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ABSTRACT

Copper (Cu) is a toxic pollutant and its presence in wastewater, even at low concentrations, can have a signif-
icant environmental impact. In this work, a method for the determination of Cu was developed using a volt-
ammetric technique involving a platinum electrode in citrate medium. Cu at a ppb level was determined by
both chronoamperometry (CA) and anodic linear scanning voltammetry (ALSV), and the results were com-
pared to those from inductively coupled plasma optical emission spectroscopy (ICP-OES). The results ob-
tained were similar, having a deviation of 2.56%. The least squares method was used to evaluate the correla-
tion between the ALSV and ICP-OES results. Statistical analyses showed a 95% confidence interval.
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1. INTRODUCTION

Copper (Cu) and copper-based alloys are used in a variety of applications that are necessary for a reasonable
standard of living [1]. Cu is one of the most investigated metallic catalysts, mainly due to its industrial im-
portance [1, 2]. Industries, such as metallurgy, mining, and electronics, generate Cu as an effluent. Currently,
wastewater treatment, instead of eliminating the problem completely, leads to the exchange of the metal from
the liquid phase to the solid phase, which is still highly toxic and must be stored in landfills [3-6].

Cu electrodeposition has been widely used as an aluminum replacement in the connector industry [1,
7]. It also plays a key role in the electronics industry, especially in the manufacturing of printed and intercon-
nected circuits, fabrication of microelectronic devices, and nanotechnology applications [8, 9]. Organic addi-
tives are commonly used in the acidic baths of copper sulfate electrodeposition to improve the quality of the
deposits, including physical and mechanical properties such as gloss, hardness, smoothness, and ductility
[10-12].

Among the various organic additives studied in the literature, citrate has been the most popular, espe-
cially in the electrodeposition of copper alloys [13, 14]. In terms of electrochemical techniques, electrodepo-
sition is promising due to its high sensitivity and recovery of Cu in its solid state, which allows its reutiliza-
tion. Additionally, electrodeposition has the advantages of low operation cost and high efficiency in the re-
moval of metallic ions [7]. It is therefore necessary to use analytical techniques capable of identifying copper
traces, such as graphite furnace atomic absorption spectroscopy (GFAAS), flame atomic absorption spectros-
copy (FAAS), inductively coupled plasma optic emission spectroscopy (ICP-OES), and inductively coupled
plasma mass spectrometry (ICP-MS). These techniques, together with electrochemical techniques, are the
most widely used for the determination of traces of heavy metals [15-17].

Electroanalytical technique validations using ICP-OES and ICP-MS are limited in the literature. A
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few researchers [18-20], have used redissolved solution voltammetry to preconcentrate various metals, in
order to provide low limits of detection and quantification. Oliveira et al. [18] developed a biochar-modified
carbon paste electrode for use with differential pulse adsorptive stripping voltammetry (DPAdSV) for the
determination of copper (I1) ions in distillate samples (cachaga, vodka, gin, and tequila). Validation of the
sensor was performed by ICP-OES, with the results concordant with a confidence interval of 95%.

Saidin et al. [19] studied the use of the multi-walled carbon nanotubes (MWCNTS) paste electrode
modified with the tetracarbonylmolybdenum(0) nanocomposite to determine Cu(ll) by using square wave
anodic stripping voltammetry (SWASV). The response of the MWCNT paste electrode modified is linearly
related to the concentration of Cu(ll) in the 0.1 nM to 1.0 uM range, and the limit of detection is 80 pM. The
method was applied to the analysis of Cu(ll) in water samples, and the results agreed well with those ob-
tained by inductively coupled plasma optical emission spectrometry (ICP-OES).

Zambhari et al. [20] reported the simultaneous electrochemical detection of Co(Il) and Cu(ll) by 1-
diazo-2-naphthol-4-sulfonic acid/MWCNTs modified glassy carbon electrode (GCE) by differential pulse
anodic stripping voltammetry (DPASV) in a batch system. The method was successfully applied in real water
samples and the results were in good agreement with those obtained by ICP-OES.

The objective of this work was to develop a method for the determination of potentiostatically depos-
ited Cu in citrate medium by chronoamperometry (CA) and anodic linear scanning voltammetry (ALSV),
with validation by argon ICP-OES.

2. MATERIALS AND METHODS

Analytical grade reagents were used, with solutions of these reagents prepared with deionized water (Milli-Q
system). Electroanalytical studies were performed using a potentiostat/galvanostat (model PGSTAT 30, Au-
tolab). Physical characterization measurements were obtained using a scanning electron microscope (SEM
model XL-30, Philips) coupled to an energy-dispersive X-ray (EDX) microanalyzer. Quantification meas-
urements were performed using an ICP-OES (model Optima 4300 DV, Perkin Elmer Instruments).

The two electrochemical cells of the Pyrex® glass, capacity 50 mL, and Teflon® tamp caps were used
for the electrodeposition and electrodissolution of the Cu deposits. The platinum working electrode (99.95%,
Degussa), with surface area = 8.0 x 10 cm? was pre-polished with 1200 grit silicon carbide sandpaper. A
platinum plate (99.95%, Degussa), 0.5 cm? in size, and saturated calomel, were used as the auxiliary and ref-
erence electrodes, respectively. For copper deposition, the solution used was composed of: 0.05 mol-L™
CuS0,.5H,0, 0.03 mol-L™* Na,SO,, 0.02 mol-L™* H3CsHs0-, and 0.2 mol-L™ NasCsHsO-. The electrodissolu-
tion solution contained: 0.02 mol-L™* Na,SO,, 0.03 mol-L™* H3C4Hs05, and 0.1 mol-L™* NazCsHsO-.

For the ICP-OES experiments, two calibration curves were composed of 0.5, 1.0, 2.5, and 5.0 mg-L™*
Cu solutions prepared with 10% (v/v) HNOj in electrodissolution solution.

Initially, Cu deposition/dissolution was investigated using chronoamperometry (CA) and anodic linear
scanning voltammetry (ALSV). All of the experiments were performed in triplicate at a scanning rate of 5.0
mV-s™ and pH 5.9. The operating conditions used for ICP-OES were: radiofrequency power = 1330 W; ar-
gon gas plasma flow rate = 15 L-min™*; nitrogen gas flow rate = 0.5 L-min™; nebulizer flow rate = 0.8 Lmin™;
sample flow rate = 1.4 mL-min™*; number of replicates of each sample = 3; and processed signal = peak area
(3 pixels).

The samples for ICP-OES analysis were prepared using chronoamperometric Cu deposition for 600 s,
followed by electrodissolution by ALSV using the same electrolyte medium, without the presence of metal.
Cu electrodissolution was performed in a fixed volume, using deposits from various potentials (-0.30, -0.50, -
0.70, and -0.90 V). Aliquots of each were taken and diluted with water in a ratio of 1:1 to minimize interfer-
ence effects.

The dissolved electrochemical mass was calculated, indirectly, by using the experimentally deter-
mined anodic charge, Equation (1) [21].

E
o EQ (1)
F
where E, = the chemical equivalent (g-mol™), Q. = the anodic charge (C), and F = Faraday’s constant (96485
C-mol™).
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3. RESULTS

3.1 Electrochemical behavior study

Initial experiments of Cu electrodeposition were carried out using Cu salts in the presence of Na,SO,, which
acts as a support electrolyte. This method serves the functions of increasing the conductivity of the solution
and minimizing the mass transport migration of electroactive species associated with citric acid/sodium cit-
rate metal complexation [22]. From an electrochemical point of view, the use of complexing agents is of in-
terest since they decrease the concentrations of free metal ions in solution, preventing the rapid deposition of
cations onto the electrode surface that leads to the formation of rough, brittle deposits having displacement
tendencies [22].

In electroplating, complexants are commonly added to the bath, with the purpose of reducing the
amount of free cations in solution. This is because a portion of the metal of interest is complexed, while a
portion of the cations are free in solution to be electrodeposited. With less free cations in solution, the elec-
trodeposition reaction is slower, and forms better quality electrodeposits. Conversely, if the complexing agent
is not added to the bath, the metal (cation) rapidly deposits onto the electrode surface, forming rough and
brittle electrodeposits.

Chronoamperometry was used to investigate Cu electroactivity, using a platinum substrate in sul-
fate/citric acid/sodium citrate medium, with electrochemical behavior characteristic of an irreversible process
being observed. The process of deposit formation/growth was observed, verifying the influence of potential
inversion from -0.30 to -0.90 V. Cu deposition began around -0.20 V [23], with no current maxima being
observed. The appearance of a single oxidation process was observed at -0.03 V, Figure 1.

As the sweep traveled to regions of more negative inversion potential, there was an increase in the
amount of Cu deposited. This was due to the energy supplied to the system being increased, allowing a larger
quantity of species in solution to be reduced, while also increasing the peak dissolution potentials, indicating
that more copper was dissolved. This was supported by a calculation of the current efficiency process [14].
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Figure 1: Cyclic voltammograms of the electrodeposition/electrodissolution of Cu using various inversion potentials
registered in a 0.1 mol-L™ citrate bath on a platinum surface.

The current efficiency (n) of the process, which is the ratio of the anodic species dissolution region
and cathodic species deposition region loads, was calculated using experimentally determined cathodic and
anodic charge values from the electrodeposition of electroactive species from the potential inversion differ-
ences of the Cu electrodeposition [24, 25]. As shown in Table 1, this calculation involves the ratio of the an-
odic/cathodic load being multiplied by 100. As mentioned earlier, as the inversion potential is increased to
more negative values, the efficiency of the process is also increased.
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Table 1: Current efficiency (1) of the Cu electrodeposition process in a 0.1 mol L™ citrate bath, at various inversion po-
tentials recorded by chronoamperometry.

Ein. (V) Q. (catodic charge at mC) Q. (anodic charge at mC) n (%)
~0.30 1.60 1.01 61
~0.50 7.86 6.71 85
~0.70 1.85 1.62 88
-0.90 2.49 221 89

The voltammograms shown in Figure 2 were recorded during ALSV experiments, in which two
electrochemical cells were used. The first cell contained deposition solution Cu salts and additives, while the
second cell contained electrodissolution solution. The composition of the electrodissolution solution was
similar to that used for the CA experiments, with the exception of the concentration of Na,SO, being 0.01
instead of 0.03 mol-L™ to balance the withdrawal of copper salts and maintain the same ionic strength.
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Figure 2: Linear voltammograms of Cu anodic electrodissolution using various inversion potentials registered in a 0.1
mol-L* citrate bath on a platinum surface.

Deposition of electroactive species was performed by starting at a fixed initial potential of 0.40 V (a
more negative region), and reaching a final variable potential of -0.30 V to -0.90 V. During the deposition
process, for all of the final potential values, no current maxima were observed during Cu (Cu®* = Cu°)
reduction. The dissolution process is presented in Figure 2, where a scan can be seen from variable initial
potentials, equal to the final deposition potentials, to a fixed final potential.

During the sweep, copper dissolution (Cu® = Cu?") was observed as a single process, showing
that the more negative the initial potential, the greater the area of the peaks obtained. This is because more of
the metal was dissolved from the previous stage of Cu deposition (Cu** = Cu°) and metallic copper
formation. Therefore, the metallic Cu layer that formed on the surface of the substrate increased as the poten-
tial was increased.

The differences observed in the current efficiency values of Cu electrodeposition using the two tech-
niques indicated a higher amount of deposit formation occurred during the process of CA versus ALSV. For
the more positive inversion potentials (up to -0.50 V), the yield decreased considerably with ALSV, while the
other potentials presented satisfactory yields, similar to those from CA. In both techniques, the potential of -
0.90 V presented the highest current efficiency, and was chosen for studies of electrodeposition morphology,
using a potentiostatic deposition time of 2,400 s.

The morphological analysis of Cu is shown in Figure 3A. Using a magnification of 5,000x, type mor-
phology was observed, and remained constant regardless of the time or deposition potential applied. A ho-
mogeneous and uniform distribution of grains of different sizes was observed throughout the substrate sur-
face. This morphology was also seen by Li, Du and Mei [26] in studies of electrodeposition of Cu, TiN and
ZrO, simultaneously in Ni deposits from a citrate bath in the presence of additives, and the results shows that
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the nanocomposite coating exhibits nodular-like structure with aggregated granules dispersed on the coating
surface.

The EDX spectrum using a 100x magnification for this deposit shows the three characteristic peaks
for copper identification, with no platinum identification peaks, due to the formation of a compact layer film
covering completely the substrate, Figure 3B.
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Figure 3: SEM micrograph (A) and EDX spectrum (B) of electrodeposits of Cu in a 0.1 mol-L™ citrate bath on platinum,
Egep = -0.90 V for 2400 s.

3.2 Optimization of ICP-OES parameters for the determination of copper

First, a Cu emission wavelength was experimentally determined. Figure 4 shows a graph of intensity versus
concentration for A = 324.752 and 327.393 nm. Based on the calibration curves, both wavelengths had similar
linearities, with correlation coefficients on the order of 0.9999.
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Figure 4: Cu concentration vs. wavelength intensity for ICP-OES.

Although they had similar linearities, it was observed that for A = 324.52 nm, the slope of the curve
was greater, indicating greater sensitivity (angular coefficient = 84,896 cps/(mg-L™), where cps = cycles per
second). In contrast, for A = 327.393 nm, the angular coefficient was 44,707 cps/(mg~L'1). Therefore, the A =
324.752 nm was selected for use, since it presented a 47% increase in sensitivity.

The effect of the support electrolyte in the electrodissolution medium on the Cu signal was evaluated.
However, it was observed that the saline content of this medium caused a disruption in the plasma, leading to
extinguishment. Therefore, the salt composition of the electrolyte medium was changed to a 50% composi-
tion of the original solution. Subsequently, a study was carried out using nitric acid medium and electrodisso-
lution bath, to compare their effects on the Cu emission signal, Figure 5.
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Figure 5: Cu concentration versus wavelength intensity in nitric acid medium and citric acid/sodium citrate medium for
ICP-OES.

According to the results, there was a small decrease in sensitivity for the sodium citrate medium, spe-
cifically at higher Cu concentrations. This loss is demonstrated by comparing the values of the angular coef-
ficients of the two curves. In the nitric acid medium, an angular coefficient of 79,863 cps/(mg-L™) was calcu-
lated, while an angular coefficient of 73,280 cps/(mg-L™) was calculated for the dissolution solution.

A possible explanation for this decrease in sensitivity may be due to spectral interferences from high
levels of sodium emission, or an alteration in plasma temperature, since part of the plasma energy is absorbed
by sodium ionization, because the presence of interfering elements, such as Na, K, and Ca that emit specific
spectrum could change the background intensity, decreasing the signal to background ratio, consequently
increasing detection limits [27].

3.3 Validation of the electrochemical method for the determination of Cu using ICP-OES

To certify the results obtained using the CA and ALSV techniques, it was necessary to validate the results
obtained by ICP-OES. However, the Cu deposition time had to be adjusted due to the sensitivity of this emis-
sion technique. In this case, deposition times between 20 and 600 s were investigated, with 600 s for potenti-
ostatic deposition being chosen.

The electrodeposits were subsequently dissolved in electrodeposition solution by ALSV. The content
of Cu dissolved was calculated, indirectly, by the calculation of the electrochemical mass of Cu dissolved
using the anodic charge, obtained from Faraday's law (Equation 1). Subsequently, the results were compared
to those quantified by ICP-OES, Table 2.

Table 2: Cu contents determined by ALSV and ICP-OES in the dissolution potential range studied.

Env. (V) ALSY ICP'OES RELATIVE ERROR (%)
Cu(mgL™)xsd Cu(mgL™)xsd
—0,30 0,057 £ 0,001 0,052+ 0,010 +8,77
—0,50 0,132 £ 0,001 0,145+ 0,004 -9,84
-0,70 0,181 +£ 0,032 0,167 £ 0,021 +7,73
—0,90 0,195 + 0,009 0,188 + 0,006 +3,59
Average +2.56%

sd (standard deviation).

The Cu content values determined by both methods were very close. It was calculated that the copper
content determined by the electroanalytical method versus the atomic emission method showed an average
relative error of 2.56%. However, it was also noted that the error present is suggestive of a random distribu-
tion and is not specific to either one of the techniques. The relative error was calculated using the results of
the electrochemical technique as a reference. In comparison to the errors calculated in this work, Saidin et al.
[19] reported an average relative error of 0.83%, and Zamhari et al. [20] found errors ranging from —7.98 to
+4.17% in real water samples analyzed, which average to a total error of -0.55%, and the results were in good
agreement with those obtained by ICP-OES (p>0.05).
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Figure 6 shows the Cu contents obtained from the comparison of the ALSV and ICP-OES methods, in
which the least squares method was used to evaluate the correlation between the two techniques, defined by a
linear regression line (R = 0.9831). In this figure, the symbols correspond to the means of the Cu concentra-
tions obtained by ALSV and ICP-OES at different potentials of electrodissolution (Table 1), representing a
95% confidence interval. The confidence interval for the statistical tests performed in this work was in
agreement with the results presented by Oliveira et al. [18]. The results showed that the electroanalytical
techniques of CA and ALSV have high precision for Cu determination. The graph was constructed using the
least squares method, with a 95% confidence interval.
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Figure 6: Least squares graph for the results obtained in the determination of Cu using ALSV and ICP-OES at different
dissolution potentials.

4. CONCLUSIONS

The electrochemical electroconductivity assays performed for copper, using a platinum substrate in sul-
fate/citric acid/sodium citrate medium, showed electrochemical behavior characteristic of an irreversible pro-
cess, with a well-defined oxidation peak at -0.03 V. The results obtained by chronoamperometry (CA) and
anodic linear scanning voltammetry (ALSV) versus those quantified by inductively coupled argon plasma
optical emission spectrometry (ICP-OES), were found to be very close, having a randomly distributed aver-
age error of 2.56%. The least squares method was used to evaluate the correlation between the two tech-
niques (ALSV and ICP-OES), and the results of the statistical tests performed presented a 95% confidence
interval.

It is therefore, possible to affirm that the electroanalytical techniques used (CA and ALSV) in this
work, prove to be efficient for the determination of copper (at a ppb level), as attested by validation with
ICP-OES.
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