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Abstract We developed a stripping chronopotentiomet-
ric method (constant current stripping analysis, CCSA)
with a mercury film electrode for selenium quantification
in seawater. A sensitivity and detection limit of
222msng~'land 4 ng 1 (50 pM), respectively, were
accomplished for a 3-min electrolysis time. Compared to
the other chronopotentiometric methods available for a
single selenium measurement only in natural waters, our
procedure exhibits a ten times better sensitivity. It,
therefore, allows one to reach the current concentration
thresholds found in coastal and oceanic waters (30-
200 ng 17'). Moreover, a simple change in operating
conditions enables one to also quantify Se(IV), a toxic
dissolved species. With respect to the other electro-
chemical methods of current use, our procedure is ben-
eficial because of its ease-of-use: it needs neither
degassing step, nor catalyser.

Keywords Stripping chronopotentiometry - Selenium -
Selenium(IV) - Seawater

Introduction

The metalloid selenium is essential for the vital functions
of marine organisms. The enzyme, glutathion peroxi-
dase, requires it as a cofactor to catalyse reactions. Total
selenium is found in seawater at low concentrations [1],
i.e. within 30-200 ng 17'; but, they can reach 400 ng
I”! in the estuaries submitted to high anthropogenic
pressure [2, 3]. Anthropogenic selenium inputs to the
marine environment come mainly from refining, fossil
fuels combustion (coal, oil), mining and agriculture be-
cause of its use as pesticide and antifungal agent [4].
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Though being useful, selenium is also known for its
toxicity, which depends not only on its total concen-
tration, but also on its speciation. In seawater, dissolved
selenium is, indeed, found as inorganic compound at the
following oxidation degrees +1IV (HSeO5™, Se0,7") and
+ VI (Se0,*7): among the selenium species, the latter,
selenate, is the major one, whereas the former, selenite,
shows the highest toxicity [5].

Selenium can be measured by various techniques such
as hydride generation followed with electrothermal
atomic absorption spectrometry [6, 7], atomic fluores-
cence spectrometry [8], high performance liquid chro-
matography [9], gas chromatography [10], inductively
coupled plasma mass spectrometry [11] and electro-
chemical stripping methods. Among them, the electro-
chemical stripping ones seem a good choice for metal
analysis because of their performances, especially their
very high-sensitivity and high-selectivity associated with
quite low detection thresholds. Moreover, the seawater
matrix is an “ideal” electrolyte for such measurements.
It is worth noting that the instruments required for these
low-cost and quick measurements are compact and well-
suited for field measurements on oceanographic vessels.

All electrochemical stripping procedures require two
steps: over the first one, the metal of concern is pre-
concentrated at the surface of the working electrode, and
the second step corresponds to the metal stripping. The
current methods for selenium electrochemical analysis
are based on voltammetry, i.e. cathodic stripping vol-
tammetry (CSV) [12-22], catalytic CSV [5, 23] or anodic
stripping voltammetry (ASV) [24]. Even though all of
them reach detection limits sufficient for selenium
quantification in the seawater, the existence of organic
matter in the studied medium restricts their use. So,
another possible solution would be chronopotentiome-
try, ie., constant current stripping analysis (CCSA).
With this technique, the pre-concentration step is like
the one in voltammetry procedures, whereas stripping is
performed through the application of a constant current
instead of a potential sweeping. In CCSA, the potential
change of the working electrode is measured as a func-
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tion of time and the metal determination is therefore not
based on current measurement. This eliminates mea-
surement errors caused by the liquid resistance between
the electrodes and the potential drop over the electrical
double layer around the electrode. This technique is then
much less affected by adsorbed organic matter than
other technique such ASV [25, 26]. Moreover, it enables
one to work with non-deoxigenated samples [27-29],
which avoids perturbations in the medium induced by
addition of a gas, e.g., variation of the chemical equi-
librium, pH,... and saves about 10 min over the whole
analysis time.

Till now, selenium quantification by stripping chro-
nopotentiometry had been carried out only in biological
matrices and natural waters [30-32] where it has been
found at concentrations higher (i.e., within 0.5
10 pg 171 than those observed in seawater; no chrono-
potentiometric method is available for selenium analysis
in the seawater. This led us to develop a sensitive and
reliable procedure for routine measurement of total
selenium in this medium. In addition, our aim was also
to use it to assess, among selenium species, the concen-
tration of the most toxic of them, Se(IV).

Experimental
Instrumentation

A TraceLab PSU22 potentiometric stripping unit
(RADIOMETER Copenhagen) with a potential sam-
pling rate of 90 kHz during the stripping step [28],
interfaced to a personal computer and controlled by the
TAP2 Trace Talk program (RADIOMETER) was used
to get the potentiograms. All instrumental settings
(electrolysis-potential and -time, stirring, stripping cur-
rent, evaluation of stripping signals, calculation of
sample pre-concentrations and statistical treatment of
data) were pre-programmed into the TAP2 program and
automatically executed.

The system operates on a three-electrode basis: (1) a
rotating glassy carbon electrode (EDI10IT, 5 mm in
diameter) coated with a mercury film and connected to a
CTV101 unit that provides a constant rotating rate, (2) a
laboratory-made Ag/AgCl (Saturated KCI, suprapur
MERCK) reference electrode, and (3) a platinum aux-
iliary electrode (P136, RADIOMETER). The third one
is isolated from the sample via a 0.1-M HNO; solution-
filled saline bridge (suprapur MERCK). This prevents
chlorine from forming at the auxiliary electrode during
the stripping step in a chloride-rich matrix when rela-
tively high currents are used. Indeed, the existence of
chlorine near the working electrode may induce selenite
oxidation into selenate, a non-electroactive species, and
therefore would cause signal loss [33].

The mercury film is plated on the working electrode
Just before the first selenium measurement. It is depos-
ited through the application of —900 mV for 10 min
from Hg’"ions added to the sample at the 50 pM

concentration, Then, the electrode is conditioned for
30 s under a —500-mV potential prior to any electroly-
sis-stripping cycle.

During mercury film plating, electrode conditioning
and pre-concentration step, the angular velocity of the
working electrode was kept constant at 3,000 rpm. It
was set to the lowest possible value (3 rpm) throughout
the stripping step.

Pre-treatment of the working electrode

As the exchange of electrons occurs at the surface of the
working electrode, physical conditioning of the glassy
carbon is critical to obtain a high quality mercury film
electrode. Before the beginning of the trials, the elec-
trode was polished with a diamond paste of gradually
decreasing grain size (6, 3, 1 and 0.25 pm) until a mirror
like surface was obtained. A washing with ethanol and a
ultrasonic cleaning was then conducted to remove
residual particles.

Chemicals

All solutions were made with deionised water from a
Milli-Q RG system. The Hg(NO,), solution (0.01 M)
was prepared by dissolving Hg (hexadistilled) in con-
centrated HNO; (suprapur MERCK). The working
standard solution of Se(IV) (10 ng L") was prepared
every day [33] by dilution from a SeQ,1,000 ppm stock
(MERCK). The other reagents used, HCI (30%), NaOH
(30%) and CaCl,, 4H,O (1.6 M), were of suprapur
quality from MERCK. All handling and measurements
were performed in a 100-class laminar Aow chamber.

Sample collection and treatment

A coastal seawater was collected in the Bay of Brest
(France) with a polypropylene-made bottle specifically
designed for trace metal analysis (NOEX-modified by
INSU, France). In the next 30 min, the seawater was
passed through a 0.45-um-MILLIPORE-HA filter, then
fractionated into aliquots stored in Nalgene flasks and
freezed. Among selenium species, Se(IV) is the only
electroactive one. Total selenium measurement needs
prior UV-digestion of the seawater to transform the
various chemical species into Se(IV) under appropriate
chemical conditions. Various procedures being available
[5, 6, 20]; we selected the one described by Lange and
van den Berg [5] because of its simplicity, which limits
sample contamination. It consists in a 4-hour UV-
digestion at pH > 8.3.

Method principle

Constant current stripping analysis consists of two steps.
Over the first one (electrolysis) Se(IV) is reduced into



Se(-IT) in acidic medium through the application of
Jjudiciously chosen potential. According to Kolthoff and
Lingane [34] hydrogen selenide is the first produced
compound:

H,SeO; + 6H' + 66~ — H,Se + 3H,0 (1)

Then, in presence of mercury, it makes a poorly-soluble
salt, HgSe, as follows:

H,Se + Hg — HgSe + 2H™ + 2¢~ (2)

The overall reaction can be written as follows:

H;S8¢0; + Hg + 4H* + 4e~ — HgSe + 3H,0 (3)

Over the second step (stripping), the Hg(II), previously
deposited at the electrode surface as HgSe, is reduced
into Hg(0) by application of a constant current:

HgSe + 2e™ + 2H™ — Hg + H,Se (4)

Selenium amount is, therefore, indirectly determined
from the measured signal corresponding to the reduction
of HgSe to metal mercury. During the stripping step, the
potentiometric stripping unit measures the potential up
to 90,000 times per second and counts how many times
the measured potential is within a certain potential
interval of 2 mV. The number of counts versus potential
is registered as the scan curve. The signal is given by the
area of the peak corresponding to the time, ¢ , used to
strip HgSe from the electrode and expressed in milli-
second (ms) as follows [30]:

1, o ISV )iAK

(5)
where £, is the electrolysis time, [Se(IV)] is the bulk
concentration of the electroactive selenium, K is a con-
stant that incorporates the diffusion coefficient of sele-
nium and the thickness of the diffusion layer during
electrolysis, i is the stripping current and A4 is the elec-
trode surface area.

I

Results and discussion

Optimum chemical conditions for total selenium
measurement

H;0™ and CI™ concentration

Selenium is deposited as HgSe at the electrode surface
further to the formation of an intermediate species,
H,Se, in acidic medium (1). Hydrochloric and sulphuric
acids are the most used to get the H;O" desired con-
centration in the medium [21]. In the specific case of
chronopotentiometry, among these two acids the former
is better because it allows a very good peak resolution
together with a higher sensitivity [35]. Moreover, chlo-
ride is known to stabilise the formation of certain
intermetallic complexes at the electrode surface [5). We
investigated the way selenium signal was affected by
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H;0" and CI~ through addition of HCI and CaCl, to
seawater. Figure I shows a signal increase concomitant
with elevation in HsO™ and CI~ concentration. How-
ever, a H;O™ concentration more than 0.6 M, oraCl™
one higher than 1 M (Fig. 1g-i) made sometimes appear
a new peak that overlapped the selenium one and pre-
vented us from conducting analyses. This new peak may
correspond to a UV-digestion-released species, e.g., Cu
liable to form an intermetallic complex with selenium
during the deposition step [21]. By using 0.4 M H,0*
and 0.7 M CI~ this interference was no longer observed.
This led us to recommend these acid and chloride con-
centrations for total selenium measurements. It is worth
noting that seawater initially contained 0.545 M CI-,
which are not taken into account in the proposed con-
centration of 0.7 M.

Hg®" concentration

The use of a mercury film electrode as working electrode
requires to keep the concentration of Hg** in solution
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Fig. 1a~i Influence of H;0' and CI~ concentration on selenium
measurement (UV-digested seawaler + 2.5 nM Se(IV); [Hg? 1=
50 pM; E. = ~140mV; i = —14 pA; 1,=3 min): a [H;O'] =
0.16 M, 1C1 1=029M; b [H;0'] = 0.24 M, [Cl'] = 0.43 M;
¢ [H;O']=034M, [CI7] = 0.61 M; d [H;0%] = 0.41 M,
[CI"]=073M; e [H;O'] =048M, [CI']=086M; T
[HiO '] = 0.54 M, [CI7] = 0.97 M; g [H;0*] = 0.60 M, [CI] =
1.09M; h [H;O'] =066 M. [CI"] = 1.I9M: i [H;0'] =
0.72 M, [Cl7] = 1.30M
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Fig. 2 Influence of Hg?* coneentration on selenium measurement
(UV-digested seawater + 2.5nM  Se(TV); [H,O'] = 0.4 M:
[CI) = 0.7M; E. = —140mV; i = —14 4A; £, = 3 min)

and the amount of electrode-plated Hg(0) in equilib-
rium. Further to our experiments, Fig. 2 clearly evi-
dences that the best selenium signal was produced for
Hg?* concentration in the solution within 40 and
60 pM. This observation led us to later use a 50 uM
concentration.

Optimum electrochemical conditions for total selenium
measurement

Electrolysis potential (E,)

During the deposition step, Se(IV) is reduced to Se(-IT)
in acidic medium according to (1). This reaction occurs
at a potential of —50 mV vs. Ag/AgCl [36]. We followed
selenium signal evolution versus varying potential ap-
plied potential (between —100 and —240 mV) (Fig. 3).

One should note a first increase of the signal from
—100 mV to a maximum at —140 mV, then a reduction
of its intensity between —140 and 240 mV. The
reduction of the selenium signal at potentials more
negative than —140 mV could be due to the adsorption
of Cu,Se at the working electrode [37]. The maximum
value, —140 mV, was therefore chosen for the next
experiments.

Stripping current (i)

The current applied over stripping is likely the most
influencing factors on the method sensitivity. Fi%mre 4
plots selenium peak area versus i~ (1, = —327i ~ 2)
It highlights enhancement of the response when the
applied current was varied from —30 to —13 pA and
shows agreement with the theory [relation (5)]. It is
worth noting that application of the lowest currents in
absolute values results in the highest intensities. How-
ever, the presence of strong residual currents brings
noise and causes poor reproducibility. By taking all
these considerations into account, a —14-uA stripping
current was applied in further experiments.
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Fig. 3 Influence of electrolysis potential on selenium measurement
(UV-digested seawater + 2.5 1M Se(IV); [H;0%] = 0.4 M;
[CI"] = 0.7 M; [Hg*'] = 50 uM; i = —14 yA; 1, = 3 min)

30
-26
o
g
1}
-18  x
i)
[= N
- 14
T T T T T 10
-0.08 -0.07 -0.06 -0.05 -0.04 -0.03 -0.02
i (uA")

Fig. 4 Influence of stripping current on selenium measurement
(UV-digested seawaler + 2.5 nM  Se(IV); [H:O'] = 0.4 M;
[CI] = 0.7 M: [Hg®'] = 50 uM; E, = —140 mV; 1, = 3 min)

Electrolysis time (t,)

Relation (5) sets that the peak area is proportional to the
electrolysis time. Figure 5 shows a linear increase be-
tween one and about 4 min. For longer electrolysis
times, selenium deposition at the electrode surface is less
beneficial: under the analytical conditions used, the
amount of deposited selenium can be limited by the
saturation of the electrode surface [32]. Consequently,
this parameter was fixed to 3 min. Table 1 lists all the
chemical and electrochemical parameters selected for the
analysis of total selenium in seawater.

Validation of the method

Repeatability was estimated over seven repetitive elec-
trolysis-stripping cycles conducted on the same seawater
sample under the conditions listed in Table 1. With a
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Fig. 5 Influence of electrolysis time on selenium measurement (UV-
digested + 2.5 nM  Se(IV); [HaO'] = 0.4 M; [CIT] = 0.7 M
[Hg?*] = 50 uM; E, = —140 mV; i = —14 yA)

Table T Parameters selected for total selenium and selenium(IV)
measurements

Total Se Se(TV)
[H50 7] (M) 0.4 1.5
[Hg?" ] (uM) 50 300
[CI7] (M) 0.7 2.7
Electrolysis potential (£,, mV} —140 —180
Electrolysis time (f., min) 3 10
Stripping current (i, yA) -14 —14

3-min electrolysis time, repeatability was 3% at a con-
centration level of 50 ng 17",

Reproducibility was evaluated through seven repeti-
tive analyses of a seawater sample. The final concen-
tration found for total selenium was 51+3 ng 17,
which corresponds to a 6% reproducibility.

The method sensitivity is given by the slope of the
standard-addition calibration plot; it was, here,
222 ms ng ' 1. This value is about ten times higher than
the one determined by Adeloju and Young [32] with a
similar electrolysis time.

Assessment of the detection limit at the 3¢ level, after
a 3-min electrolysis time, from seven consecutive elec-
trolysis-stripping cycles [38] on a seawater sample con-
taining about 50 ng 17! of total selenium gave 4 ng 17",
Table 2 introduces the final results obtained for the
statistical validation of the total selenium measurement.
Selenium response linearity was tested by spiking a
sample with known amounts of standard. Figure 6

Table 2 Analytical performances for total selenium and sele-
nium(IV) measurements

Total Se Se(lV)
Repeatability (%) 3 8
Reproducibility (D/nP 6 14
Sensitivity (ms ng™" 1) 222 92

Detection limit (ng 17") 4 7
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Fig. 6 Inﬂue_nce of selenium concentration on selenium measure-
ment (UV-digested; [H;0'] = 0.4 M; [Cl '] = 0.7 M; [Hg®*] =
S0 uM; E. = =140 mV;i = —14 yA; 1, = 3 min)

highlights the linearity of the response in the range
04 nM (0-320 ng 17h).

Performance comparison with other CCSA methods

Table 3 sums up the CCSA-produced detection limits
reported in the literature about total selenium analysis.
The detection limit reported by Adeloju and Young [32]
is 10 ng 17" under a 60-min electrolysis time. Such a
detection threshold would theoretically allow selenium
measurement in the seawater, but the time needed for
analysis is too long for routine procedure. By using
another type of electrode, Adeloju et al. [33] obtained a
detection limit of 100 ng 17! for a 2-min electrolysis;
this elevated value prevents one from applying the de-
scribed method to the determination of selenium in the
marine ecosystems {current concentrations in the range
30-200 ng 17"). The method proposed here is easily
implemented, and its low detection limit makes it a
valuable and reliable tool for total selenium quantifica-
tion in the seawater.

Se(IV) measurement
As previously recalled, Se(IV) is the only electroactive

species among selenium ones. To reach it the electro-
chemical measurement must be conducted on a non-UV-

T.ab!e 3 CCSA methods used for the measurements of total sele-
nium

References t. (min) Sensitivity Detection
(msng™'l)  limit (ng 1Y)
Adeloju and 2.5 16 700
Young [32]
60 249 10
Adeloju et al. [33] 2 2.2 100
This study 3 222 4
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Fig. 7a, b Selenium measurement under condilions retained for
total selenium measurement (Table 1) a with UV-digestion and b
without UV-digestion

digested sample in order to not affect the selenium spe-
ciation. In such a way, the organic substances contained
in the seawater can be deposited at the electrode surface,
and thus reduce analyte deposition or even prevent it.
Even though CCSA technique is less affected than the
current voltammetric methods by the organic matter,
our experimental data depicted in Fig. 7 show that the
analysis of non-UV-digested seawater sample with our
method is no longer possible: indeed, the stripping curve
displays a significant elevation of the residual current
accompanied with the loss of selenium signal. The latter
likely results from the quantification of only the Se(IV)
because of the missing UV-digestion, whereas the former
is due to the adsorbed organic matter.

Prior to Se(IV) concentration measurement in the
seawater, the chemical and electrochemical parameters
of the analysis had to be modified. The whole test pro-
cedure was, therefore, redone on non-UV-digested sea-
water.

Optimum chemical and electrochemical conditions
for Se(IV) measurement

Table 1 reports the most suitable conditions for Se(IV)
analysis. Compared to the condition retained for total
selenium measurement, Se(IV) quantification requires a
medium about five times more concentrated in H;O ",
Hg?>* and Cl . Moreover, analysis needs to be carried
out with another wvalue for electrolysis-potential
{(—180 mV) and a longer electrolysis time (10 min).

The results of statistical validation of the Se(IV)
measurement parameters are listed in Table 2. Accuracy
of this procedure was evaluated by five repetitive anal-
yses of a certified reference seawater sample (CASS-3
from the National Research Council of Canada) The
concentration we measured (25+4 ng 17') felt within
the certified limits (20+5 ng 1™"), and thus highlighted
the good accuracy of the technique.

Analytical application

Figure 8a and b depict the total selenium and Se(IV)
concentrations measured in a coastal seawater sample
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Fig. 8a, b Measurement of a total selenium in an UV-digested
seawater sample under the optimum conditions (Table 1) and b
Se(IV) in a non-UV-digested seawaler sample under the oplimum
conditions (Table 1)

under the optimal conditions (Table 1), These two
analyses were made by spiking the seawater samples
with known selenium concentrations. The average con-
centrations found were 42+3 ng 17! for total selenium
and 29+ 5 ng 17! for Se(IV).

Conclusion

A chronopotentiometric method (CCSA) with a Trac-
eLab PSU22 (RADIOMETER Copenhagen) and a
mercury film electrode (5 mm) for measurement of total
selenium in seawater was developed. The accomplished
sensitivity and detection limit for a 3-min electrolysis
time were 222 ms ng ' 1 and 4 ng 17" (50 pM), respec-
tively. These characteristics allow one to measure total
selenium concentrations alike those currently found in



coastal and oceanic waters. Change in the operating
conditions permitted us to also quantify Se(IV), the
selenium species with the highest toxicity: sensitivity and
detection limit were, then, 92 ms ng™' 1 and 7 ng 17!
(90 pM), respectively for a 10-min electrolysis time.
The reported method proved its suitability for sea-
water analysis. Among its assets, one should cite its low-
cost and apparatus reduced-bulk which facilitates its
implementation on-board oceanographic vessels. Com-
pared to the other available electrochemical techniques,
its use is simpler because it requires neither degasing, nor
catalyser. Its only need is the mercury film plating.
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