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a b s t r a c t

The influence of an adsorbed layer of the natural organic matter (NOM) on voltammetric

behaviour of copper on a mercury drop electrode in natural water samples was studied. The

adsorption of NOM strongly affects the differential pulse anodic stripping voltammogram

(DPASV) of copper, leading to its distortion. Phase sensitive ac voltammetry confirmed that

desorption of adsorbed NOM occurs in general at accumulation potentials more negative

than −1.4 V. Accordingly, an application of negative potential (−1.6 V) for a very short time

at the end of the accumulation time (1% of total accumulation time) to remove the adsorbed

NOM was introduced in the measuring procedure. Using this protocol, a well-resolved peak

without interferences was obtained. It was shown that stripping chronopotentiogram of

copper (SCP) in the depletive mode is influenced by the adsorbed layer in the same manner

as DPASV. The influence of the adsorbed NOM on pseudopolarographic measurements of
seudopolarography

peciation

race metals

copper and on determination of copper complexing capacity (CuCC) was demonstrated.

A shift of the peak potential and the change of the half-peak width on the accumula-

tion potential (for pseudopolarography) and on copper concentration in solution (for CuCC)

were observed. By applying a desorption step these effects vanished, yielding different final

results.

© 2007 Elsevier B.V. All rights reserved.

ligands/active sites of natural organic matter (NOM) [1–3]. In
. Introduction

he bioavailability and toxicity of metal ions to aquatic

rganisms is mainly related to concentrations of their free

hydrated) form [1–3]. The distribution of inorganic metal
pecies in natural waters with known composition of major
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most cases, complexation of trace metals with organic mat-
ter decreases their bioavailability and toxicity. Among several
methods for determination of chemical speciation [3], anodic
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stripping voltammetry (ASV) is an attractive method which
satisfies the requirements concerning sensitivity and selec-
tivity, while offering the benefit of low contamination risk
and alteration of original sample composition during analy-
sis. Speciation of trace metals by ASV is usually performed
by determination of metal complexing capacity (MCC) [3–5].
As a final result, concentration of ligands forming stable inert
complexes with a metal of interest and the corresponding con-
ditional stability constants (K′) are determined. It was recently
shown that voltammetric titration data (interactions of trace
metals with active sites of NOM) are mainly fitted to model
encompassing two discrete classes of ligands [4]. To ensure the
reliability of the obtained information, application of a wider
detection window (using logarithmic additions) is proposed
[5].

According to some studies, the limitation of ASV for metal
speciation is that it is a kinetically dependent technique [6],
i.e. some inert complexes may dissociate during the accu-
mulation period, which could lead to underestimation of
complexing parameters. However, this could be a good point
because such processes might occur on the biological cell
membranes as well [6].

The well-known pseudopolarographic approach in trace
metal speciation [7–20] has recently attracted new attention
due to the possibility to automate the process of recording
of pseudopolarograms. The benefit of using pseudopolarogra-
phy and a recently developed analogous technique, scanned
(deposition potential) stripping chronopotentiometry (SSCP),
is that obtained information about metal complexation are
similar to classical polarography, but achieved at significantly
lower metal concentrations [11,22–24]. As it is theoretically
described and experimentally verified, the complexation of a
metal by a ligand will cause a (slight) shift of reduction wave
of labile complexes towards more negative potentials, while
the inert complexes are separately reduced at more negative
potentials comparing to labile complexes [7–24]. The magni-
tude of these shifts (for both labile and inert complexes) is
related to the stability constant of the formed complex and to
the concentration of the free complexing ligand in the case of
labile complexes.

The interferences in voltammetry [3,23–31] are well known,
and one important problem is adsorption of surface active
substances (SAS) on the electrode surface. As a significant part
of NOM usually exhibit the properties of SAS [32], this pro-
cess is likely to occur when dealing with real sample in ASV.
In the literature it has been reported how the adsorption of
SAS influences the electrochemical reactions of copper [25–27]
and also that the desorption of adsorbed SAS occurs at more
negative potentials, producing well-resolved copper peak
[25,31].

Each interference affecting measurement is in some
extent converted into final speciation data and contributes
to more or less erroneous data. Thus, the intention
is to exclude interferences as much as possible during
measurements.

The main objective of this paper is to explore the impact

of an adsorbed layer of SAS on a mercury electrode in mea-
surements of copper complexing properties. The benefit of
removing the adsorbed layer by applying desorption step
in the procedure of complexing capacity determination and
a 6 0 6 ( 2 0 0 8 ) 37–44

pseudopolarographic measurement in seawater samples is
demonstrated.

2. Experimental

All voltammetric measurements were carried out using an
Autolab potentiostat (EcoChemie, Utrecht, The Netherlands)
(�Autolab or PGSTAT12) equipped with a Metrohm 663 VA
stand (Metrohm, Herisau, Switzerland). The instrument was
computer-controlled using GPES 4.9 control software. The
working electrode was a static mercury drop electrode (size
1, 0.25 mm2), the counter electrode was a platinum wire
or a glassy carbon rod, and the reference electrode was
Ag|AgCl (sat. NaCl). Stirring of the solution was performed by
built-in Teflon stirrer rotating at 3000 rpm. All measurements
were performed at room temperature (22 ± 1 ◦C). pH was con-
trolled by a Metrohm pH meter (Model 713) with a glass pH
electrode.

Differential pulse anodic stripping voltammetry (DPASV),
phase sensitive ac voltammetry and stripping chronopoten-
tiometry (SCP) were used as measuring techniques under
the following conditions (if not otherwise noted in figure
captions): pulse amplitude, A = 20 mV; potential step incre-
ment, Est inc = 2 mV; time between pulses, tint = 0.1 s; pulse
duration, tmod = 0.04 s; phase angle, � = 90◦. Other procedure
parameters are given in figure captions. For pseudopolaro-
graphic measurements, accumulation of metal ions was
performed during the deposition time (tacc) consecutively, at
a selected range of deposition potentials (Eacc) in defined
steps.

Pseudopolarographic measurements were carried out
automatically using the measuring procedure integrated in
the PROJECT mode offered by the GPES 4.9 software. A home-
written program capable to change either conditioning or
deposition potential was integrated in the measurement pro-
tocol to simplify the measurement protocol/project. Analysis
of voltammetric peaks and construction of pseudopolaro-
grams was performed using home-written software [10] (the
two home-written programs are available on request free of
charge).

All solutions were prepared in deionised water from a Milli-
pore Milli-Q system (Bedford, USA). Stock metal solutions (Cu,
Zn) were prepared by diluting a commercial standard solu-
tion (1.0 g L−1, Fluka, Buchs) in MQ-water. Concentrated nitric
acid was of supra pur grade (Merck, Darmstadt). Samples in the
cell (except for a.c voltammetric measurements) were purged
with oxygen-free nitrogen for at least 5 min prior the mea-
surement, followed by maintaining a nitrogen blanket above
the electrolyte surface during the measurement.

Natural water samples were taken in estuary of the Gapeau
river (Hyères, France) (sample 1, salinity = 35‰), in a small port
on island Prvić (Šepurine, Croatia) (sample 2, salinity = 38‰)
and in estuary of the Krka river (Šibenik, Croatia) (sample
3, salinity = 24‰). Surface water samples (0.2 m) were sam-
pled and stored in pre-cleaned 1 L high-density polyethylene
bottles (both from Nalgene Labware). Samples were filtered
through 0.45 �m cellulose–nitrate filters and stored at 4 ◦C
until analysed.
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. Results and discussions

he influence of SAS on the voltammetric behaviour of
opper was studied by anodic stripping voltammetry (ASV),
hase sensitive ac voltammetry, stripping chronopotentiom-
try (SCP) and pseudopolarography.

.1. Influence of SAS on ASV of copper

oltammograms of copper (1.4 × 10−7 mol L−1, determined
fter acidification and UV digestion) in seawater using DPASV
nd different parameters during the accumulation period are
hown in Fig. 1. An appropriate accumulation potential to
educe the labile part only was selected on the basis of cor-
esponding pseudopolarograms [10]. Electrochemical reaction
f copper in chloride media occurs via a monovalent cop-
er (Cu(I)) intermediate [27,33], which causes a shift in the
opper peak position toward a more negative potential, a
alf-peak width which corresponds to a one-electron charge
ransfer reaction, and a peak height about half the value of
hat recorded in the absence of chloride (oxidation from mono-
alent copper to divalent copper also occurs but overlaps
ith the mercury oxidation and is therefore not observed).
he anodic peak observed at −0.17 V in curve 1 (Fig. 1) was
btained with an accumulation potential of −0.45 V. The mea-
ured half-peak width is 115 mV, which is wider than expected.
he relatively high and slowly rising background current and

he poorly defined peak made it difficult to determine exactly
he copper peak height. Furthermore, an additional small peak
as observed on the anodic side of the main peak, indicat-

ng occurrence of non-faradaic surface reactions from the
dsorbed state [25,26].

Curve 2 (Fig. 1) was obtained using an accumulation poten-
ial of −1.6 V. Compared to curve 1, a more pronounced

xidation peak of copper was observed, together with a sig-
ificant decrease in the background current. The peak current
as increased by a factor of three, and the half-peak width was

educed to 85 mV (corresponding to a reversible one-electron

ig. 1 – DPAS voltammograms of copper in seawater
ample (sample 1) obtained using different experimental
arameters: (1) tacc = 300 s at Eacc = −0.45 V; (2) tacc = 300 s at

acc = −1.6 V; (3) tacc = 297 s at Eacc = −0.45 V and tacc = 3 s at

acc = −1.6 V.
6 0 6 ( 2 0 0 8 ) 37–44 39

charge transfer). Taking into account that more stable metal
complexes also should be reduced at very negative potentials
[12–17], the results obtained in curves 1 and 2 indicate that
only approximately 30% of the total dissolved copper exists
in labile metal complexes in the actual sample. However, on
the basis of curve 3 (Fig. 1), a completely different conclusion
is drawn. In this experiment, the same accumulation poten-
tial as in curve 1 (−0.45 V) was used for 297 s, and then for
the last 3 s the applied potential was set to −1.6 V. The peak
height decreased only by about 30% compared to curve 2, and
the half-peak width remained surprisingly the same (87 mV).
It is obvious that, by applying a very negative potential for
only 1% of the total accumulation time, significant changes
regarding the electrochemical processes at the mercury sur-
face occur. This phenomenon is described in the literature
for model solutions using extracted hydrophobic organic mat-
ter from seawater added to perchlorate supporting electrolyte
[25]. It is supposed that the adsorbed SAS hinders the electro-
chemical reaction of copper during the stripping mode (curve
1) although, by applying a very negative potential, desorption
of SAS takes place and produces a stripping peak without
interferences (curve 3). The small difference between peak
heights in curves 2 and 3 could be attributed to the actual
difference between the fraction of labile and stronger metal
complexes. If experiments are performed in such a way that
initial potential is in the range of SAS adsorption (more posi-
tive that −1.1 V), some small portion of SAS will be adsorbed
on the electrode surface during the equilibrium time and strip-
ping time. However, as during this time the mass transfer is
controlled mainly by the diffusion, the extent of adsorbed SAS
could be considered as minor. To explore this phenomenon
of SAS adsorption, experiments utilizing phase sensitive ac
voltammetry were performed.

It is well known that adsorption of surface active sub-
stances (SAS) on a mercury electrode surface occurs usually
in a potential range from 0.1 to −1.3 V [34–36]. Adsorption of
SAS is usually the strongest in the range of an electrocapil-
lary maximum of the mercury electrode (around −0.6 V) and
depends both on the type of SAS and on the sample composi-
tion (major ions). The content of SAS in a natural sample could
be easily quantified and characterized using phase sensitive
ac voltammetry (phase angle = 90◦) [34–36]. The procedure is
based on the measurement of the capacitive current (or capac-
itance) at a potential of maximum adsorption (around −0.6 V)
after applying an accumulation step (usually at accumula-
tion potential of −0.6 V) during the chosen accumulation time.
The resulting decrease in capacitive current corresponds to
the concentration of SAS, while the capacitive current at zero
accumulation time was taken as the reference value with-
out adsorbed SAS. To explore these phenomena observed in
Fig. 1, measurements of capacitive current at different accu-
mulation potentials were performed (sample 1). Fig. 2 shows
the differences in capacitive currents (related to the current
at the most negative accumulation potential, −1.6 V) in rela-
tion to the accumulation potential. The procedure for curve
1 was the following: accumulation at desired potentials (dur-

ing 60 s) followed by measurement of the capacitive current
at −0.60 V, while for curve 2 at the end of accumulation time
the potential of −1.6 V was applied for 1 s. It is evident that
by applying the negative potential, almost a complete layer of
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Fig. 2 – Difference of capacitive current (measured at −0.6 V)
vs. accumulation potential obtained in seawater sample
(sample 1) using accumulation time of 60 s and without (1)
and with (2) 1 s at −1.6 V at the end of accumulation time
(−1.6 V used as reference potential). Curve 3 corresponds to
UV irradiated sample without desorption step. Inset:
dependence of the difference of capacitive current on the
accumulation time: (1) Eacc = −0.6 V; (2) Eacc = −0.6 V and
E = −1.6 V for 1 s; (3) E = −1.6 V. Parameters: f = 75.12 Hz,

Fig. 3 – Stripping chronopotentiograms of copper in
seawater sample (sample 1) obtained using different
experimental parameters: (1) tacc = 300 s at Eacc = −0.45 V; (2)
tacc = 297 s at Eacc = −0.45 V and tacc = 3 s at Eacc = −1.6 V.
acc acc

tmod = 0.21 s, tint = 0.61 s, phase angle = 90◦.

adsorbed SAS is removed from the mercury surface. From the
inset to Fig. 2, it can be evaluated that a degree of surface cover-
age attained during 30 s at −0.6 V without the desorption step
(curve 1) corresponds to the degree attained during 600 s of
accumulation time for curve with the potential jump (curve 2).
However, compared to the dependence obtained for the accu-
mulation at only the most negative potential (−1.6 V, curve 3),
some SAS still remained on the mercury surface. For compar-
ison, measurements in a UV irradiated sample without using
the desorption step was performed (curve 3). As the NOM was
destroyed by the prolonged exposure of the sample to UV light
(14 h), the observed effect of adsorbed layer decreased to less
than 10% of that obtained in the UV untreated sample (curve
1).

From the results given in Figs. 1 and 2, it is obvious that
the ASV of copper (curve 1, Fig. 1) is strongly influenced by the
adsorbed SAS layer. The simple experiments presented above
show that such undesired effects can easily be eliminated or
reduced, giving more correct information about speciation.

3.2. Stripping chronopotentiometric (SCP)
measurements

Usually, substances adsorbed on an electrode surface have
more effect on voltammetric shape obtained using pulse
techniques than using direct mode techniques. It was
demonstrated in model electrolyte solutions that stripping
chronopotentiometry (SCP) in depletive mode has an advan-

tage over ASV in pulsed mode if adsorption processes take
place at the electrode surface [21–24]. Because of NOM het-
erogeneity, such situations are likely to occur in analysis of
natural water samples, and SCP should be taken into account
Istripp = 2 × 10−9 A. For both curves, an equilibrium potential
of −0.5 V for 10 s was used.

in the measurement protocols as a comparative technique.
In general, SCP offers better resolution/separation of adjacent
peaks than ASV, but its detection limit is in most cases poorer
than that of ASV.

Fig. 3 shows the stripping chronopotentiograms of cop-
per in sample 1. According to the literature, SCP in depletive
mode is recommended because all the accumulated metal is
stripped out from the mercury, while at the same time slow
oxidation produces less interferences on the mercury surface
[23]. Thus, the stripping current of 2 × 10−9 A was applied in
the stripping stage. Curve 1 is acquired by accumulation at
−0.45 V during 300 s. Comparing to curve 1 in Fig. 1 a simi-
lar shape is obtained, but taking into account the background
current, the copper peak is poorly defined, which supports the
thesis of lower sensitivity of SCP compared to ASV in pulse
mode. Small shoulder on the anodic side of the peak is also
noticeable, indicating some surface reaction, probably non-
faradic. Similarly to ASV, keeping the electrode for only three
(3) seconds at the end of the accumulation time at a very neg-
ative potential (−1.6 V), resulted in a more pronounced peak
(curve 2, Fig. 3). This experiment shows that, although the SCP
in some cases is superior to ASV, in our sample of seawater the
improvement of the signal resolution/evolution was not reg-
istered, and all the subsequent experiments were carried out
employing only ASV.

3.3. Pseudopolarographic measurements

The influence of SAS adsorption on a mercury electrode
on the shape of copper pseudopolarograms in the seawater
sample (sample 2) was investigated. Copper pseudopolaro-
grams were recorded without added copper, because relatively
high concentration of copper was found in the sample

(1.8 × 10−7 mol L−1).

Fig. 4a shows two pseudopolarograms of copper obtained
with different voltammetric parameters during the accumu-
lation period. To exclude a possible change in the sample
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Fig. 4 – Pseudopolarograms of copper in seawater sample
(sample 2) obtained without (curve 1) and with (curve 2)
desorption step constructed using peak height (a), anodic
peak potential (b) and half-peak width (c). Total
accumulation time was tacc = 300 s. Solid line in (a)
corresponds to pseudopolarogram of zinc performed
separately in a new sample (peak currents of zinc are scaled
b
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graphic waves is dependent on the metal complexes existing
y factor of 0.75 to correspond to peak currents of copper).

roperties and experimental conditions during prolonged
easurements (several hours), the pseudopolarograms were

ecorded in a way that both voltammetric procedures (with 3 s
f desorption time at −1.6 V and without it) were applied for
ach accumulation potential one after the other (in a com-
utation mode). As in previous figures, curve 1 represents

he procedure performed without applying the desorption
tep, while for curve 2, a potential jump to −1.6 V for 3 s at
he end of the accumulation time was applied. The differ-
nce between the two pseudopolarograms is obvious. Using
he desorption step (curve 2), two very well defined waves

ere obtained. The first wave at a potential of −0.2 V corre-

ponds to the reduction of labile copper complexes. In the
otential range between −0.4 and −1.15 V, a wide plateau was
6 0 6 ( 2 0 0 8 ) 37–44 41

registered, which indicates that no reduction process of any
additional copper species took place. At more negative poten-
tials (<−1.15 V) the copper peak current increased, producing a
wave that extended over the potential range of 300 mV. Several
speculations could be drawn for this wave: (1) the reduction
of a group of inert copper complexes with very high stabil-
ity constants [9,12–15], (2) an intermetallic compound of Cu
and Zn, which is formed in this range of potentials, usually
increases the copper peak height [20,23], and (3) a decrease in
SAS adsorption on the mercury surface with an increase in the
accumulation potential to more negative values (see Fig. 2).
The detailed analysis of the pseudopolarograms and addi-
tional measurements performed on separate samples showed
that the first (1) scenario is the most probable one, i.e. the
reduction of inert metal complexes. Assumption 2 was dis-
carded by additional insight in the zinc pseudopolarogram
(Fig. 4a), which shows that the rising part of the copper peak
height started at potentials where the main portion of the
limiting current of zinc pseudopolarogram has already been
reached. In the case of formation of an intermetallic com-
pound between Cu and Zn, the starting point of the wave
should be more positive than what we observed. Assump-
tion 3 is less probable than assumption 1 since by comparing
Fig. 4b and c, it can be noticed that both the peak poten-
tial and the half-peak width in this potential range do not
change after using the desorption step. As the increase of this
wave, compared to the preceding plateau, is about 20%, it is to
expect a small change in values of these two parameters (peak
potential and half-peak width). This assumption is drawn on
the basis of the dependences of peak potential and half-peak
width on the accumulation potential without the desorption
step, where a considerable change of these two parameters
occurred (curves 1).

The three plots in Fig. 4 clearly evidence that the adsorbed
layer of SAS has a significant impact on all three parameters
of the voltammetric peak (height, potential and half-width).
The intensity of this influence is dependent on the accumula-
tion potential, as well as on the concentration of copper inside
the mercury drop. The obtained results are in a very good
agreement with our results obtained with ac voltammetry.
At potentials more negative than −1.4 V the effect is negli-
gible. However, by increasing the accumulation potential, the
influence of SAS also increases and remains constant around
the potential of maximal adsorption (∼−0.6 V). At accumu-
lation potentials more positive than −0.2 V, the peak height
decreased (reduction wave of labile copper) causing a shift in
peak potential and broadening of the peak.

A detailed examination of curve 1 in Fig. 4a reveals three
separate waves. The height of the first wave at −0.2 V barely
reaches 50% of the equivalent wave using the desorption
step (curve 2), while the wave at the more negative potential
(around −1.3 V) expands from −0.9 to −1.5 V. An additional
(third) poorly resolved wave appears at a potential around
−0.5 V. Compared to curve 2, a considerable detachment is evi-
dent by applying the desorption step. As pointed out in several
papers, the position, numbers, and shape of the pseudopolaro-
in the sample [10,12–23,37], and stability constants of labile
metal complexes can easily be calculated [12–15,38]. The more
negative pseudopolarographic wave that we obtained using
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Fig. 5 – Copper ion titration curve for the determination of
CuCC in brackish water sample (sample 3) without (curve 1)
and with (curve 2) applied desorption step. Procedure
parameters: total tacc = 300 s, Eacc = −0.5 V, desorption
potential, Eacc = −1.65 V. Curve 3 corresponds to peak height
ratio of curve 2 and 1.

Table 1 – Ligand concentration, [L] and apparent stability
constant, K′ obtained in brackish water sample using
two different protocols

[L] (mol L−1) K′ (mol−1 L)
42 a n a l y t i c a c h i m i c a

the desorption step corresponds to a thermodynamic stabil-
ity constant of the formed complex in the order of log K ∼39
(estimated according to “chelate scale” previously presented
by group of Luther III [12–15]). Such a high stability constant of
copper complexes has previously been reported by pseudopo-
larography and ascribed to the complex formed with a ligand
produced by cyanobacteria [13]. However, a more detailed
study should be performed to confirm such an assumption
for our sample.

Similarly to the more negative wave, the small (third) wave
around −0.5 V observed on curve 1 could be assigned to the
reduction of a copper complex. However, as this wave is not
registered using the desorption step (curve 2), it is fully clear
that its formation is the result of surface reactions on the mer-
cury electrode caused by the adsorbed organic matter, and
that metal complex does not exist in the bulk of the sample in
sufficient concentration to produce measurable wave.

The curves representing the dependence of the peak posi-
tion and half-peak width on the accumulation potential
(Fig. 4b and c) show strong interaction of copper with ligands
from the adsorbed layer during oxidation process and indi-
cate formation of kinetically labile complexes which affect the
peak position and half-peak width [26,28]. Although studies
of such interactions are important and useful for interpreta-
tion of voltammetric data [28,35], the main goal in speciation
measurements is characterization of trace metal interactions
with ligands within the bulk of the sample [2]. Thus, any inter-
ference in the voltammetric measurement occurring at the
surface of the electrode is inauspicious and should be avoided.
This evident example shows a delicate situation, which could
initiate inaccurate conclusion about metal speciation in nat-
ural water sample.

3.4. Determination of metal complexing capacity
(MCC)

Determination of metal complexing capacity (MCC) is very
often used as a method to characterize particular natural
water, either as a parameter in metal speciation or the char-
acterization of the natural organic mater (NOM) [1–5]. Copper
is usually used as the target metal, because it forms the most
stable complexes among metals which are easily determined
by ASV. However, the above-mentioned complications regard-
ing the adsorption of NOM in ASV are strongly pronounced in
a stripping process of copper [25].

Fig. 5 shows an example of determination of copper com-
plexing capacity (CuCC) in a brackish water sample (sample 3)
using the two different protocols mentioned in previous sec-
tions. Curve 1 on each plot corresponds to the protocol without
using the desorption step, while all curves 2 were obtained
by applying a potential jump to −1.65 V for 3 s at the end of
the accumulation time (297 s). The initial (ambient) copper
concentration in the sample was 1.05 × 10−8 mol L−1. As the
reduction of only labile fraction of copper is a prerequisite
in CuCC determination, a proper accumulation potential of
−0.5 V is selected on the basis of the copper pseudopolaro-

gram shown in Fig. 4a, curve 2. The difference between the
complexing curves recorded using the two protocols is evident
(Fig. 5a). Although the shape is not strongly influenced, the rel-
atively large difference in peak currents is obvious. The ratio of
Without desorption step 3.40 × 10−8 4.14 × 108 (log K′ = 8.62)
With desorption step 1.41 × 10−8 2.70 × 108 (log K′ = 8.43)

peak currents (curve 3) decreases by addition of copper, which
indicates a relatively diminishing influence of the adsorbed
SAS on copper electrochemical reactions occurring during the

stripping step. Complexing capacity parameters (ligand con-
centration and stability constant) were obtained using the
Ružić–van den Berg linearization method [39,40] assuming the
1:1 metal–ligand interaction (Table 1). Without the desorption
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tep, almost a 2.5 times higher concentration of complexing
igand was obtained, while the apparent stability constant
ncreased only slightly. It is obvious that the increased lig-
nd concentration obtained without the desorption step is
he result of the adsorbed SAS. Although the absolute dif-
erence in ligand concentration is not large, it is evident
hat without the desorption step, the ligand concentration is
verestimated. As a consequence, different speciation results
oncerning copper distribution in a particular sample are
nevitable.

Very important parameter in the protocol of MCC deter-
ination is the sensitivity, which is used for transformation

f peak heights into the concentration of metal found in the
ample (this step is a prerequisite for all calculations in metal
peciation studies using voltammetric methods) [5]. Usually,
uthors use the sensitivity obtained either in the range where,
ccording to the titration curve, all sites are almost satu-
ated (linear part of the plot) [39,41] or from the separately
etermined sensitivity in a UV digested sample (where all
rganic matter is destroyed) [31]. According to the theoret-

cal calculations for metal complexes with known stability
onstants, the slope which corresponds to the titration curve
ithout the ligands is never reached in real samples (only

symptotically approaching) [5]. The intensity of convergence
epends on the stability constant of formed metal complexes.
s the apparent stability constant is lower, higher concen-

rations of added metal are needed in order to be closer
o the real slope, and the logarithmic model of metal addi-
ion is advisable [5]. If the slope/sensitivity obtained in the
V sample is used for data transformation, more erroneous

esults could be obtained, if the protocol without the desorp-
ion step is used (in the UV sample, SAS are destroyed and
he effect of adsorbed SAS on the peak height vanishes, see
urve 3 in Fig. 2). However, for the transformation of data
btained using the desorption step, the sensitivity obtained

n the UV sample is recommended, but critical examination
f both slopes should be done before the final data treat-
ent/conversion.

. Conclusion

s shown in many papers, the adsorption of natural organic
atter (NOM) on the surface of working electrodes pro-

uces effects which interfere with electrochemical reactions
f metal ions. Such interferences are amplified in ASV of cop-
er in natural water samples. In this work, we used a protocol
hich utilizes desorption of the NOM to obtain reliable cop-
er voltammograms, free of interferences. According to phase
ensitive ac voltammetric measurements, most of the NOM
s desorbed at potentials <−1.4 V. Application of a very neg-
tive potential in ASV at the end of the accumulation time
or a short period of time (3 s) produced anodic peaks of cop-
er free of artefacts. Although it is shown in the literature
hat stripping chronopotentiometry in the depletive mode is
ess sensitive to adsorption processes than ASV in the pulse
ode, no benefit is obtained using this technique in measure-
ents in natural samples without the desorption step. The

pplication of desorption step could be very beneficial in ASV
easurements using solid electrodes.
6 0 6 ( 2 0 0 8 ) 37–44 43

Recently, it was shown that pseudopolarography (and an
analogue method, scanned stripping chronopotentiometry) is
a powerful technique in the speciation of trace metals in nat-
ural waters. Various theories, describing probable conditions
which could arise in such measurements, were developed and
tested in model solutions. However, as the natural water is a
mixture of many different compounds, it is very important to
resolve/recognize processes which occur during the measure-
ments. We showed that the adsorbed layer of NOM strongly
influences a pseudopolarogram of copper, producing changes
in its shape and intensity. It also influences the peak potential
and half-peak width of single copper anodic voltammograms.
Analysis of such pseudopolarograms according to theoretical
postulates could lead to incorrect conclusions. Application of
the desorption step produces very well resolved pseudopolaro-
grams of copper, without any of the above mentioned draw-
backs, which is a benefit in copper speciation consideration.

Similar benefits of the desorption step were registered in
the determination of copper complexing capacity (CuCC). The
adsorbed layer of NOM caused an apparent 2.5-fold increase
in ligand concentration compared to the protocol which uti-
lizes the desorption of NOM, while the conditional stability
constant slightly increased. It is important to note that the
amount of reduced copper from inert copper complexes dur-
ing short desorption step at −1.6 V is negligible comparing
to amount of labile copper reduced at more positive poten-
tials (∼−0.5 V), which is prerequisite in determination of CuCC
(desorption step usually contributes to only 1% of the total
accumulation).

These experiments show the importance of distinguishing
processes which occur as the consequence of metal complex-
ation with ligands from the bulk of the solution, and processes
arising as the product of a surface reaction with adsorbed lig-
ands.

To eliminate the artefacts of the adsorption of NOM upon
the copper speciation results using ASV, the application of
described desorption step is recommended.
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[5] C. Garnier, I. Pižeta, S. Mounier, J.Y. Benaı̈m, M. Branica,
Anal. Chim. Acta 505 (2004) 263.

[6] H.P. van Leeuwen, R.M. Town, J. Buffle, R.F.M.J. Cleven, W.
Davison, J. Puy, W.H. van Riemsdijk, L. Sigg, Environ. Sci.
Technol. 39 (2005) 8545.
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[39] I. Ružić, Anal. Chim. Acta 140 (1982) 99.
[40] C.M.G. van den Berg, Mar. Chem. 11 (1982) 323.
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