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An adaptable automatic trace metal monitoring system (ATMS) was assembled and embedded in a mobile
monitoring station belonging to the French Water Agency Artois-Picardie (AEAP) and deployed in the field
to measure the concentration of trace metals (electroactive and acid leachable fractions) in natural waters
by anodic stripping voltammetry with a hanging mercury drop electrode. Cathodic stripping voltammetry
procedures were included to estimate the concentration of dissolved oxygen and reduced sulphur species.
The concept of the measuring system enables easy adaptation of methods and procedures to analytes of
concern and gives the opportunity to undertake in real-time a routine analysis of the dynamic behaviour
of trace metals in river, pond and seawater. The system was tested in two aquatic bodies: in a pond
where eutrophication processes occur recurrently and in the Dedle River, where sediments are highly
contaminated by several metals such as Pb and Zn and frequently resuspended because of the river traffic.
Preliminary field studies demonstrated that trace metal concentrations can evolve quickly as a function
of time, depending on the turbidity and luminescence, i.e. day-night cycles. The obtained results were
compared with an Environmental Quality Standard (EQS), the Criteria Maximum Concentration (CMC)
and the Criterion Continuous Concentration (CCC). The whole system is also prepared for the task of

“early warning”.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Now-a-days there is a well expressed need to measure trace
metal concentrations in aquatic systems on a regular basis. When
the measurements are carried out in the laboratory after a sampling
campaign, numerous precautions must be taken to avoid artefacts
bound to sample contamination, adsorption processes, and/or evo-
lution of the sample before the analyses. In addition, if the obtained
information concerns only a few discrete samples, and if the sam-
pling frequency is not high enough, it is difficult to go further in
the understanding of the dynamic behaviour of trace metals in the
aquatic systems. It is already known from the literature that the
concentrations of total dissolved metals and/or their labile frac-
tions evolved quickly with time. It could be ascribed to the variation
of phytoplanktonic activity or the temperature fluctuation at the
scale of the day and in this case, daily cycles have been evidenced
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[1-4]. Local perturbations and particularly the resuspension of
contaminated sediments (like barge traffic or dredging) could also
have a transitional effect on the concentration and the speciation
of trace elements [5-9] that could be of a great importance for the
aquatic organisms when these phenomena occur recurrently. Some
of such events could be the reason for “early warning” signalisation.

Up to now, only a few studies were dedicated to the “on line”
measurements of trace metals in aquatic systems, probably because
the implementation of a compact and automated system close to
the river bank and in a protected area being supplied by elec-
tricity is not an easy task if the measurements last several days
[1-4,7,10-12]. Although several techniques can be applied to the
determination of trace metals in samples, only electrochemical
techniques, to our best knowledge, can be really deployed in the
field with a sufficient sensitivity.

Voltammetric techniques are widely used in laboratories to
measure trace metal concentrations (e.g. [13]). They permit also
to study metal speciation because electroactive species detected
by voltammetry represent only the part of the total metal con-
centration, which mostly consists of free metal hydrated ions and
labile metal complexes [14-16]. Addition of reagents into the
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voltammetric cell, treatment of the samples by UV radiations and
titration experiments consisting of addition of either a ligand or an
analyte, result in a better knowledge about the metal complexation
processes in the dissolved phase [17,18].

In the last decades, a lot of effort has been put in developing
solid mercury-free electrodes for trace metal analysis [19-22]. The
progress is evident, but sensitivity and stability of the response
with time are still prone to improvements. However, we preferred
to use the knowledge and the experience that already exist with
the mercury drop electrode regarding possible complications in
analytics of trace metals in a complex natural matrix. So, an auto-
matic voltammetric system containing mercury drop electrode was
assembled with the idea of eventually replacing the electrode by a
solid mercury-free one.

Through a scientific collaboration of the French Water Agency
Artois-Picardie (AEAP) who built two mobile monitoring stations
(MMS) for the continuous evaluation of water quality by measuring
key physico-chemical and chemical parameters such as tempera-
ture, conductivity, pH, turbidity and oxygen concentrations, and the
Laboratory Géosystémes from the University Lille 1 where adapt-
able ATMS was assembled, the conditions for continuous on-site
measurement of trace metals were achieved.

The aim of this paper is firstly to describe the conception and
the optimisation of an adaptable ATMS to measure the concen-
tration of electrochemically active and acid leachable fractions of
trace metals present in a natural sample at about 1 h rate for sev-
eral days. The second part of this paper is focused on applications
in the field to display what kind of paramount information such
an ATMS can provide in order to better understand the dynamic
behaviour of trace metals in the aquatic environments. The first
site was a pond located in the town of Le Quesnoy, where eutroph-
ication processes occur recurrently [23] and the second site was the
Deiile River impacted by metal smelting plants [24-26] with daily
sediment resuspension due to barge traffic.

2. Monitoring sites, materials and methods
2.1. Sites description

Two study sites located in northern France were considered to
test and validate the ATMS. The first one is a pond situated in the
town Le Quesnoy. Its surface is around 13 ha with an average depth
of 1.9 m and a water volume estimated to 240,000 m3. Water supply
represents on average over 1 year 70Ls~! and comes essentially
from rainfalls and in a lesser extent from a small stream located
in the south-east of the pond. The water residence time is about
39 days [23] and the outlet is situated in the north of the pond,
close to the implementation of the MMS belonging to the AEAP.
The pond is used for recreation activities including mainly fish-
ing, and swimming. No industries are located in the vicinity of the
pond, but agriculture and cattle breeding contribute to accelerate
and enhance the pond eutrophication processes, as pointed out by
high concentrations of nutrients and organic matter in the water
[23]. The ATMS was embedded in the MMS from 3rd to 6th July 2010
in order to test it and carry out the first on line measurements.

The second site is located in the Deiile River, in the town of
Auby, close to the city of Douai, France). It is a small water system
included in the watershed of the Scheldt River. The Defile River is
about 60 km long, has a catchment area of around 1071 km? and
an average flow of 8m3s~! (measured near Wambrechies city).
As the river is intensively used for fluvial traffic, most of its river-
banks are channelled, especially between the cities of Douai and
Lille. Along the water course of the Defile River, several areas have
been severely polluted by metallurgical activities, especially in the
area where the ATMS was located. The system was implemented in
a small cabin belonging to “Voies Navigables de France (VNF)” built

just downstream the UMICORE and NYRSTAR factories that pro-
duce high quantity of Zn sold as standard zinc cathodes and high
quality battery-grade cathodes. The ATMS was installed in the VNF
cabin from 5th to 11th April 2011 and as the MMS was not avail-
able, analytical apparatus was also added in the cabin to routinely
measure temperature, conductivity, pH and turbidity.

2.2. Chemicals and instrumentation

All the vessels and the tubing used were cleaned with 10% nitric
acid (Fisher Scientific, analytical grade) and rinsed with ultra-pure
water (Millipore, mQ system). Metal solutions used for calibration
were prepared from standard 1 g L~1 (Merck). Acidifications of sam-
ples were performed from concentrated HNO5 (Fisher, Optima).5 M
sodium acetate prepared from NaCH3COO Ultrapure (Prolabo, Nor-
matom) was used to buffer solution at pH 4 for zinc measurements.
Saturated KCl used in the reference electrode is from suprapur
KCI (Merck, suprapur). For UV digestion the sample was prepared
with 5 L of suprapur concentrated HNO3 and 100 p.L of H,0, 30%
(Merck) for 10 mL of river solution. The sample was then irradiated
for at least 24 h with 6 UV lamps (Philips, PL-L 55W TUV UV-C) [27].

All voltammetric measurements were carried out with voltam-
metric analyser pAutolab II (Metrohm, Switzerland) controlled by
GPES 4.9.007 software (Eco Chemie) coupled with the three elec-
trode system of 663VA Stand (Metrohm, Switzerland). The working
electrode was a static mercury drop electrode (SMDE) (size 3,
0.52 mm? of area). Potentials were given versus Ag|AgCl (sat. KCI)
reference electrode. A platinum wire was used as a counter elec-
trode. Electrochemical experiments were done in a home made 3
ways (one input and two outputs) flow-through cell (see voltam-
metric cell in Fig. 1) designed to fit to the 663VA Stand (Metrohm,
Switzerland) and having by its construction a fixed sample volume
of 22 mL. The solution was stirred with a Teflon rotating stirrer at
1500 rpm (position 3 on the 663VA Stand). When needed, prior
to analysis, dissolved oxygen was removed from the solution by
purging with ultra-pure nitrogen, for at least 5min. Two Burettes
Dosimat 765 (Metrohm, Switzerland) or a home made system with
three Cavro XE 1000 syringe pumps, (Tecan, Switzerland) con-
trolled with a home made program were used to automate pH
modification.

Three peristaltic pumps were used for sample circulation:
MasterFlex I/P Model 77600-62, Cole-Parmer; MasterFlex, Model
77800-50, Cole-Parmer; and Gilson, Minipuls2 or Watson-Marlow,
503S. The two pumps used to fill and empty the cell were con-
nected to a home made box containing relays in order to control
their power ON/OFF via pAutolab PIO2 Port C by the GPES software.

In the small cabin belonging to VNF, turbidity, oxygen, temper-
ature, conductivity and pH were measured with the turbidimeter
Hach Lange, TSS portable; with its LXG321.99.00001 probe, the
multimeter WTW, 197i with its TA 197 OXI probe for oxygen and
temperature, the multimeter WTW multi 350i with its Tetracon
325 probe for conductivity and with its Crison 52-21 pH electrode.

In the pond Le Quesnoy, the MMS was already equipped
with several apparatus allowing measurements every 10 min of
several physico-chemical and chemical parameters: conductiv-
ity, pH, temperature and dissolved oxygen were measured with
probes provided by the company Yokogawa, whereas turbidity was
recorded with a Metrawatt multimeter.

Ca and Mg for hardness calculations were measured by Flame
Atomic Absorption Spectroscopy with a Varian SpectrAA-10 and
1gL-1 standard solutions (Merck) were used for calibration.

2.3. Sampling and measuring protocols

In order to minimise sample modification before analysis,
the adaptable online monitoring voltammetric platform was
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Fig. 1. On line pumping scheme of the ATMS.

positioned as close as possible to the studied water body (Fig. 1). A
PTFE tube with a metal free filtering extension (1 mm pore diam-
eter) was placed in the river in order to avoid entering of bigger
particles into the voltammetric cell. The tube was fixed at about
1 m depth during all the monitoring experiments.

A first peristaltic pump working continuously was used to make
a water circulation from the river, passing by the monitoring plat-
form and going back to the river with a flow of 3.5 Lmin~1. A second
computer-controlled peristaltic pump was used to take the sam-
ple from the by-passing flow to rinse and fill the voltammetric
cell, using a flow rate of 0.1 Lmin~!. The output tube placed at the
middle height of the cell wall served as an overflow and as regula-
tion of the sample volume at 22 mL. A third peristaltic pump, also
computer-controlled, was used to empty the cell through the out-
put at its bottom. At the same time the knocked off mercury drops
from preceding measurements were removed, so any adsorption of
the new sample on old mercury drops was avoided, which is par-
ticularly essential for reduced sulphur species measurements [28].
Before each sample analysis, the electrochemical cell was rinsed
three times with the river/lake water using alternatively the second
and the third peristaltic pump.

For the purpose of automatic monitoring a program was writ-
ten in the Project mode of the GPES software, where six different
measurement methods were applied consecutively, each one in
triplicate. The two pumps and the two burettes were addressed
from the same Project. Each curve was stored in a separate file
with auto-incrementing numbers. According to these operating
conditions, the duration of one cycle was about one hour and a
half. If not stated otherwise, the measurement parameters were
the following: Differential Pulse Anodic Stripping Voltammetry
(DPASV) or Differential Pulse Cathodic Stripping Voltammetry
(DPCSV) (or DPCV when no deposition step was applied) pulse
amplitude =25 mV; potential step increment =2 mV; time between
pulses=0.1s; pulse duration=0.05s; equilibration time=5s.

The first measuring method was a cathodic scan (DPCV) adjusted
for oxygen measurement. After degassing, DPCSV was used as sec-
ond method to evaluate reduced sulphur species. The third method
used to determine metal concentrations at natural pH was the
DPASV. By the fourth method after acidification to pH 2, acid leach-
able fractions of metals were determined applying DPASV. After
adjusting the pH to 4, the fifth method, also DPASV, was used to
measure acid leachable Zn. The sixth method, again DPCSV at pH 4,
was applied to check the evolution of the sample during the cycle.
A representative curve for each method is shown in Fig. 2.

The six chosen methods could of course be changed in any of
their parameters and be adapted to the content of the monitored
water system. More burettes with specific reagents could be envis-
aged in order to detect and determine another specific analyte.
Literature acknowledges a lot of possibilities. For example, Al, As,
Co, Fe, Mo, Ni, Pt, Sb, Se, Sn, Ti, U or V can be detected by AdCSV if
the proper ligand is added [29], as well as nitrates [30], low con-
centrations of fulvic acid [31] and specific organic molecules like
pesticides (for instance, see [32]). Also, a quick pseudopolarog-
raphy, as an appropriate method that needs no addition of any
analyte, could be included as well, to give information about spe-
ciation/complexation of particular metal at natural or acidified pH
[33-35].

2.4. Data treatment and calibration

By continuous measurement during several days, numerous
voltammetric curves are produced and registered. The commer-
cial software for peak height determination is not appropriated
for automatic determination of many signals, while manual
treatment of each curve would require a lot of time. To over-
come it, a home written program was adapted to treat the
whole set of curves at a time [36]. This specific software
offers visualisation of the whole set of curves in 2D and 3D,
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selection of different curve smoothing options, ranges selection
of each peak positions, application of linear tangent fit base-
line subtraction before peak height or peak surface determination
(the updated version of the software (ECDSOFT) can be found
on http://www.irb.hr/en/str/zimo/laboratoriji/lfkt/djelatnici/Dario
Omanovic/Software/).

Calibration curves for Mn, Zn, Cd and Pb at natural pH were
obtained in the laboratory, using the samples taken at the mon-
itoring sites. To properly calibrate the voltammetric signals, two
main approaches can be proposed: (i) a sample treatment by UV
radiations to destroy natural organic matter (NOM) present in the
sample. Namely, NOM contains surface active substances which
could strongly influence voltammetric signal, while in addition,
active complexing sites of NOM (ligands) could bind added metal
producing curvature calibration response. After such UV treatment,
standard addition method permits to obtain a linear calibration
curve with a slope value (also called sensitivity) characteristic of
the electroactive species without organic surfactant interferences

[37]; and (ii) a titration curve where the slope is determined from
the part where the NOM complexing ligands have been saturated
by the addition of the titrating metal into the solution. In some cases
linear part of the calibration line is hardly assessed because satu-
ration of the electrode can coincide with saturation of the organic
ligands. For that reason, we decided to calibrate our apparatus after
UV radiations of the samples. However, to diminish as much as pos-
sible adsorption of OM onto the mercury drop electrode during the
monitoring experiments, the accumulation step of 3 s duration at
—1.65V was introduced in the measuring as well as in the calibra-
tion procedure [34]. Note further that these calibration procedures
must be considered as semi-quantitative since a fraction of metal
bound to NOM is electrolabile but has undoubtedly a mass transfer
and a charge transfer kinetic quite different than the free hydrated
metallic cation added.

The other fractions of the sample were acidified to pHs 2 and
4, Before measurement samples were left 20 min for equilibration.
At least four standard additions of metal ions were added, each
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Table 1

Sensitivities in AM~! and their 95% confidence interval at natural pH, pH 2 and pH 4
obtained from the calibration experiment for the measured metals in corresponding
matrices.

Sensitivities (AM~1)

Le Quesnoy Deiile
Mn 0.020 £ 0.002 0.022 + 0.002
Natural pH Zn - 0.44 + 0.05
Pb - 1.21 +£ 0.04
H2 Ccd - 0.343 + 0.004
P Pb 0.70 + 0.04 0.54 + 0.01
pH4 Zn 0.281 + 0.007 0.237 £+ 0.006

concentration measured three times. The obtained calibration line
slopes, i.e. sensitivities, were used to estimate the concentrations
of the measured analytes (Table 1).

The effect of the temperature variation of 4°C (that is the max-
imal variation observed during our monitoring experiments) has
been tested on voltammetric response for Zn, Cd and Pb because
diffusion coefficient of the species and the dynamic viscosity of
the solvent depend on the temperature and play a paramount role
during the deposition process. A maximal variation of 5% on the
voltammetric signal was measured. As the calibration of the curves
was carried out at about 25°C in July and 18°C in April and these
temperatures were close enough with those during the field exper-
iments, no temperature correcting factor was applied to recalculate
metal concentrations. However, to compare data recorded during
the summer and the winter times, a temperature correction must
be undertaken.

3. Results and discussion
3.1. Measuring protocols

Immediately after filling the cell with a new sample, DPCV tech-
nique was applied with a scan from 0.2V to —1.65V in order to
detect two oxygen reduction waves at 0V and —1V, corresponding
respectively to the reduction of O, to H,0, and of H, 0, to H,O [38].
As the first peak measured at 0V was higher than the peak at -1V
and also with a smaller background noise, it was mainly used for
0, monitoring (Fig. 2a). A third peak with similar variations (not
identified) has been detected at a potential of —0.64 V. Oxygen cal-
ibration was carried out by adding or removing oxygen from the
Dedile River solution by purging it with O, or N, respectively. The
WTW oxygen probe results were used as reference. Linearity was
found in the range from 2.61 to 25 mgL~! of O, with a R? of 0.996
and a sensitivity of 11.3+0.2nAmg~ ' L.

After the O, measurement, it was necessary to remove it from
the solution to enable reduced sulphur and metal species mea-
surement. A purge with N, during 300s was applied and DPCSV
with a deposition time of 120 s at —0.2 V was performed, followed
by a stripping step from —0.2V to —1.65V (Fig. 2b). Deposition at
—0.2 V was chosen as the most positive potential before which thi-
ols start to deposit as well [28]. Separated measurements of these
sulphur species after acidifying, purging and returning to natural
pH showed that they were not completely volatile sulphides. How-
ever, their response to variation of deposition potential appeared to
be similar to the one of HS~. Further investigation should be done
to determine the exact nature of those analytes if the study requires
it.

As indicated by the peak at —0.25V, iodide measurements and
calibration could as well be included with this scan by depositing
and stripping from around —-0.15V [39].

To analyse electrochemically active manganese, zinc, cadmium,
lead and copper at natural pH, the DPASV technique was applied

as the next protocol (Fig. 2C). A deposition potential of —1.65V and
a scan from —1.65V to 0.15V were chosen in order to span all the
present metals in the potential window of the method, available at
the natural pH. Deposition time of 300 s was chosen. The applied
deposition potential was suitable for avoiding surface-active sub-
stances interferences that could arise during the deposition step
in untreated natural samples [34]. Calibration was conducted in
UV-digested water in separate samples for each metal. Obtained
sensitivities for Mn, Zn and Pb are given in Table 1.

In order to monitor the acid leachable metal concentration, a
pre-programmed automatic addition of 400 L of 10% nitric acid
was carried out with equilibration time lag of 300s. As the acid-
ification to pH 2 causes the foot of the hydrogen reduction wave
to appear more positively, only total cadmium, lead and copper
could be analysed. The previously presented DPASV conditions
were used but applying a deposition and an initial stripping poten-
tial of —0.8V (Fig. 2d). Calibration curves were obtained with non
UV-digested acidified samples. Sensitivities of 0.343 +0.004 and
0.54+0.01 AM~1, for Cd and Pb respectively were calculated.

To determine the acid leachable zinc concentration, a pre-
programmed automatic addition of 400 pL of 5M sodium acetate
was carried out in order to increase the pH from 2 to 4. DPASV
procedure using deposition and initial stripping potential of —1.2V
was applied (Fig. 2e). Sensitivity of Zn in a non UV-digested sample
at pH 4 was found to be 0.237 +0.006AM1,

For the last measurement step of the same sample in the
cell, another cathodic scan was performed, in order to check the
behaviour of the sample after pH adjustments to 2 and 4. In case of
our monitoring stations, cathodic scans from 0.15V to —1.1V gave
the signals with some peaks (Fig. 2f). In case of expressed interest,
especially for non volatile reduced sulphur species, characteriza-
tion, identification and calibration of the analytes detected by this
procedure could be performed.

3.2. On-line continuous measurement applications

3.2.1. Le Quesnoy

At the location Le Quesnoy, the ATMS was put into the mobile
monitoring station of the Water Agency. Together with voltam-
metric measurements there were continuous measurements of
temperature, conductivity, pH, turbidity and oxygen. The results for
the period of three days measurements are shown in Fig. 3. From
the measurements the signals for oxygen, reduced sulphur species,
labile Mn, total Zn and total Pb were sorted out and identified. Their
peak heights (average of three measurements) are shown versus
time. At natural pH, the voltammetric signals of Pb were generally
not detectable (DLp, = 1 nM) and those of Zn were often too close to
the detection limit (DLz, =3 nM) to calculate concentration values
(data not shown). Signals of oxygen match well with the results of
oxygen probe and together with temperature, conductivity and pH
clearly show daily variations. These variations could be explained
by biological activity cycles induced by light and temperature as
seen in Bourg and Bertin [40]. However, variations of acid leachable
Zn and Pb species and at natural pH electroactive Mn and sulphur
species, which are periodic as well but not so clearly, seem to be
linked to the turbidity. All of these parameters are indeed show-
ing an increase during the day especially on 5th July and a relative
decrease at night. A substantial augmentation on 6th July around
05:00 is also recorded for all variables. This could be interpreted by
bioturbation and resuspension of the sediments especially since Mn
and sulphur species are markers of this resuspension from anoxic
sediments [6]. Additionally, since Mn(II) species are generally more
stable than reduced sulphur species in oxic conditions, the concen-
tration peaks related to manganese are more scattered in time than
those related to sulphides (Fig. 3) This observation was also clearly
noticed in the Defile River. Sensitivities for Mn, Zn and Pb, obtained
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from calibration lines are given in Table 1 and the corresponding
variations of Mn, Zn and Pb in those three days were estimated to
be from 0.71 to 709.9 nM, from 3.03 to 22.3nM and from 3.15 to
11.3nM, respectively.

3.2.2. The Deiile River

At the location Auby on the Deifile River six days continuous on-
site measurements were performed. The same parameters were
measured as in Le Quesnoy, except that oxygen was measured only
by voltammetry. Voltammetric results were shown as average from
three consecutive measurements (Fig. 4). Comparing to the first
location, day-night periodicity was less expressed except for tem-
perature, probably because that at this period, the phytoplanktonic
development is more limited with mainly diatoms development.
However, certain day-night regularity does exist. Two other differ-
ences between the two locations are also pointed out through the
turbidity (from 10.4 to 64.7 instead of 3.75-14.4 in Le Quesnoy) due
to intensive boat traffic and through the temperature (from 13.4 to
16.6 instead of 22.7-27.1°C in Le Quesnoy). Thus it seems that in

the Dedile River at this period, resuspension of sediments is playing
a greater, and biological activity a lesser role in most parameters
variations, explaining more apparent randomized variations.

According to calibration and obtained sensitivity (shown in
Table 1), the variations of Mn, Zn and Pb at natural pH, of Pb at
pH 2 and of Zn at pH 4 in those six days were estimated to be
from 64.0 to 230 nM, from 82.8 to 223 nM, from 2.21 to 5.57 nM,
from 27.4 to 109nM and from 227 to 934 nM, respectively. Fur-
thermore, we calculated that the electrolabile fractions of Pb and
Zn measured at natural pH (data not shown) compared to the acid
leachable fractions ranged between 4 and 15% and between 16 and
49% respectively.

If we compare these results with the results obtained in Le Ques-
noy we must point out that the measurements at the first location
were done in summer, while the second were done in spring. The
temperature was quite stable in summer, with only day-night vari-
ation, while in spring, there was a clear rising of the temperature
during the six days of the experiment, superimposed to daily vari-
ations. Conductivity and pH variations were less regular in the
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Fig. 4. Variation of different parameters measured from 05/04/2011 to 11/04/2011 in the Defile River. Temperature, conductivity, pH and turbidity measured with corre-

sponding probes; voltammetric measurements of oxygen, Zn and Pb (pH 2), Mn and sulphur species (natural pH) -

Dedile River, showing a more complex system with more overlap-
ping influences at a time. Results for oxygen were also less periodic
in the Defile River, however, showing day-night oscillations and a
certain rising trend over the days of the experiment. The values for
turbidity were also higher in average because of the boat traffic in
the Deiile River. For the metals, we see that in Le Quesnoy, man-
ganese concentrations varied in a larger range with a background
concentration approximately 50-100 times lower than in the Detile
River. As shown previously, the relative stability of Mn(II) in oxic
conditions coupled with the frequent anoxic sediment resuspen-
sion events in the Defile River contribute to the high background
dissolved concentration of manganese. As for lead and zinc, the
total concentrations were 10-50 times higher in the river than in
the pond due to the presence of Pb and Zn smelting plants in the
Dedile River banks.

3.2.3. Environmental quality estimation

In order to evaluate the water quality of the two sites, the mea-
sured concentrations were compared with Environmental Quality
Standard on the Annual Average (EQS-AA) of dissolved metals from

for parameters of measurements see the text.

the European Union Water Framework Directives [41] and with the
Criteria Maximum Concentration (CMC) and the Criterion Continu-
ous Concentration (CCC) calculated according to the United States
Environmental Protection Agency [42] (Table 2). The CMCis an esti-
mate of the highest concentration of a material in a surface water
to which an aquatic community can be exposed briefly without
resulting in an unacceptable effect; the EQN-AM and the CCC are
an estimate of the highest concentration of a material in a surface
water to which an aquatic community can be exposed indefinitely
without resulting in an unacceptable effect. The CMC and CCC are a
function of the metal of interest and of water hardness. These three
parameters are defined for the concentration of total metal in 0.45-
pm-filtered water. For this study, it does not correspond to any of
the two measured unfiltered fractions of metals, but could serve
for orientation. The acid-leachable concentrations of zinc and lead
have then been used for the comparison, thus overestimating the
toxicity (Table 2). No acute toxicity has been detected for Pb and
Zn on both sites. For Le Quesnoy, Zn presents no chronic toxicity
and no conclusions can be drawn for Pb. The Defile River seems to
exhibit chronic toxicity for Pb while Zn is ambivalent.
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Table 2

Environmental Quality Standard for Annual Average (EQS-AA) of dissolved metal
concentrations and Criteria Maximum Concentrations (CMCs) and Criterion Con-
tinuous Concentrations (CCCs) of dissolved Zn and dissolved Pb for Le Quesnoy
and the Defile River. EQNs were found in European Union Water Framework
Directives (WFDs) and CMCs and CCCs were calculated from water hardness as
recommended in USEPA [42]. For Pb, CMC=exp[1.273 x In(hardness) — 1.460] x
[1.46203 — 0.145712 x In(hardness] and CCC=exp[1.273 x In(hardness) — 4.705] x
[1.46203 — 0.145712 x In(hardness]. For Zn, CMC=exp[0.8473 x In(hardness)—
0.884] x 0.978 and CCC=exp[0.8473 x In(hardness) — 0.884] x 0.986. Quality of the
two studied sites according to the different norms: NT - non toxic (acid-
leachable <norm) or T - toxic (norm < acid-leachable).

Site - hardness (mgL~! Metal EQS-AA (nM) CMC (nM) CCC (nM)
of CaCO3 equivalent)
o 34.75 161 2.59
NT T NT
Le Quesnoy - 79 , 119.2 1278 1288
n NT NT NT
o 34.75 271 435
. T T NT
Detlle - 127 ) 1192 1916 1931
n T NT NT

4. Conclusion

An adaptable automatic trace metal monitoring system for
on-line measurement, based on voltammetric methods, has been
assembled with commercially available and rather inexpensive
parts. Static mercury drop electrode was deployed as a working
electrode for its still best stability, sensitivity and reproducibil-
ity. Mn, Zn, Cd, Pb, oxygen and reduced sulphur species were
successfully monitored up to 16 times per day in two different
water systems: Le Quesnoy pond and the Detile River at Auby
city in northern France. Two main controlling factors were dis-
tinguished for both places. First was turbidity with irregular but
with cyclic variations, some large and sudden peaks being detected
mostly during the day. Second was luminosity and temperature.
All other parameters were then evolving with at least one of
these two factors [40]. Biological activity was supposed and was
deducible from the measured parameters. For orientation, the
obtained results were compared with an Environmental Quality
Standard, the Criteria Maximum Concentration and the Criterion
Continuous Concentration. Calculated for filtered water fractions,
they were compared with non-filtered metal fraction, overestimat-
ing a potential hazard. Biological tests will now be needed to study
the pertinence of the non-filtered water fractions toward toxic-
ity, especially since these are the fractions the living organisms are
exposed to.

In the future, the challenge would be to follow more in detail and
more quantitatively the effects of biological uptake and chemical
speciation of dissolved metals. Also, in the future, a system such as
the one described in the present work, could be easily adapted to
new demands, depending on the water system that should be moni-
tored, on a possible particular analyte that should be measured, on
the improvement of mercury-free sensors that are expected and
on the application of “early warning” protocols, which are impor-
tant for the sustainable environmental management of the water
bodies.

Acknowledgements

The authors wish to thank very much Romain Descamps, Chris-
tine Grare from the University Lille 1 for their technical assistance
and Michel Arold from the French Water Agency for the manage-
ment of the MMS in the pond Le Quesnoy. This work was partly

funded from a cooperation agreement between the French Water
Agency, the University Lille 1 and Voies Navigables de France.
Financial support to P.J. Superville was provided in the form of a
PhD scholarship from the French Minister of Higher Education and
Research. Financial support of the Ministry of Science, Education
and Sports of the Republic of Croatia Grant No. 098-0982934-2720
is gratefully acknowledged.

References

[1] C.H. Gammons, D.A. Nimick, S.R. Parker, T.E. Cleasby, R.B. McCleskey, Geochim.
Cosmochim. Acta 69 (2005) 2505-2516.

[2] D. McKnight, K.E. Bencala, Artic Alpine Res. 20 (1988) 492-500.

[3] D.M. McKnight, B.A. Kimball, K.E. Bencala, Science 240 (1988) 637-640.

[4] D.A. Nimick, D.H. Gammons, T.E. Cleasby, J.P. Madison, D. Skaar, C.M. Brick,
Water Res. 39 (2003) 1247.

[5] H. Goossens, J.G. Zwolsman, Terra Aqua 62 (1996) 20-28.

[6] L. Lesven, S.M. Skogvold, @. Mikkelsen, G. Billon, Electroanalysis 21 (2009)
274-279.

[7] B. Lourino-Cabana, G. Billon, A. Magnier, E. Prygiel, W. Baeyens, ]. Prygiel, O.
Mikkelsen, B. Ouddane, J. Environ. Monit. 13 (2011) 2124-2133.

[8] I Saulnier, A. Mucci, Appl. Geochem. 15 (2000) 191-210.

[9] G.A. van den Berg, G.G.A. Meijers, L.M. van der Heijdt, J.].G. Zwolsman, Water
Res. 35 (2001) 1979-1986.

[10] B. Lourino-Cabana, S. Iftekhar, G. Billon, @. Mikkelsen, B. Ouddane, J. Environ.
Monitor. 12 (2010) 1898-1906.

[11] M. Taillefert, T.F. Rozan, Environmental Electrochemistry: Analyses of Trace
Element Biogeochemistry, American Chemical Society, Washington, DC, 2002.

[12] M.L. Tercier-Waeber, T. Hezard, M. Masson, J. Schafer, Environ. Sci. Technol. 43
(2009) 7237-7244.

[13] C. Locatelli, G. Tors, Environ. Monit. Assess. 75 (2002) 281-292.

[14] K.A.C. De Schamphelaere, C.R. Janssen, Environ. Sci. Technol. 36 (2002) 48-54.

[15] F.M.M. Morel, Principles of Aquatic Chemistry, John Wiley & Sons, New York,
1983.

[16] A.Tessier, D.R. Turner, Metal Speciation and Bioavailability in Aquatic Systems,
Chichester, 1995.

[17] Y. Louis, C. Garnier, V. Lenoble, S. Mounier, N. Cukrov, D. Omanovic, 1. PiZeta,
Mar. Chem. 114 (2009) 110-119.

[18] M. Pesavento, G. Alberti, R. Biesuz, Anal. Chim. Acta 631 (2009) 129-141.

[19] C. Prado, SJ. Wilkins, F. Marken, R.G. Compton, Electroanalysis 14 (2002)
262272.

[20] S.M. Skogvold, @. Mikkelsen, Electroanalysis 20 (2008) 1738-1747.

[21] S.M. Skogvold, @. Mikkelsen, G. Billon, C. Garnier, L. Lesven, J.-F. Barthe, Anal.
Bioanal. Chem. 384 (2006) 1567-1577.

[22] ]J. Wang, Analytical Electrochemistry, third ed., John Wiley & Sons, Inc., New
Jersey, 2006.

[23] S. Jourdan, Suivi de I'impact d‘un procédé technique de lutte contre les con-
séquences du processus d‘eutrophisation des plans d‘eau, Fédération du Nord
pour la Péche et la Protection du Milieu Aquatique, 2006, p. 62.

[24] A. Boughriet, N. Proix, G. Billon, P. Recourt, B. Ouddane, Water Air Soil Pollut.
180 (2007) 83-95.

[25] L. Lesven, B. Lourino-Cabana, G. Billon, N. Proix, P. Recourt, B. Ouddane, ].C.
Fischer, A. Boughriet, Water Air Soil Pollut. 198 (2009) 31-44.

[26] N. Vdovi¢, G. Billon, C. Gabelle, J.-L. Potdevin, Environ. Pollut. 141 (2006)
359-369.

[27] E.P. Achterberg, CM.G. Van den Berg, Anal. Chim. Acta 291 (1994)
213-232.

[28] R. Al-Farawati, C.M.G. Van den Berg, Mar. Chem. 57 (1997) 277-286.

[29] E.P. Achterberg, C. Braungardt, Anal. Chim. Acta 400 (1999) 381-397.

[30] K. Markusova, Anal. Chim. Acta 221 (1989) 131-138.

[31] F. Quentel, C. Elleouet, Electroanalysis 13 (2001) 1030-1035.

[32] S.Morais, O.Tavares, P.C. Baptista-Paiga, C. Delerue-Matos, Anal. Lett. 37 (2004)
3271-3286.

[33] P. Croot, ].W. Moffet, G.W. Luther III, Mar. Chem. 67 (1999) 219.

[34] Y. Louis, P. Cmuk, D. Omanovi¢, C. Garnier, V. Lenoble, S. Mounier, I. PiZeta, Anal.
Chim. Acta 606 (2008) 37-44.

[35] L PiZeta, G. Billon, D. Omanovi¢, V. Cuculi¢, C. Garnier, J.-C. Fischer, Anal. Chim.
Acta 551 (2005) 65-72.

[36] D. Omanovi¢, M. Branica, Croat. Chem. Acta 71 (1998) 421-433.

[37] W. Siriangkhawut, K. Grudpan, J. Jakmunee, Talanta 84 (2011) 1366-1373.

[38] J. Buffle, G. Horvali, In Situ Monitoring of Aquatic Systems. Chemical Analysis
and Speciation, John Wiley & Sons Ltd., Chichester, 2000.

[39] G.W. Luther III, H. Cole, Mar. Chem. 24 (1988) 315-325.

[40] A.C.M. Bourg, C. Bertin, Water Air Soil Pollut. 86 (1996) 101-116.

[41] European Parliament, DIRECTIVE 2008/105/EC on environmental quality
standards in the field of water policy, http://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=0J:L:2008:348:0084:0097:EN:PDF, 2008.

[42] USEPA, National Recommended Water Quality Criteria (4304T), http://
water.epa.gov/scitech/swguidance/standards/current/upload/nrwqc-2009.
pdf, 2009.



	An adaptable automatic trace metal monitoring system for on line measuring in natural waters
	1 Introduction
	2 Monitoring sites, materials and methods
	2.1 Sites description
	2.2 Chemicals and instrumentation
	2.3 Sampling and measuring protocols
	2.4 Data treatment and calibration

	3 Results and discussion
	3.1 Measuring protocols
	3.2 On-line continuous measurement applications
	3.2.1 Le Quesnoy
	3.2.2 The Deûle River
	3.2.3 Environmental quality estimation


	4 Conclusion
	Acknowledgements
	References


