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a b s t r a c t
A two-step protocol (nano-ﬁltration and reverse osmosis) was applied for natural organic matter (NOM)
preconcentration of a seawater sample. Complexing afﬁnities of the so concentrated marine dissolved
NOM (DNOM) towards major and trace cations were studied by potentiometric and voltammetric titration techniques. The potentiometric titration experiments ﬁtted by models describing and characterising
the DNOM–cation interactions, revealed four distinct classes of acidic sites (pKa of 3.6, 4.8, 8.6 and 12). A
total acidic sites density of 445 meq/molC was estimated, with a majority (60%) of carboxylic-like sites.
Pseudopolarographic measurements revealed two distinct groups of copper complexes: labile, reducible
at about 0.2 V; and inert, directly reducible at about 1.4 V. Simultaneous competition between copper,
calcium and proton highlighted the presence of two classes of binding sites (density of 1.72 and
1
10.25 meq molC , respectively, corresponding to 3% of total acidic sites). The ﬁrst class was more speciﬁc
to copper (log KCuL 9.9, log KCaL 2.5, pKa 8.6), whereas stronger competition between copper and calcium
occurred for the second class (log KCuL 6.9, log KCaL 5.5, pKa 8.2).
The binding sites characterisation was validated by the very good matching of the non-concentrated
seawater sample titration data with the simulated curves obtained using the binding parameters from
the concentrated sample. Furthermore, this comparison also validated the applied preconcentration protocol, highlighting its negligible inﬂuence on organic matter properties when considering copper
complexation.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
Numerous studies have been performed on dissolved natural
organic matter (DNOM) coming from natural aquatic systems, in
order to understand and characterise its interactions with cations
and especially copper. It is now well established that metals toxicity/bioavailability towards micro- and macro-organisms is mainly
conditioned by their speciation, i.e. their chemical forms in the system (Bufﬂe, 1988; Bruland and Lohan, 2004; Hirose, 2007).
Metal–DNOM associations are complex, depending on the considered metal and organic matter, and also on the physicochemical
conditions of the system: ionic strength, pH, competition with
other major and trace cations (Lu and Allen, 2002; Bruland and Lohan, 2004). Among the major divalent cations, calcium is known to
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be the most complexant with organic matter in a marine system
(Raspor et al., 1980) and so can have a dominant competitive effect
with trace elements. However, a correct description of these interactions is essential to determine metal speciation, which can be
calculated by using software such as FITEQL, PHREEQ, MINTEQ,
MINEQL, CHESS (Westall et al., 1976; Herbelin and Westall,
1999; Van der Lee and De Windt, 2000; Dudal and Gerard, 2004
and references therein) and, eventually, to predict the behaviour
of these toxic trace elements in complex natural environments.
Various analytical techniques have recently been developed to
better appreciate the role of marine DNOM on metal speciation
(Donat and van den Berg, 1992; Wells et al., 1998; Lu and Allen,
2002; Garnier et al., 2004a; Van Leeuwen et al., 2005). The use of
voltammetric tools and especially of pseudopolarography (Branica
et al., 1977; Branica and Lovrić, 1997; Croot et al., 1999; Town and
van Leeuwen, 2006; Chakraborty et al., 2007; Nicolau et al., 2008)
allows qualitative and quantitative determination of different dissolved metal forms: electrochemically labile and inert species (reduced and released within the potential window of the method)
and electro-inactive species.
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2. Experimental

3.0 mol L1). Copper additions were carried out using three automatic burettes (Tecan, Cavro XE 1000 syringe pumps, Swiss).
The following conditions were used for Differential Pulse Anodic Stripping Voltammetry (DPASV) measurements: pulse amplitude 25 mV; potential step increment 2.5 mV; time between
pulses 0.1 s; pulse duration 0.05 s; 300 s of deposition time decomposed in two steps: 297 s at a deposition potential Edep and 3 s at a
second deposition potential Edep2 = 1.6 V. This procedure, using a
strong negative potential, was established to desorb the layer of
natural organic matter (also called surface active substances)
which may adsorb at the electrode surface and may produce interferences during the stripping step (Louis et al., 2008). After this
deposition step, the potential was scanned from 0.6 V to 0.05 V.
This total procedure is used to measure labile copper, i.e. mostly
the free copper and inorganic complexes. For each electrochemical
experiment, 30 mL of a sample was placed in the voltammetric cell
and dissolved oxygen was removed from the solution prior to analysis by purging with ultra-pure nitrogen for at least 15 min, and a
water-saturated nitrogen blanket was maintained above the surface during the whole experiment.
Total metal concentrations were determined with an accuracy
of 10% by standard additions of Cu by DPASV measurements
(Edep = 1.5 V), after UV-irradiation (Hanovia, 450 W medium Hg
pressure, 12 h) at acidic pH (<2) (Capodaglio et al., 1995). Major
cation concentrations were analysed by ionic chromatography
(DIONEX, DX-120), previously calibrated using Ca(NO3)2,
Mg(NO3)2, NaNO3 and KNO3 calibration standard solutions (Fisher
Scientiﬁc). For in situ salinity and pH measurements, a multiparameters probe (Hydrolab, Minisonde 4a) was used.

2.1. Chemicals and instrumentation

2.2. Sampling and sample preparation

All the vessels used for potentiometric and voltammetric systems were cleaned with 10% nitric acid (Fisher Scientiﬁc, analytical
grade) and rinsed with ultra-pure water (Millipore Milli-Q system).
Copper solutions (10, 100 and 1000 lmol L1) were prepared from
copper nitrate (Spex Certiprep) and calcium solution (0.5 mol L1)
from calcium chloride (Merck, Pro Analysis). Acidiﬁcation of sample, when needed, was performed using 69% HNO3 (J.T. Baker,
Trace Metal Analysis).
Nano-ﬁltration was carried out on an Osmonics DL2540 membrane and reverse osmosis on a Filmtec SW30-2540 membrane,
with a reverse osmosis equipment (Techniques Industrielles Appliquées, TIA). The used Chelex100 resin (Na-form) was provided by
Sigma–Aldrich, Bio-Rad 50–100 dry mesh. The dissolved organic
carbon (DOC) concentrations were determined using a Total Organic Carbon-5000A analyser (Shimadzu), with an accuracy of
0.01 mmolC L1. The micro-titration stand (Metrohm) equipped
with two Titrino 716 titrators controlled by Tinet 2.4 software
was used for potentiometric titrations. The combined pH-microelectrode (Mettler, Inlab422, reference: Ag/AgCl/KCl 3.0 mol L1)
was calibrated weekly by pH-buffer solutions and checked at least
with three buffer pH’s solution before each titration (HANNA 4.01,
7.01 and 10.01).
All voltammetric measurements were carried out with a voltammetric analyser PGSTAT12 (EcoChemie) with GPES 4.9 software (Eco Chemie, Utrecht) coupled with a three electrodes
system of 663VA Stand (Metrohm, Swiss). The working electrode
was a static mercury drop electrode (SMDE) (size 1, 0.25 mm2 of
area). Potentials were determined vs. a reference electrode of Ag/
AgCl (sat. KCl), and a Platinum wire was used as a counter electrode. The solution, supported in a Teﬂon electrochemical cell,
was stirred with a Teﬂon rotating stirrer at 3000 rpm. The room
temperature was regulated at 25 ± 2 °C. pH was controlled by a
pH meter (Metrohm, 713 PHM) with a combined pH-micro-electrode (Mettler, Inlab422, reference electrode: Ag/AgCl/KCl

The analysed seawater was sampled in Balaguier bay (near Toulon, south of France, coordinates 43°050 51.70N, 5°540 28.50E, May
22th 2006). The sample was taken 1 m under the surface using a
Teﬂon membrane pump (Retsch Gmbh) running on pressurised
nitrogen gas, and ﬁltered with an online 0.22 lm Teﬂon ﬁlter
(Whatman, Polycap 150TF). The interest of this site relies on the
fact that it is a semi closed area with anthropogenic activities (military port, tourism and aquacultures activities).
Nine hundred and ﬁfty liter of ﬁltered sample was stored in precleaned HDPE Nalgene bottles (20 and 50 L) at 4 °C in the dark before concentration. One liter of this ﬁltered sample was devoted to
the analysis of DNOM reactivity, and stored in dark at 4 °C after
spiking with NaN3 (100 lL of 0.1 mol L1) to prevent any biological
activity. Salinity was 37, DOC content 0.09 mmolC L1, and total Cu
concentration 14.8 nmol L1, i.e. in the range of concentration for
coastal areas (Kogut and Voelker, 2001). Indeed, in the same bay
of Toulon, total dissolved copper concentrations as high as 45 nM
have been recorded in summer 2006 (Rossi and Jamet, 2008).
Within the framework of the French research project MONALISA, a new methodology has been developed to concentrate marine
DNOM from large volumes (500–1000 L), using two concentrations
steps: (1) with osmosis equipment (TIA) by nano-ﬁltration
(Osmonics DL2540, pore size 150–300 Da) followed by (2) reverse
osmosis (Filmtec SW30–2540, pore size <100 Da) (Huguet et al.,
2006; Nicolau et al., 2008). The concentration step was necessary
to obtain sufﬁcient quantity of DNOM for subsequent characterisation of its properties using 13C and 113Cd nuclear magnetic resonance
spectroscopy,
pyrolysis–gas
chromatography–mass
spectrometry and high pressure size exclusion chromatography
(analysis performed by the different MONALISA participants), and
to better describe DNOM afﬁnities towards major and trace cations. Various difﬁculties were encountered in the DNOM concentrating process. Modiﬁcation of DNOM properties and increase of
salt quantity during the concentration protocol were unwanted

In order to predict DNOM behaviour towards metals, different
theoretical models have been developed, based on a discrete or
continuous distribution of DNOM binding sites. These sites are
parameterized by ﬁtting of the titration data using linear methods
(Scatchard, 1949; Chau and Lum-Shue-Chan, 1974; Ružić, 1982) or
more appropriate non-linear ones (Sposito, 1981; Kinniburgh et al.,
1996; Tipping et al., 1998; Woolard and Linder, 1999; Town and
Filella, 2002; Dudal and Gerard, 2004; Garnier et al., 2005). Due
to low organic carbon content (0.1–1 mgC L1; Vetter et al., 2007)
associated with trace levels of metals (rarely higher than some
nmol L1), study of DNOM binding properties in unpolluted marine
waters still remains a challenge. The methodology proposed and
provided by the MONALISA (Matière Organique NAturelle en miLIeu SAlé) research project encompasses characterisation of concentrated DNOM marine samples by various analytical techniques
(Huguet et al., 2006; Nicolau et al., 2008). The characterisation of
such concentrated DNOM studied by its interaction with major
and trace cations was our primary task.
The aim of this study was the determination of binding properties of marine DNOM, concentrated by nano-ﬁltration followed by
reverse osmosis, towards copper and competition effects of copper
with calcium and proton. Potentiometric and pseudopolarographic
titration experiments that were carried out were simultaneously
ﬁtted using the software PROSECE (Garnier et al., 2004b) to determine the binding parameters depicting the targeted DNOM
reactivity.
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side effects which were minimized by using the two-step process
involving nano-ﬁltration and reverse osmosis. The ﬁrst step involved the concentration of 940 L of ﬁltered sample using nano-ﬁltration to reach 32 L. MilliQ water was added at the end of the
process to decrease the salinity, reaching a salinity value of 10.2
and a DOC content of 0.9 mmolC L1. In a second step, the 32 L of
nano-ﬁltered sample was concentrated by reverse osmosis to end
with 10.5 L of concentrated sample at a salinity of 28, a DOC content of 2.53 mmolC L1, representing about 31.4% of the total carbon initially present in the sample, which corresponds to a
classical recovery for this kind of technique (Vetter et al., 2007)
and a total copper concentration of 1.4 lmol L1. This concentrated
sample (1.5 L) was devoted to the analysis of DNOM reactivity, and
stored in dark at 4 °C after spiking with NaN3 (100 lL of 1 mol L1)
to prevent any biological activity.
To remove major and trace divalent cations, the sample was left
in contact with a Chelex100 resin, until the calcium and magnesium concentrations reached the ionic chromatographic detection
limit (1 lmol L1). Finally the total copper, cadmium and lead concentrations detectable by the used technique (DPASV), were below
1 nmol L1. If some metals remained after this Chelex treatment
(e.g. Fe3+), it should not signiﬁcantly inﬂuence the Cu/DNOM association as they form very strong and speciﬁc complexes with
DNOM (Bruland and Lohan, 2004). The ﬁnal DOC concentration
was of 1.2 mmolC L1. Subsequent potentiometric and voltammetric analysis were performed on this puriﬁed concentrated sample,
as well as on the ﬁltered (but not concentrated) sample also put in
contact with Chelex100 resin under the same conditions. Final major inorganic ions content was similar to seawater (salinity 37),
replacing divalent cations by sodium.
2.3. Experimental design and modelling
In order to deﬁne the reactivity of the studied DNOM towards
proton, potentiometric titrations were performed. Acid–base titration was carried out on 40 mL of the concentrated DNOM following
the procedure detailed elsewhere (Garnier et al., 2004c). Brieﬂy,
the experiment was conducted in a thermostated cell at
25 ± 0.2 °C connected to a cryostat regulating system (Fisher Scientiﬁc), using NaOH (0.10 mol L1, from NaOH 10 mol L1 concentrated Fisher Chemicals) and HNO3 (0.2 mol L1, from HNO3 69%
J.T. Baker) standardised CO2-free solutions, under stirring and
streamed by an ultra-pure nitrogen ﬂow (water-saturated and
decarbonated using 1 mol L1 NaOH solution).
DNOM acidic properties were characterised using a discrete
model of acidic sites distribution (LHi), each site deﬁned by two
1
parameters: a site density (LHiT in meq molC ) and a stability constant (pKai) (Lu and Allen, 2002; Garnier et al., 2004c). Obtained
experimental potentiometric data were ﬁtted using the software
PROSECE (available on request, free of charge) which has already
been successfully applied for potentiometric studies (Garnier
et al., 2004c, 2005; Lenoble et al., 2008). The ﬁtting resulted in
the determination of the optimal number of acidic sites with corresponding optimised protonation/stability constant (pKa) and density (LT) values. From these values, DNOM carboxylic-like sites
with acidic pKa values, and phenolic-like sites with more basic
pKa values can be differentiated.
Three series of experiments were carried out on the concentrated sample, to analyse the reactivity of the studied DNOM towards Cu2+ and competition effects of Cu2+ with Ca2+ and H+.
The ﬁrst experiment performed on 30 mL of the concentrated
sample at pH 8.2 resulted in construction of a pseudopolarogram
(Edep from 1.5 V to 0.1 V). Then, a known quantity of copper
was added to the sample. After waiting at least 1 h to reach equilibrium, another pseudopolarographic measurement was carried
out. Subsequently, several copper additions were performed in log-

arithmic increments (Garnier et al., 2004a,b), to cover a range from
10 nmol L1 to 50 lmol L1 (divided in 30 additions) in order to
study the variation of copper speciation with its increasing
concentration.
A second experiment corresponding to a calcium titration was
performed on the same sample with a ﬁxed total copper concentration of 12.5 lmol L1 and with six additions of calcium going from
1 lmol L1 to 20 mmol L1 (i.e. twice the natural marine concentration). This copper concentration was chosen as the middle of
the range covered in the previous experiment.
A third experiment was carried out by varying the pH from 8.7
to 3.5 by addition of HNO3 and NaOH in the sample with a total
concentration of copper ﬁxed to 4 lmol L1, chosen according to
ﬁrst pseudopolarographic experiment results.
The simultaneous ﬁtting of the data obtained by these three
experiments with the software PROSECE gave the complexation
parameters of the studied DNOM, describing its afﬁnities towards
Cu2+, Ca2+ and H+, taking account of cation competition effects.
To minimize the side effects on copper anodic stripping peak produced by organic matter adsorption on the mercury working electrode, a potential jump to 1.6 V was applied at the end of the
accumulation time during 3 s (Louis et al., 2008). For all voltammetric experiments, peak area was used as a characteristic signal
value. Corresponding copper concentrations (or portions) plotted
on all graphs were calculated according to sensitivity obtained in
organic-free seawater sample (UV-irradiated sample during 12 h).
The same sensitivity (0.0067 ± 0.0001 A V L mol1) was obtained
at both deposition potentials (1.5 V and 0.5 V) for the whole
analytical window (10 nmol L1–30 lmol L1).
Due to DNOM structural heterogeneity, mono- and multi-dentate ligands could be expected (Tipping et al., 1998). However,
due to experimental and ﬁtting uncertainties, it has been shown
in a theoretical study that the corresponding binding parameters
are often inaccurately determined (Garnier et al., 2005). So, in this
study DNOM binding properties towards cations were modelled
using a discrete distribution of mono-dentate binding ligands
(LMi), each deﬁned by four parameters: a site density (LMiT in
1
meq molC ) and stability constants (referring to the free cation
concentrations) towards copper (KCuLi), calcium (KCaLi) and proton
(pKai) (Garnier et al., 2004a; Sposito, 1981). Inorganic chemical
composition of the solution was taken into account to calculate
the inorganic speciation of copper and other cations, using thermodynamic stability constants from MINEQL and MINTEQ databases.
This categorization of ligands is a simpliﬁcation of true chemical
structures. Those are virtual entities used to simultaneously describe the interactions of DNOM binding sites with major and trace
cations, taking account of cation competition effects expected in
marine water. PROSECE was used to optimise the values of these
unknown parameters by simultaneously ﬁtting all the obtained
experimental data.

3. Results and discussion
3.1. DNOM acidic properties
Several discrete models of sites distribution ranging from 2 to 6
were tested by PROSECE to ﬁt the experimental potentiometric
titration points (Fig. 1). An optimal number of four acidic sites
was selected for these titration data, minimizing errors on titration
pH values calculated from differences between experimental and
calculated pH values, as described in Garnier et al. (2004c).
The total acidic sites density of analysed DNOM was estimated
1
as 445 ± 15 meq molC (Table 1). This high acidic content, e.g. 2.7
higher than fresh water DNOM studied by Lu and Allen (2002), has
no clear explanation. The same ﬁtting procedure was successfully
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Fig. 1. Potentiometric titration of the concentrated DNOM sample (closed circle;
DOC = 1.2 mmolC L1) and the ﬁtting curve obtained by PROSECE (solid line, four
ligands characterised in Table 1) as a function of nOH added; dashed line represents
the titration curve obtained in absence of DNOM complexation in MilliQ water
(with I = 0.7 M).

Fig. 2. Pseudopolarograms of interest obtained by DPASV for logarithmic copper
additions on the concentrated sample (pH = 8.2) represented as the fraction of
measured electro-active copper (compared to total added copper) as a function of
deposition potential. tdep = 297 s at Edep (from 1.5 V to 0.1 V) + 3 s at
Edep2 = 1.6 V.

applied to standard organic matter (Garnier et al., 2004c). In that
study, a limit for total acidic site concentrations of 0.04 meq was
estimated for a correct determination of acido–basic parameters
in low DOC conditions, under which an overestimation of the phenolic-like sites can be expected, compared to the carboxylic ones.
In this study, obtained results do not show this unexpectedly high
proportion of phenolic sites and total acidic sites content is in the
range of the deﬁned limit. Two classes of acidic sites can be differentiated depending on their pKa (Table 1): around 60% of carboxylic-like (LH1 and LH2 with a stability constant pKa of 3.6 ± 0.1
and 4.8 ± 0.1, respectively) and 40% of phenolic-like (LH3 and LH4
with a stability constant pKa of 8.6 ± 0.1 and 12 ± 0.4, respectively).
The most acid site (LH1) was the most abundant and represented
about 50% of the total acidic site density. These determined parameters are not used for determinations of the complexing parameters with cations, considering (as shown by Bufﬂe (1988)) that
the efﬁcient complexing sites represent only a small fraction (some
%) of the acidic sites. A comparable approach was used by Lenoble
et al. (2008) to investigate acidic and complexing properties of organic matter.

of peak currents obtained in the presence and in the absence of organic ligands (UV-digested). From these pseudopolarograms, two
well resolved waves can be differentiated: one at a very negative
deposition potential Edep = 1.4 V, and another at a more positive
potential Edep = 0.2 V. Pseudopolarographic waves obtained at
the more negative potential correspond to direct reduction of inert
copper complexes. Pseudopolarograms having two or more waves
were registered in many papers if a wide range of deposition
potentials was applied (e.g. Croot et al., 1999; Luther et al., 2001;
Louis et al., 2008). According to ‘‘chelate scale” presented by the
group of Luther III (Luther et al., 2001), thermodynamic stability
constant log K of these complexes is higher than 40. Similar copper
pseudopolarographic waves were registered in non-concentrated
samples (Luther et al., 2001; Louis et al., 2008).
The more positive pseudopolarographic wave (at 0.2 V) corresponds to a reduction of labile mostly inorganic copper complexes,
while kinetically labile, relatively weak organic complexes dissociated within the diffusion layer, contributed in some extent as well.
The potential plateau more negative than pseudopolarographic
waves of labile copper (<0.3 V) is usually used for determination
of copper complexing capacity. For this concentrated sample, voltammetric signals (peak areas) obtained by accumulation at
0.5 V were used for determination of copper complexing parameters. Addition of copper up to 1.53 lM produced only an increase
of the more negative wave. As the diffusion coefﬁcient of the
formed inert metal complexes reducible at more negative potential

3.2. Pseudopolarography experiments
Selected normalized pseudopolarograms of copper obtained
during titration of the concentrated seawater sample are presented
in Fig. 2. Normalized pseudopolarograms are constructed as ratio

Table 1
Properties of acidic and binding sites of the concentrated DNOM. Concentration of the acidic sites (LHi) and the associated acidic stability constant (pKa) are obtained by PROSECE
ﬁtting of experimental potentiometric data; and the two binding site density LM1 and LM2 and their stability constants (towards copper, calcium and proton) are deﬁned after
PROSECE simultaneous ﬁtting of copper logarithmic additions, calcium addition and pH variation.

Acidic sites
1
LHiT (meq molC )
pKa

Binding sites
1
LMiT (meq molC )
log KCuL
log KCaL
pKa

LH1

LH2

LH3

LH4

Carboxylic type

Phenolic type

Total acidic sites

210 ± 11
3.6 ± 0.1

54 ± 2
4.8 ± 0.1

80 ± 1
8.6 ± 0.1

101 ± 1
12.0 ± 0.4

264 ± 13

181 ± 2

445 ± 15

LM1

LM2

1.72 ± 0.13
9.9 ± 0.1
2.5 ± 0.4
8.6 ± 0.1

10.2 ± 3.2
6.9 ± 0.1
5.5 ± 0.6
8.2 ± 0.3
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is not known, it is not possible to know if this wave corresponds to
all formed inert copper complexes, or there are complexes which
are not reducible at the scanned deposition potential window.
The labile form ﬁrst appeared when total added copper concentration was 2.5 lM, indicating the range of concentrations of ligands
forming inert copper complexes (see next section for titration
curve and results). Detailed description of pseudopolarograms
was omitted here because pseudopolarographic curves served only
as a ﬁngerprint of the sample and are used for the selection of the
appropriate deposition potential for the rest of the experiment.
3.3. DNOM binding properties towards copper, calcium and proton
The difference between experimental points and non-complexing dashed line (Fig. 3A) clearly showed the strong afﬁnity of the
studied marine DNOM for copper in the scanned analytical range
at natural pH. With calcium additions, copper was progressively
dissociated from the DNOM binding sites, but even at a calcium
concentration twice the natural marine content, about 2 lmol L1
of copper still remained bound to DNOM (Fig. 3B on the left).
Therefore, a part of the DNOM binding sites was speciﬁc to Cu2+.
This observed tendency is in agreement with results previously obtained by Lu and Allen (2002) for Cu2+ competition with Ca2+ in a
freshwater DNOM.
Similarly, acidiﬁcation of the sample continuously decreased
the strength of DNOM/Cu2+ interactions, beginning at pH 8 to
end with negligible afﬁnities at pH 3.5 (Fig. 3B, on the right). If
DNOM binding sites were of carboxylic-like proton afﬁnities, copper dissociation would appear only at very acidic pH where H+/
Cu2+ competition could be efﬁcient. It indicates that the DNOM
sites involved in the copper binding have quite strong afﬁnities towards protons, so probably of phenolic-like nature, which is also in
agreement with results of Lu and Allen (2002) for the same type of
competition experiments. The slight increase of inorganic copper
fraction at basic pH corresponds to a higher competition of inorganic major ligands (OH, CO2
3 , . . .).
All the experimental data were ﬁtted simultaneously with PROSECE. Inorganic species were deﬁned from the salinity, replacing
Ca2+ and Mg2+ by Na+ as the sample was left in contact with Chelex100 resin used in the sodium form (so replacing Ca2+ and
Mg2+ by Na+ in solution). A distribution of two binding sites was

Fig. 3A. Copper logarithmic additions to the concentrated sample at pH = 8.2
(closed squares) at Edep = 0.5 V, pH values (open squares) and PROSECE corresponding ﬁtting (solid and dashed line). pCuT represents – log [total copper] and
pCulab is – log [electro-labile measured copper]. In inset, error on pH (open
triangles) and copper (closed triangles) ﬁtting. The large dashed line represents the
theoretical curve of non-complexed metal.

Fig. 3B. Labile copper fraction in the concentrated sample (closed diamonds) and
corresponding ﬁtted lines (solid line) as a function of: (1) on the left: total added
calcium concentration with a total concentration of copper [Cu]T = 12.5 lmol L1.
pH = 8.2, (2) on the right: pH variation for a total concentration of copper
[Cu]T = 4 lmol L1.

optimal to simulate these different titrations. It has to be underlined here, that the complexing properties of theses sites are independent from the acidic sites properties previously determined,
because only ligands accounted for copper complexation were considered in the ﬁtting procedure. The optimised values of the binding parameters (site densities and stability constants) are
summarized in Table 1 and the ﬁtted curves are shown in Figs.
3A and 3B. In comparison with the total acidic site density
1
(LHT = 445 ± 15 meq molC ), the total metal binding site density
1
(LMT = 11.9 ± 3.3 meq molC ) represents <3% as already shown for
natural organic matter (Bufﬂe, 1988). The reactivity of the studied
DNOM can be characterised by a ‘‘strong” complexing site (LM1)
speciﬁc to copper (Table 1, log KCuL = 9.9 ± 0.1) with a low afﬁnity
for calcium (log KCaL = 2.5 ± 0.4). Previous studies have already
shown the presence of strong ligands in marine water with the
copper stability constant equal or higher than 1010 using ASV or
Ad-CSV measurements, but without taking account of Ca2+ and
H+ competitive effects (Donat and Van Den Berg, 1992; Kogut
and Voelker, 2001; Wells et al., 1998). As DOC contents are rarely
mentioned in these papers, it is quite difﬁcult to compare the obtained results in terms of site density. Using a mean DOC value
of around 0.08 mmolC L1 expected for unpolluted coastal seawaters (Vetter et al., 2007), the optimised LM1 concentration
(138 ± 10 nmol L1) is still comparable to values obtained in previously cited literature. The second site (LM2) is less speciﬁc to copper
(log KCuL = 6.9 ± 0.1), with high calcium competition effect
(log KCaL = 5.5 ± 0.6). It can be pointed out, that the binding site
density and the stability constant log KCaL determined for the second site (LM2) are in good agreement with those found by Iglesias
et al. (2003) but obtained for a soil extracted fulvic acid at a pH of
1
6.5 (mean log KCaL = 5.41 and [LM2] about 7.8 meq molC ). Hirose
(2007) mentioned some log KCaL values this time for marine DNOM
and ranging from 3.1 to 3.9, but those values are not experimentally determined as they are obtained using the linear free-energy
relationships (LFER). This concept assumes that marine natural organic ligands are non-speciﬁc and non-selective regarding the
complexation of metal ions such as aminopolycarboxylic acids, so
DOM reactivity could be described by artiﬁcial organic ligands as
EDTA (Hirose, 1994). Results obtained in our study for a marine
DNOM did not conﬁrm this hypothesis, but are analogous to those
of Lu and Allen (2002) which suggested that Ca2+ and Mg2+ preferentially bind carboxylic-like sites contrary to Cu2+ which could be
associated strongly with phenolic-like sites, explaining the low
competitive effect between copper and major divalent cations for
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DNOM strong ligand. Another study in model estuarine conditions
obtained no major divalent cations effect on the complexation of
Cu2+ by an isolated peat humic acid (Hamilton-Taylor et al.,
2002), which supports the speciﬁcity of the strong ligand obtained
in this work. Considering their pKa values (around 8.4), both binding sites have afﬁnity towards proton of phenolic-like type.
3.4. DNOM model application for natural non-concentrated sample
The aim of this study is to demonstrate the use of the optimised
parameters obtained in previous experiments in speciation software such as MINEQL (Westall et al., 1976) or MOCO (Gonzalez
et al., 2001) in deﬁning the role of marine DNOM in trace metals
speciation. It is necessary to determine if DNOM reactivity has
been altered or not during the different concentration steps, especially its interactions towards cations. An experiment with logarithmic additions of copper was performed on the nonconcentrated ﬁltered seawater sample, previously treated with
Chelex100 resin. The added copper concentrations spanned the
range from 10 nmol L1 to 3 lmol L1 (Fig. 4).
MINEQL was used to simulate copper speciation which corresponds to the performed experiment. The chemical system was deﬁned taking account of the inorganic species, copper concentration
range and pH. Copper–DNOM complexing parameters for the two
groups of complexing sites (ligands) obtained in concentrated sample were incorporated in the MINEQL model taking into account
DOC content of 0.09 mmolC L1. It can be seen (Fig. 4) that model
titration curve ﬁtted the experimental data well, without any
adjustment of the binding parameters, and so validated the characterisation protocol used in this study and the optimised values.
Consequently, the fraction of organic matter non-concentrated by
means of nano-ﬁltration and reverse osmosis does not present differentiable binding properties. One previous study has already
shown that reverse osmosis concentration of DNOM does not modify its ability to complex trace metals and so regulate their toxicity
towards micro-organisms, but it has been performed on freshwater
sample without determining the DNOM binding properties (De
Schamphelaere et al., 2005).
Therefore, once the different experiments allowed the deﬁnition of the studied DNOM binding parameters, this DNOM model
integrated in MINEQL was used to predict the copper speciation
in a marine environment. Organic and inorganic forms of copper
were calculated depending on the pH in real conditions, i.e. this

Fig. 4. Copper logarithmic addition on the ﬁltered (DOC = 0.09 mmolC L1) DNOM
sample (closed squares) and MINEQL simulation (solid line). Edep = 0.5 V. Inset:
percentage of error on the copper ﬁtting (closed triangles). The large dashed line
represents the theoretical curve of non-complexed metal.

Fig. 5. Simulated distribution of inorganic (labile) copper complexes (dotted line)
and organic (inert) copper complexes (solid line) in seawater conditions as a
function of pH. DNOM complexing parameters obtained in this work were used
with MINEQL simulation.

time, with major cations and anion concentrations, DOC content
(0.09 mmolC L1) and [Cu]T (14.8 nmol L1) as measured in the ﬁltered sample before concentration. Among the major cations, only
the Ca2+/DNOM association is taken into account as it is known to
be the predominant one (Raspor et al., 1980). Distribution was calculated in the pH range from 5 to 9, but looking at natural marine
waters conditions, it appears that between pH 7.5 and 8.3 more
than 80% of total copper was complexed as organic forms
(Fig. 5). This percentage could seem quite low, compared to those
from studies in open oceans (Bruland and Lohan, 2004 and references therein), but it must be linked to the oligotrophic character
of our studied site associated with a relatively high Cu content,
which corroborates previous results (Louis et al., 2008). Compared
to the value of 1011 mol L1, deﬁned by Sunda et al. (1987) as the
limit of copper toxicity toward marine micro-organisms, the calculated free copper (Cu2+) concentrations ranged from 1.6 to 5  1011
mol L1, meaning that the studied coastal seawater, impacted by
some anthropogenic inputs, could be slightly toxic.
4. Conclusion
In this study, a speciﬁc protocol was used in order to characterise coastal marine DNOM properties toward copper, calcium and
proton. This protocol consisted of ﬁrstly concentrating a natural
seawater sample by nano-ﬁltration followed by reverse osmosis
to work with higher amounts of DNOM. Pseudopolarographic measurements were performed in order to deﬁne the deposition potential linked to the non-organic copper fraction and to distinguish the
different copper fractions, i.e. the labile part, the more or less
strongly-complexed part, or the inert part. Analysis of DNOM interactions with Cu2+, Ca2+ and H+ was performed by means of potentiometric titrations and pseudopolarographic measurements using
logarithmic mode of Cu additions, as well as scanning of the Ca2+
concentration and pH at a constant Cu2+ concentration. Simultaneous ﬁtting of all the data was carried out using PROSECE software to describe DNOM reactivity by the way of a discrete
distribution of binding sites, characterised by sites densities and
stability constants toward Cu2+, Ca2+ and H+.
Acidic properties of DNOM were correctly described by the use
of four acidic sites. The total acidic site density (446.4
1
meq mmolC ) was quite elevated, with mainly (60%) carboxyliclike type. Copper binding properties of DNOM were modelled by
two binding sites. The obtained densities and stability constants vs.
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Cu2+ were in accordance with the high reactivity of DNOM depicted towards copper in the literature. Simultaneous Ca2+ and
H+ competition effects toward Cu2+ binding, expected in marine
waters, were taken into account for the ﬁrst time, unlike previous
studies focusing on trace metals. The strongest binding site (log KCuL
of 9.9) appeared not to be very Ca2+ speciﬁc (log KCaL of 2.5), which
could be explained by its phenolic-like type (pKa of 8.6), Ca2+ being
probably more speciﬁcally bound by carboxylic-like sites (Lu and
Allen, 2002). In contrast, for the second weaker binding site, copper
(log KCuL of 6.9) was more in competition with Ca2+ (log KCaL of 5.5).
This DNOM model was validated by being integrated to MINEQL
code as it allowed a correct simulation of a titration experiment
performed on the non-concentrated DNOM sample. It indicated
that the concentration process did not strongly modify the DNOM
reactivity. Therefore, the obtained binding parameters values could
be used to depict DNOM role on Cu speciation in similar marine
environments, for instance by the way of MOCO-SiAM3D, a contaminant transport model developed by IFREMER (Gonzalez
et al., 2001).
The proposed analytical and modelling procedure is ready to be
used to study different coastal marine and estuarine DNOM, coming from contrasting zones, to better understand DNOM role on
metals speciation, and so their transport and bioavailability in
these speciﬁc environments.
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Branica, G., Lovrić, M., 1997. Pseudopolarography of totally irreversible redox
reactions. Electrochimica Acta 42, 1247–1251.
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