Analytical
Methods

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Anal tical Royal Society of Chemistry peer review process and has been

M th d y accepted for publication.

e o s Ll Accepted Manuscripts are published online shortly after

p— - acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

l(’msm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

[y RO~YAL SOCIETY
OF CHEMISTRY www.rsc.org/methods


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 17 Analytical Methods

©CoO~NOUTA,WNPE

Speciation of copper in agricultural soils contaminated by lead using screen-printed
electrodes and Square-Wave Anodic Stripping Voltammetry (SPE-SWASV)

Stéphane Faucher, Cyril Cugnet, Laurent Authier, Gaétane Lespes

Université de Pau et des Pays de I’ Adour

Laboratoire de Chimie Analytique Bio-Inorganique et Environnement (LCABIE),
UMR 5254 IPREM

2 Avenue Pierre Angot, 64053 Pau Cedex 9, France

Corresponding author. Tel.: +33 540 17 50 26; fax: +33 559 40 76 74
E-mail address: cyril.cugnet@univ-pau.fr (C. CUGNET)

Abstract

An analytical strategy, involving carbon screen printed working electrodes (SPE) modified with mercury combined with Square
Wave Anodic Stripping Voltammetry (SWASV) was optimized for total and electrolabile copper concentration determination in
presence of lead. The accuracy of the method was checked by analyzing a solution of mineralized certified reference soil, the
mineralization step allowing the quantity of metals to be assumed totally under electrolabile form in the solution of mineralized
soil. The influence of the calibration modes and potential matrix effects were investigated. In optimized conditions, the accuracy
(i.e. trueness and repeatability) and robustness were verified. For that, the electrolabile copper concentration and the Relative
Standard Deviation (RSD) were evaluated according to the change frequency of the SPE and the solution analyzed after each
SPE-SWASV measurement in the solution of the mineralized soil. Additionally, analyses were performed by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) as a confirmation mean. From statistical tests in a 95 % confidence interval, a copper
recovery of 97 % (regarding certified value) and a RSD of 9 % were found for the electrochemical method. Agricultural soils
often containing lead in significant concentration, analyses were also carried out on lead. This allowed verifying there was no
interaction between copper and lead on the measurement. Then, the developed method was applied for the first time in an original
strategy consisting in the quantification of the total and the electrolabile amounts of copper and lead in agricultural soils in order
to estimate the potential hazard brought by their mobilization from the soil. For that, soils were (i) mineralized to obtain the total
metal amounts and (ii) leached to reach the electrolabile ones.

Keywords - Copper - Screen-printed electrodes (SPE) - Square Wave Anodic Stripping Voltammetry (SWASV) - Electrolabile -
Agricultural soil - Leachate
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Introduction

The metal contamination of agricultural soils may lead to hazard to fauna and flora *. The first source of this contamination is the
soil due to the weathering of the parent rock. Moreover, the use of fertilizers and pesticides presents a major source of the
anthropogenic contamination as well as industrial and municipal activities, sewage sludge and gasoline “®. Viticulture represents
an important agricultural practice in many countries as France °. The extensive application of specific pesticides, such as the
Bordeaux mixture (CuSO,4 + Ca(OH),) or the arsenate lead (PbHAsO,) resulted in increasing copper and lead concentrations
especially in vineyard soils "**. Copper and lead concentrations in soils vary from 5 to 500 mg kg™ and from 1 to 200 mg kg™
respectively, according to their level of contamination directly linked to anthropogenic activities ***°. It is now well known that
the hazard of metals to fauna and flora is not directly linked to the total metal concentrations in soil **"*°, even if this last one is a
necessary prerequisite in a speciation strategy **°>%. Concerning total analyses, electrochemical techniques, Inductively Coupled
Plasma based spectrometry (Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES)) have been used after solid sample mineralization. Nowadays, atomic spectrometry is the
technique of choice due to its multi-elemental capabilities and ICP-MS is preferred for its high sensitivity. Regarding
electrochemical techniques, the stripping methods based on metal preconcentration onto a modified solid working electrode at a
fixed deposition potential are preferred for metal determination ?**. The advantages of this electrochemical method are its
sensitivity, its capacity to make multi-elemental speciation analyses, the low cost and the suitability to online measurements .
Square Wave Anodic Stripping Voltammetry (SWASV) is mainly used during the stripping step because it enhances the
sensitivity of the analytical signal %. However, electrochemical methods employ generally a hanging mercury electrode with a
glass capillary. Thus, the solution of mineralized sample damages the glass capillary, which leads to inaccuracy because of the
etching of the capillary caused by the hydrofluorhydric acid (HF) contained in the solution *. Nevertheless, stripping analyses
were lately performed by using modified carbon screen-printed working electrodes (SPE) *. These SPE have the advantages to be
easily and rapidly produced at the laboratory, to be cheap, to favor repeatability of measurements and their geometrical shape is
adapted as the analytical constraints *2*. The active carbon surface of the working SPE is usually coated by a metal in order to
reach low limit of detection **°. SPE are generally modified by mercury or bismuth, which allows preconcentrating analytes on
the SPE *. The bismuth is more “environmental friendly” but less sensitive than mercury. SPE modified by bismuth allows
generally determining electrolabile metals in acetate buffer solutions **%, However, the passivation of bismuth at neutral pH
disturbs the analysis quality in natural samples. The use of SPE modified by mercury offers better analytical performances,
authorizes a wide pH range and low detection limits for relatively short analyses times and mercury deposition **. Moreover, the
SPE being devoid of glass, they are more robust than classical hanging mercury electrodes regarding the present application
employing a solution of HF-based mineralized soil.

Concerning speciation analyses, SWASV electrochemical method can be used to determine electrolabile forms “**2. This method
needs no treatment of the soil solution (leachate), which is not the case with other analytical techniques .

Considering all this, the strategy involving only SPE-SWASYV for total and electrolabile metal determination appears interesting
especially in the perspective of evaluating the hazard of metal transfer from the soil to living organisms after mobilization in
aqueous phase and diffusion . There are few papers relating SWASV analyses applied to total and electrolabile metal
concentrations in complex samples ¥3** : Truzzi et al. ** have reported Cd, Cu and Pb in a hydrofluoridric acid solution of
siliceous spicules of marine sponges and Meucci et al. * Cd, Cu, Pb and Hg determination in fish by SWASV. However, to our
knowledge, no study related to total and electrolabile concentrations determined using the same technique has been reported for
soil. Moreover, few studies have been made on SWASYV calibration modes and matrix influence on measurements. However, the
calibration strategy and matrix effects are essential parameters to understand and control in order to ensure the analytical accuracy
and reproducibility. The aim of the study was to investigate an electrochemical-based strategy in order to evaluate its potentialities
in determining metal amount and assessing the potential hazard from the metal contamination of soils. The strategy used was to
quantify preliminary the quantity of copper and lead in different types of agricultural soils. For that, the total copper and lead were
preliminary determined in agricultural soils. Then, copper and lead which can be mobilized from these soils were obtained by
leaching and the corresponding electrolabile amounts were determined. SPE-SWASV was the technique of the choice for total and
electrolabile copper determination. The method was firstly optimized using a solution of mineralized certified reference soil. The
mineralization step allows assuming that all the metal contained in the soil was under electrolabile form in the solution of
mineralized soil. Then, copper analyses were performed by SPE-SWASV using different calibration modes to determine the
conditions that allow assessing the reference copper value in presence of lead. Additionally, the influence of pH and conductivity
was studied, and interferences due to high concentrations of lead considered on the determination of electrolabile copper in soil.
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Experimental

Chemicals

Standard solutions of copper at 1000 mg L™ and lead at 1000 mg L™ (purity 99 %, Sigma-Aldrich) were used to carry out the
calibrations. A standard solution of indium at 1000 mg L™ was used as internal standard for ICP-MS analyses. A mixture of nitric
acid HNO;3; (70 %, Atlantic laboratory, Bruges, Belgium), hydrofluoric acid HF (60%, Atlantic laboratory, Bruges, Belgium) and
hydrogen peroxide H,0, (30 %, Atlantic laboratory, Bruges, Belgium) was used for the mineralization step. Boric acid HBO,
(99.99 %, Prolabo, Paris, France) was used to neutralize HF. Sodium hydroxide monohydrate NaOH,H,0 (99.9995 %, Sigma-
Aldrich) and acetic acid C,H,0, (99 %, Fluka, USA) were used to prepare 0.2 mol L™ buffer acetate. Leachings were carried out
with ultra pure water exit of Milli-Q System (18MQ.cm). The conductivity of the leachates was increased by potassium nitrate
KNO; addition (99.995 %, Merck, France). The electrodes were screen-printed by a commercial carbon solution (Electrodag PF
407A) purchased from Acheson Colloids and High-Impact PolyStyrene (HIPS) from Sericol. The working electrodes were
modified using mercury standard acetate solution purchased from Sigma-Aldrich.

Soil samples

The certified reference soil used for optimization step was the loam soil ERM-CC141 (Institute for Reference Materials and
Measurements, Retieseweg, B-2440, Geel, Belgium). Concerning the environmental applications, five agricultural soils (named A,
B, C, D and E) were sampled in 2012 at 0-30 cm depth interval in two farms, on plots where wheat and sunflower (for soils A and
B respectively, in Auzeville-Tolosane, France) and vineyards (for soils C, D and E, in Bordeaux, France) were cultivated. Then,
they were air-dried and they were ground to pass throw a 2 mm sieve. The main physico-chemical characteristics of these soils are
summarized in Table 1.

The physico-chemical characterisation of soils has been performed prior to any analysis of ETM. It has been carried out by the
Laboratory of soil analyzes of Arras (LAS of Arras) in accordance with the French standardized methods (AFNOR, 1999; 1SO,
1999).

Sensor

Carbon screen-printed electrodes (SPE) were developed at the laboratory, their preparation being described elsewhere 3. Mercury
electrodeposition on sensor was obtained from 0.2 mol L™ acetate buffer (pH 4.5) solution containing 170 mg L™ of mercury.
After 5 successive cyclic voltammetries from -0.1 V to 0.8 V, 5 ug of mercury, corresponding to a plating procedure charge
(Qplating) of -5 mC, were electrodeposited at a potential of -0.1 V in stirred and non deaerated solution **.

Apparatus

SWASYV analyses were achieved by a potentiostat Autolab PGSTAT12 (Eco Chemie, The Netherlands) controlled by a personal
computer equipped with software GPES 4.9. The measuring cell consists in a mercury modified screen-printed electrode as
working electrode, a carbon screen-printed electrode as auxiliary electrode, and an Ag/AgCI/KCI 3 mol L™ reference electrode
(Model DRIREF-5SH, World Precision Instruments Ltd). A rotary agitator (STR4 STUART) was used to carry out the leaching of
soils. Soil mineralizations were carried out with concentrated nitric acid, hydrofluoric acid and hydrogen peroxide in closed
system microwave (Ethos touch control, Milestone GMBH, Shelton, the USA).

Preparation of the solution of mineralized soil for total copper and lead determination in soil

A mass of 0.250 g of soil was mineralized by microwave with 6 mL of nitric acid HNO3, 2 mL of hydrofluoric acid HF and 2 mL
of hydrogen peroxide H,0,. A blank solution was mineralized by microwave with the same mixture in the same proportion but
without soil addition. The mineralization procedure was in two steps: the first one consisted in increasing the temperature linearly
from 20 °C to 200 °C for 20 minutes with a power of 1000 W and the second in stabilizing the temperature to 200 °C for 20
minutes *.

For SPE-SWASYV analyses, the solution of mineralized soil and the solution of mineralized blank were recovered and diluted 15
times in acetate buffer to decrease metal and acid concentrations. Boric acid was added to neutralize the hydrofluoric acid 2. Then,
the acidic solutions were diluted and filtered at 0.45 pm before analysis. Later on in this paper, these solutions are named MS for
the diluted solution of the mineralized soil and MB for the diluted solution of mineralized blank respectively.
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The mineralization step allowed assuming that all the copper and lead presents in the MS were in electrolabile form. Thus, the
values obtained by SPE-SWASYV analysis must correspond to the reference values.

For ICP-MS analyses, after the step of soil mineralization just described, the solution of mineralized soil was diluted 50 times and
filtered at 0.45um.

Leaching procedure

The leaching procedure follows the Standard NF 1SO 18772. For each soil sample, 8 grams of dry soil were introduced into a 100
mL centrifugation tube in polypropylene beforehand cleaned with nitric acid (10 %), rinsed with MilliQ water and dried. Then, 80
grams of MilliQ water (for a liquid to solid ratio (L/S) equal to 10) were added as leaching solution. The tubes containing samples
were fixed on the rotary agitator and shaken for 24 hours with a speed of 10 turns per minute in a thermostated room at 20°C.
Once agitation ended, the tubes were left elutriated for 30 minutes and the samples were centrifuged for 30 minutes at 3500 rpm.
Finally, the supernatant was recovered with a pipette, filtered at 0.45 pm and stored at 4 °C until analysis.

Voltammetric analysis procedure

Concerning SPE-SWASV analyses, copper and lead were reduced at a potential of - 0.8 V during 60 seconds under stirring. After
30 seconds of equilibration time, an anodic square wave potential scan from - 0.8 V to + 0.1 V was applied and the stripping
voltammogram was recorded. The surface of peak was retained as the analytical answer. A volume of 10 ml of sample were used
for each measurement. Each analysis was replicated 3 times in order to evaluate the repeatability and the accuracy of the
measurement.

Concerning ICP-MS analyses, copper and lead were determined by standard addition calibration after indium addition as internal
standard. The ICP-MS used was an Agilent 7500ce model equipped with a Meinhard nebulizer (concentric), a Scott spray
chamber cooled to 2°C and an octopole collision/reaction cell. Because of the presence of hydrofluoric acid in analyzed solutions,
the torch and spray chamber were in Teflon-perfluoroalkoxy (PFA). The parameters employed were as follow: Plasma gas flow
rate (argon), 1.15 L min’*; collision/reaction cell gas, H, 3 mL min™; radio frequency power, 1500W:; nickel sampler and skimmer
cones; dwell time, 0.1 s. These parameters were optimized using a solution of 1 pug L™ Li, Y, TI, Ce in 2 wt% HNO,. The
following isotopes were monitored: **Cu, ®*Cu, **°In, 2**Pb, 2°Pb, 2%pb.

Results and discussion

Optimization of the SPE-SWASV method

SPE measurement conditions

Modified SPE were designed especially as disposable sensors, with all the benefits that come from the concept of an easily
renewable sensor. In particular, the possibility to frequently change the sensor allows reducing the risk of contamination from one
analysis to another. The frequency of SPE replacement depends on the metal studied and on the metal deposed onto the SPE to
modify its surface (mercury in the present case). Indeed, if the oxidation potentials of these two metals are close, there are two
possibilities. If the oxidation potential set during the oxidation procedure is (i) lower than the metal ones, the metal studied
concentration would be underestimated because copper won’t be totally released from the SPE to the solution. Moreover, next
analyses would be falsified because a part of metal studied would be still amalgamated with mercury onto the SPE or (ii) higher
than the metal ones, a part of mercury, previously electrodeposited onto the surface of the SPE, is equally released (with the
entirety of metal studied) from the SPE to the solution during the oxidation procedure. In this case, the SPE would contain less
mercury for the next analyses. Thus, SPE would be modified after the analysis. Additionally, the analytical medium, i.e. the
medium where the measurement is performed, has also to be considered since the SPE performances depend on it.

According to these different considerations, the first point checked was the frequency of the SPE replacement, additionally to how
to use the SPE, i.e. if the solution (analytical medium and sample) had to be also changed. The most relevant response for this is
the evaluation of the measurement repeatability for the copper concentration determination. Thus, the Relative Standard Deviation
(RSD) was estimated from three copper measurements performed in different conditions summarized in the left part of Table 2.
The analytical medium first used was acetate buffer, considered as a medium of reference since it is usually used to ensure
satisfactory electrochemical conditions .
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The use of the same solution and the same SPE for three analyses leads to a RSD of 20 % (Table 2, entry 1). This not satisfactory
repeatability comes from the increase of the copper peak surfaces with measurement replication. This phenomenon is due to the
proximity of the oxidation potentials of copper and mercury, which generates a partial release of copper in solution and its
accumulation on the electrode. This copper is then released during the next replicated analysis. An alternative to try to avoid this
accumulation is to increase the higher limit of sweeping (oxidation potential). However, if the totality of the copper amalgamated
with mercury is well released in these conditions, a part of mercury is also released and contaminates the solution. Measurements
were then performed changing the SPE (Table 2, entry 2) or renewing the solution (Table 2, entry 3) for each analysis. However
RSD still remains high, which seems to show that the accumulation of copper onto the electrode is not the only phenomenon
occurring. Indeed, when the solution is renewed and the SPE is not changed (Table 2, entry 3), the copper peak decreases because
of the loss of mercury from the SPE into the previous solution analyzed. When the solution is not renewed between analyses and
the SPE is changed (Table 2, entry 2), the mercury lost from the electrode into the solution during the previous analysis is partly
deposited onto the new SPE during the step of copper deposition. Thus, the mercury deposited onto the SPE increases leading to
an enhancement of the RSD value as reported elsewhere *. Another alternative is to change the SPE and the solution between
each analysis (Table 2, entry 4). These conditions, allowing the RSD obtained being the lowest, less than 10 %, were chosen and
used later on. To complete this investigation, the analytical media in relation with total and electrolabile copper determination
were then considered, i.e. diluted solution of the mineralized soil (MS) and leachate from a potassium nitrate aqueous solution,
respectively. RSD was then calculated in the same conditions as those previously determined, i.e. by changing the SPE and the
solution between each analysis. RSD, previously found to be 9 % in acetate buffer, was then 13 % in MS and 6 % in leachate with
KNO; respectively. Additionally, RSD was also evaluated for Pb, with the perspective to study vineyard soils contaminated by
both copper and lead. The values found were similar to those obtained for Cu. These results show that the repeatability does not
only depend on the renewal of the SPE/analytical medium but also depends on the nature of the analytical medium. This
information is important to keep in mind for the future applications necessarily made in the solution of mineralized soil and in
leachate, for the determination of total and electrolabile metal concentrations respectively.

Effect of the pH and conductivity of the analytical medium

According to the conclusion of the previous part, the investigation was then focused on the analytical medium, and more
especially on its pH and conductivity. A particular attention was given in case of electrolabile copper determination, because the
pH and conductivity conditions in the medium can modified the original speciation of copper in the sample. Indeed, the more
acidic is the solution and the more the copper is present under free form, while the conductivity has to be balanced in order to
favor ionic transport without promote possible complexation with anionic ligands brought by the analytical medium. Additionally,
in case of total analysis performed in solutions of soil mineralized, copper has to be totally under electrolabile form, which means
that pH and conductivity have also to promote these forms. To check these effects, a solution containing 20 pg L™ of copper was
prepared in acetate buffer and the solution was analyzed by SWASV. In a first step, the solution was successively acidified by
concentrated nitric acid until to obtain a pH corresponding to MB and MS.

Figure 1 shows the evolution of the copper peak surface according to the pH. For a pH ranging between 2 and 4.5 (4.5 = pH of the
acetate buffer), the surfaces of copper peak obtained do not vary. Below a pH of 2 (0 = pH of the MB and MS), the surface of the
copper peak decreases significantly: on average, a reduction from 30 % to 52 % of the copper peak surface is observed compared
to the surface obtained at pH 4.5. However, theoretically, if the pH is reduced from 4.5 to 0, the copper would mostly become
under free form. Consequently, the surface peak would be higher with the decrease of the pH but it is not the case occurring here.
The gap between theory and results obtained can be due to the addition of nitric acid, which, at elevated concentration, may lead
to the degradation of the mercury previously deposited onto the SPE.

In a second step, successive additions of KNOswere carried out in the solution to increase the conductivity (Figure 2). The highest
sensitivity (i.e. the highest surface of peak) was expected, with no significant change in speciation regarding electrolabile forms.
This is why speciation was calculated in the experimental field studied using Visual MinteQ software. From Figure 2, the highest
sensitivity is reach from a concentration of KNO;z of 102 mol L™. The best compromise between sensitivity and preservation of
copper free form is obtained for a concentration of KNO; of 102 mol L™. In these conditions 97 % of copper proves to be under
free form. The fact that the surface of peak remains the same over a concentration of KNO; of 10 mol L™ while the free form
decreases indicates that electrolabile forms (i.e. the addition of the concentration of Cu?* and CuNOs") remain also constant in the
same range of concentration. This observation indicates that CuNO;" is an electrolabile inorganic complex. Thus, if the
electrolabile forms are the target analytes, a concentration of KNO3; > 10 mol L™, corresponding to a conductivity ¢ = 1.4 mS
cm?, allows a satisfactory determination.

According to these results, the analytical medium of the standards was adjusted such that the pH and the conductivity were the
same as in the sample solutions.
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Quantification procedure of total copper and lead in the reference soil

The choice of the quantification procedure depends on both the analytical method and the sample nature. It is why a particular
attention was given to this point, especially regarding the sample complexity. The accuracy of the copper determination was then
evaluated. Ideally, a certified reference solution sample for its copper amount obtained from soil and should be used. However,
such material does not exist. So, a certified reference soil was mineralized. Regarding the future applications of the method with
environmental copper monitoring and the previous results obtained, the quantification was carried out by external standard
calibration in (i) acetate buffer as a reference (pH = 4.5, 6 = 13.2 mS cm™) and (ii) MB (pH = 0, 6 = 129.0 mS cm™). The
calibration was made in these two media and the quantification performed by standard additions in order to evaluate the possible
matrix effects occurring from the mineralization process or other effects coming from the SPE measurement. For that, the limits of
detection and slopes associated to the calibration curves were calculated for both media. The resulting limits of detection (LD) are
5.5 ug(Cu) L™ and 6.8 pg(Cu) L™ for the calibration in acetate buffer and MB respectively with the same deposition conditions.
The corresponding linear regressions are presented in Figure 3.

The slope is significantly higher in acetate buffer than in MB that gives a supplementary illustration of the effect of the pH and
conductivity on the electrochemical response. More quantitatively, for the calibration performed in the MB, the copper peak
surfaces are reduced on average of 30 % compared to the calibration in the acetate buffer. This is in agreement with the previous
results (Figure 1) showing that the copper signal decrease at least of 30 % when pH is below 2. The direct consequence is the
difference of the copper concentrations obtained and reported in Table 3, first line. These results highlight that an accurate
determination can be made by SPE-SWASV if the external calibration is performed in MB. Additionally to the copper
quantification, lead, which is naturally present in this soil, was also determined. This joint determination (i.e. Cu and Pb) was
made in order to confirm that the presence of lead in amounts around three times more important than the copper concentration
does not disturb the copper quantification. In case of standard additions, where lead was added such that its concentrations reach
100 pg(Pb) L%, the resulting presence of lead in significant concentrations in MB does not conduct to any bias in the copper
quantification. The corresponding voltammograms obtained are presented in Figure 4. They illustrate that no disturbance occurs
even when the concentrations of both metals become high.

Application: Determination of copper speciation information in agricultural soil contaminated by lead

The aim of this part was to determine total and electrolabile copper by SPE-SWASV in order to (i) check its applicability by
evaluating the accuracy when possible and the repeatability and (ii) apply to various agricultural soil samples to evaluate its
potentialities in assessing hazard of metal contamination and check the robustness of the method. For that, the five soils (A - E,
Table 1) previously described were investigated. First, the total copper and lead amounts were determined in soils. Then, copper
and lead, which can be mobilized from these soils, were obtained by leaching and the corresponding electrolabile amounts were
determined. The different concentrations obtained are presented in Table 4.

Concerning the total copper and lead concentrations in soils, analyses were additionally performed by ICP-MS in order to validate
the values obtained by SPE-SWASV. All the values obtained are accurate for both techniques in a range from 10 to 100 mg kg™
for copper and from 20 to 40 mg kg™ for lead, corresponding to the concentration ranges of both metals in these soils. More
specifically regarding the copper, these results confirm that copper can be reliably determined by SPE-SWASV in soils with
different physico-chemical characteristics and also in the presence of lead.

Then, the electrolabile copper and lead concentrations were determined in the leachates obtained. The determination process was
performed in 3 independent leachate analysis replicates, the leaching process being triplicated (i.e. n = 3x3). The concentrations obtained
are presented in Table 4. For all the soils, the electrolabile lead concentration was below the limit of detection (0.02 mg kg™), so no result
is presented in the Table 4. Moreover, electrolabile copper concentrations were quantifiable only for the vineyard soils and not for the
soils A and B, which present electrolabile copper concentrations below the limit of detection (0.07 mg kg™?).

The RSD evaluated from the measurement of electrolabile copper in the leachates was found to be 6 %. Additionally, no
disturbance of the electrochemical signal was observed, especially no interaction between copper and lead signals. Thus, the
repeatability of the electrolabile copper determination by SPE-SWASV is also robust regarding the different origins and chemical
compositions of soils.
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This electrochemical-based strategy is also proved to be able to give information on the consequences of the use of copper-based
pesticides on soils with different farming. Thus, total copper concentrations are about ten times superior in vineyard soils than in
wheat or sunflower soils whereas total lead concentrations are in the same order of magnitude. However, the part of electrolabile
copper remains low in all agricultural soils. Indeed, less than 1 % of the total amount of copper is electrolabile in all the cases.
This result shows that the potential hazard related to the copper mobilization from these soils is relatively low.

Conclusion

From analytical point of view, all these results confirm that SPE-SWASV can be used in a speciation strategy assessment of total
metal content in soils and the determination of total and electrolabile metals in leachates. For that, some precautions have to be
taken in order to ensure accurate and repeatable results. Specifically, SPE have to be changed and the solution renewed after each
analysis. Because of the influence of the analytical medium conditions on the electrochemical response, a particular attention has
also to be given to the pH and the conductivity of the sample solution and of the standard solutions used during the quantification
procedure. By respecting these specifications, SPE-SWASYV proves to be an interesting analytical tool in order to perform a mass
balance of a metal of interest in environmental media such as agricultural soils. From environmental point of view, in the
agricultural soils considered and containing various quantities of copper, a very low part of this element proves to be under
electrolabile forms, confirming the relatively low impact of the copper regarding the potential diffusion via the water after
mobilization from these soils.
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Figure caption 1 Evolution of copper signal by SPE-SWASV with pH variations between 0 and 4.5. Square wave parameters:

:2L Electrodeposition -0.8 V for 60 s, equilibration time 30 s, frequency 25 Hz, potential step 8 mV, potential amplitude 25 mV.

3

g Figure caption 2 Evolution of copper signal obtained by SPE-SWASV (0) with conductivity fixed by potassium nitrate and
6 comparison with free copper (Cu?*, A) and labile copper ((Cu** + CuNO3"), +) predicted by Visual MinteQ software (same square
7 wave parameters as in Figure 1).

8

9

12 Figure caption 3 Copper calibration plots from 0 to 63 pg L™ concentrations in acetate buffer (pH = 4.5, 6 = 13.2 mS cm™) (4)
12 and in the MB solution (pH =0, 6 = 129.0 mS cm™) (0) by SPE-SWASV (same square wave parameters as in Figure 1).

13

14

15  Figure caption 4 Typical voltammograms obtained for copper and lead standard addition quantification. (a) Solution of
16 mineralized blank diluted 15 times (MB); (b) Solution of mineralized certified reference soil diluted 15 times (MS); (c) Same as
17 (b) + Addition of 10 pg(Cu) L™ and 30 pg(Pb) L™; (d) Same as (b) + Addition of 20 pg(Cu) L™ and 60 pg(Pb) L™ (same square
wave parameters as in Figure 1).
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Figure 1 Evolution of copper signal by SPE-SWASV with pH variations between 0 and 4.5. Square wave parameters:
Electrodeposition -0.8 V for 60 s, equilibration time 30 s, frequency 25 Hz, potential step 8 mV, potential amplitude 25 mV.
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31 Figure 2 Evolution of copper signal obtained by SPE-SWASV (0) with conductivity fixed by potassium nitrate and comparison
32  with free copper (Cu®, 1) and labile copper ((Cu** + CuNOs"), +) predicted by Visual MinteQ software (same square wave
33  parameters as in Figure 1).
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Figure 3 Copper calibration plots from 0 to 63 pg L™ concentrations in acetate buffer (pH = 4.5, = 13.2 mS cm™) (4) and in the

MB solution (pH =0, 6 = 129.0 mS cm™) (0) by SPE-SWASV (same square wave parameters as in Figure 1).
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27  Figure 4 Typical voltammograms obtained for copper and lead standard addition quantification. (a) Solution of mineralized blank
28  diluted 15 times (MB); (b) Solution of mineralized certified reference soil diluted 15 times (MS); (c) Same as (b) + Addition of 10
29  pg(Cu) L™ and 30 pg(Pb) L™*; (d) Same as (b) + Addition of 20 pg(Cu) L™ and 60 ug(Pb) L™ (same square wave parameters as in
30 Figure 1).
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Soil A B C D E
Type Loam Loam Sandy Loam Sandy Loam Loamy Sand
Farming Wheat Sunflower Vineyard Vineyard Vineyard
pH (H20) 8.46 8.47 8.01 7.94 7.38
Organic carbon (g.kg™) 6.84 7.27 5.94 8.88 7.21
Total azote (g.kg™) 0.73 0.73 0.49 0.67 0.46
Phosphore P,0s (g.kg™?) 0.02 0.02 0.08 0.07 0.08
CEC (cmol.kg™) 11.3 114 8.13 9.14 6.19
Particle size composition
(%)
Sand (> 0.05 mm) 42.1 39.4 77.0 745 82.7
Silt (0.002 - 0.05 mm) 384 42.4 9.6 9.7 6.8
Clay (< 0.002 mm) 19.5 18.2 134 15.8 10.5
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Table 2 Conditions of copper determination

Entry Conditions RSD in % (from triplicates)

1 Same solution® — Same sensor 20 %

Same solution — Different sensor 18 %

2
3 Different solution” — Same sensor 13 %
4 Different solution — Different sensor 9%

! Same solution means that the three analyses were carried out in the same solution containing 20 ug L™ Cu
2 Different solution means that each analysis from the triplicate were carried out in a renewed solution containing 20 pg L™ Cu
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Table 3 Total metal in mg(metal) kg™(soil) determined by different quantification procedures from the mineralization solution of
the certified reference soil (loam soil ERM-CC141)

External calibration

by standard additions Reference value
in acetate buffer in MB
Copper 8.6+0.8 12.1+1.6 140+1.9 144+14
Lead 52+5 36+5 44 +6 41+4
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Table 4 Total and electrolabile metal concentrations from agricultural soils

Lead Copper
Soil Total concentration | Total concentration Electrolabile concentration .
A A : Percentage of electrolabile
in 50|! in 50|! from sqll from soil (%)
(mg kg™ (mg kg™ (mg kg™

A 26+4 10+2 <LD" B

B 25+ 4 11+2 <LD" -

C 29+4 93 +12 0.38+0.03 04+0.1

D 33+5 98 + 13 0.47 £0.03 05+0.1

E 35+5 99 £ 13 0.50 £ 0.03 05+0.1

“LD = 0.07 mg(Cu) kg *soil
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