cabana et al., 2010). In comparing
these two cases, it can be noted that the presence of EfOM decreases
the percentage of free zinc by a factor ranging from 1.2 at [Zn]total =
100 μg L−1 to 12 at [Zn]total = 1 μg L−1.

3.3.3. Consequences for Zn speciation and bioavailability in urbanized
aquatic systems

As previously discussed, these computations were not intended to
be representative of the actual environment, but rather to model the
effect of EfOM inputs on zinc speciation in the Seine River. It has been
clearly demonstrated, for the first time, that the hydrophilic fraction of
EfOM can exert a greater impact on zinc speciation than “natural” HPO
DOM sampled upstream from Paris. These results thus highlight that
zinc speciation in surface water under high human pressure should in-
clude not only the humic and/or fulvic part of DOC but also the other
more hydrophilic fractions. In the widely used biotic ligand model
(BLM), which predicts the toxicity of metals in aquatic environments,
DOC is typically considered to contain an “active” fraction binding
metal ions and another fraction that is inert with respect to metal bind-
ing. Consequently, the proportion of “active” DOC has a significant im-
pact on modeled metal speciation and toxicity. The active fraction has
been found to be variable, between 40% and 80% as fulvic acid (Dwane
and Tipping, 1998). A default active fraction value of 50% however is
Table 4
Zinc speciation (in%) for eachbinding site and for each fraction in receivingwater downstreamS
a mixture of 50% HPOM2 and 50% HPIA1 from EfOM (Case 2). DOC = 5 mg C L−1 in both case

Case 1 (no EfOM) Case 2

[Zn]total/μg L−1 Zn inorganic HPOM2 Zn ino

Zn2+ Total L2 L1 Total Zn2+

1 15.0 21.8 76.2 2.0 78.2 1.2
10 48.2 70.1 23.7 6.2 29.9 26.1
100 62.4 90.8 2.5 6.7 9.2 49.8
often applied (De Schamphelaere et al., 2002; De Schamphelaere et al.,
2003). Furthermore, the use of specific UV absorbance (SUVA) for esti-
mating this active fraction has been shown to improve the accuracy of
BLM toxicity forecasts by a factor ranging between 1.3 and 2.0
(Al-Reasi et al., 2012; Al-Reasi et al., 2013; De Schamphelaere et al.,
2004; Kramer et al., 2004; Sánchez-Marín et al., 2010). Yet these studies
were merely focused on the more hydrophobic fraction of DOM (humic
and fulvic substances) and/or on natural DOMnot affected bywastewa-
ter discharge. These samples mainly display trace metal binding groups
(e.g. carboxylic and phenolic) with strong SUVA, such that a strong cor-
relation between SUVA and the “active” DOC fraction could reasonably
be expected. However, another study involving effluents (Pernet-
Coudrier et al., 2008) has demonstrated the importance of the hydro-
philic fraction in EfOM,which also exhibits strong copper binding prop-
erties despite a low SUVA. This feature again suggests that SUVA is
unlikely to be useful for predicting metal speciation and toxicity in
aquatic systems in the presence of strong urban inputs. Fig. 3 combines
the previously determined zinc-binding parameters and the DOM char-
acterization, through the K1L1 and K2L2 products vs. SUVA for each stud-
ied fraction. This figure therefore highlights the strong zinc-binding
properties of HPI fractions despite their lower aromatic carbon content
and, hence, their lower SUVA compared to more hydrophobic DOM.
This finding has also been previously proven for Pb (Pernet-Coudrier
et al., 2011a), Hg (Muresan et al., 2011), Cd, Cu, Ni and Zn (Baken
et al., 2011). In this last study, complexation parameterswere not deter-
mined but a one-step resin-exchange method allows to assess Zn
binding affinity of freshwater dissolved organic matter. Larger metal af-
finitieswere found for DOM fromwaterswith urban inputs. Therefore, if
hydrophilicDOM is not taken into account in thebiotic ligandmodel, es-
pecially in the context of urbanwaters, bioavailability andmetal toxicity
could be overestimated. This shows that SUVA is an inaccurate indicator
for the DOM impact on zinc speciation in urban waters and moreover
underscores the need to take EfOM into account in the BLM so as to bet-
ter predict trace metal speciation and toxicity. Since nitrogen and sulfur
were observed at relatively high concentrations in EfOM (Pernet-
Coudrier et al., 2011b) and found to strongly participate in metal bind-
ing (Muresan et al., 2011; Pernet-Coudrier et al., 2011a), then dissolved
organic nitrogen and dissolved organic sulfur may offer a means to im-
prove BLM prediction in urban waters.

4. Conclusion

This work has focused on the zinc-binding characteristics of dis-
solved organic matter (DOM) fractions from the Seine River Basin,
which is severely impacted by urban discharge downstream of Paris.
eineAvalWWTP at a given total zinc concentration, pH 8 andassuming noEfOM(Case 1)or
s.

(with EfOM)

rganic HPOM2 HPIA1

Total L2 L1 Total L2 L1 Total

1.8 4.3 0.1 4.4 93.1 0.7 93.8
38.0 11.2 1.7 12.9 35.1 14.0 49.1
72.4 1.3 2.7 4.0 3.6 20.0 23.6



Fig. 3. K1L1 and K2L2 versus specific UV absorbance (SUVA at 254 nm) of the studied DOM
fractions (SUVA taken from Pernet-Coudrier et al., 2011b).
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The DOM fractionswere first separated and extracted according to their
polarity: hydrophobic, transphilic, and hydrophilic. The applied meth-
odology was based on determining labile zinc species by means of dif-
ferential pulse anodic stripping voltammetry (DPASV) at increasing
concentrations of total zinc on a logarithmic scale and for fixed values
of pH, ionic strength and temperature, followed up by modeling with
a discrete two-site ligand distribution. The conditional zinc-binding
constants (Ki) and ligand density (Li) were then determined for each
binding site and each studied DOM fraction before further comparison
and discussion in terms of the hydrophobic/hydrophilic characteristic
and sample origin. Results have highlighted the high zinc-binding prop-
erties of effluent organic matter, especially the most hydrophilic frac-
tion, which also displayed very low specific UV absorbance. Although
the biotic ligand model takes into account the quality of DOM by incor-
porating its specific UV-absorbance into the metal bioavailability and
toxicity predictions, this correction is not efficient for highly-impacted
receiving waters. Further research is thus critical to determining the
extent and conditions under which EfOM can exert a major impact in
attenuating metal toxicity in waters containing urban inputs.
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