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Introduction
Copper belongs to trace elements essential for biological 
systems, but it is toxic at higher concentrations [1]. The natural 
levels of copper in surface water, soil and rock vary significantly, 
but some carbonate rocks are rich in it. For example, the mineral 
malachite (copper carbonate hydroxide) occurs together with 
limestone. If either of these materials, after grinding, is used as a 
soil conditioner or dietary supplement (dolomite only), providing 
calcium and magnesium for people or animal food, there is a risk 
of copper contamination. The concentration of copper in nature 
may also be influenced by anthropogenic emissions, including 
those from industrial waste. The passage of water or an aqueous 
solution through porous material (slag or ash heaps) along with 
the diffusion of contaminants through material may cause the 
release of toxic substances to the environment. The precise 
analytical control of copper levels is therefore very important. 

To determine low concentrations of copper in minerals, mainly 
spectrometric methods are used. These methods include electro 
thermal atomic absorption spectrometry (ET-AAS), inductively 
coupled plasma optical emission spectrometry (ICP-OES) and 
inductively coupled plasma mass spectrometry (ICP-MS). 
However, the determination of copper traces in dolomites, 
limestone, and fly ash extracts by means of ET-AAS or of ICP-OES 

may be problematic due to matrix effects caused by the presence 
of high concentrations of Ca and Mg in the tested samples. 
Samples containing a high concentration of sulfates may also be 
problematic; such samples include water extracts of sulfate-rich 
fly ash produced during the combustion of carbon in a fluidized 
bed, where lime is added to fuel to prevent the emission of sulfur 
oxides. The lime reacts with SO2 to form sulfates, which become 
part of the fly ash.

In contrast, anodic stripping (ASV) and adsorptive stripping 
voltammetry, which require relatively inexpensive instrumentation, 
are sufficiently sensitive for copper quantification in highly 
concentrated solutions. The hanging mercury drop electrode 
(HMDE) or the mercury film electrode have been commonly used 
for the sensitive detection of the above element by means of the 
ASV technique [2,3]. Unfortunately, the ASV curves of copper 
in the vast majority of the supporting electrolytes are partly 
overlapped by the current from the anodic dissolution of mercury, 
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which makes correct measurements of the Cu response at low 
concentrations difficult. Moreover, due to restrictions in the 
manipulation and disposal of mercury and its salts in laboratories 
in some countries, new electrode materials for the preparation of 
voltammetric sensors have been proposed and tested. Especially 
bismuth (BiFE) [4] and, subsequently, antimony (SbFE) film 
electrodes [5,6], both introduced to the analytical practice at the 
beginning of the present century, have found wide application for 
the ASV detection of some metal ions (e.g., Pb, Cd, Zn, In, Tl) and 
organic compounds [7-11]. Unfortunately, the standard potential 
of copper is more positive than those of Bi or Sb and the anodic 
Cu oxidation wave is located outside the accessible potential 
windows of bismuth and antimony film electrodes. 

In spite of the above, Wang et al. demonstrated that, using the 
BiFE working electrode, a split Cu anodic stripping voltammetric 
signal was observed at the potential more positive than that of 
the Bi dissolution peak [12]. However, the applicability of the BiFE 
for the detection of Cu traces in real samples is limited due to 
the competition of the electrodeposited copper and the bismuth 
for surface sites [12,13] and the partial overlapping of the Bi and 
Cu oxidation waves [14-16]. The addition of gallium or hydrogen 
peroxide alleviated these issues [17-19]. The application of the 
antimony film electrodes (SbFE) for the detection of Cu appeared 
to be more attractive because of the lower sensitivity of the Sb 
anodic wave in comparison to that of Bi and consequently, its 
lower influence on the Cu response. Therefore, mainly SbFEs 
deposited in situ on the glassy carbon [20,21] and carbon paste 
[22,23] supports have been proposed for the determination of 
Cu, although the tin film electrode (SnFE) has also been used for 
this purpose [24]. It was evidenced that the most sensitive Cu 
signals at the SbFE deposited in situ on the glassy carbon or carbon 
paste supports were observed in such supporting electrolytes as 
hydrochloric acid [20,22,23] or potassium tartrate [21]. Due to 
the insensitive response of Sb in 0.01 M hydrochloric acid, it was 
possible to determine a relatively low Cu concentration, although 
the Cu and Sb anodic peaks were almost identical [23]. On the 
other hand, when potassium tartrate was used as the supporting 
electrolyte, the differences in peak potentials of Sb-Cu pair amounted 
to 160 mV, providing good separation of both signals [21]. 

Glassy carbon and carbon paste have been commonly used 
as supports for the preparation of metal film electrodes (BiFE, 
SBFE, SnFE) plated in situ or ex situ [7-11]. Recently, screen-
printed electrodes (SPE) have been attracting increasing interest 
in stripping voltammetry as an alternative substrate for metal 
film formation because of their many advantages, such as mass 
production, low cost, small size, lower susceptibility to oxygen 
interferences, and the possibility of disposal after a single use [25-
30]. SPEs work with portable, battery-operated electrochemical 
analysers, making it possible to test the level of toxic metals on 
site (e.g., stockpiles of raw materials at production sites, in areas 
contaminated by leakage from industrial installations, ash or slag 
heaps). SPEs modified with metal layers are a modern type of 
sensors, and thanks to their advantages they further broaden the 
scope of applications of electroanalytical methods. The protocols 
for the determination of Pb and Cd using anodic stripping 
voltammetry (ASV) employing SPEs have been extensively 

investigated. However, those describing the determination of Cu 
are less widespread because of unfavorably positive oxidation 
potential. Mercury film and gold-sputtered screen-printed 
electrodes have first been exploited in a voltammetric study of 
Cu contents [31,32]. So far, only the recently published paper 
by Arrino et al. has described the application of a modified SPE 
with an antimony film for the ASV determination of copper [33]. 
The authors proposed acetate buffer as a suitable supporting 
electrolyte for the sensitive determination of Cu, Cd and Pb at the 
SbFE deposited in situ. The attempts to apply SbF-SPEs have so far 
been focused on the detection of Cu in certified groundwater [34].

The aim of the presented study was to evaluate the possibility of 
utilizing anodic stripping voltammetry for the determination of 
copper in carbonate minerals and water extracts of fly ash using 
the modified screen-printed graphite electrode. To simplify the 
course of experiment the antimony film was deposited in situ 
after spiking the examined solution with Sb(III) ions. To obtain the 
optimal response of the sensing system, it was necessary to test 
the influence of chemical and instrumental factors on the copper 
signal and to also evaluate the influence of main constituents of 
the samples’ matrix.

Experimental
Reagents
All solutions were prepared using deionized water with resistivity 
of 18 MΩ (Millipore Simplicity UV, USA). 1 M acetate buffer of pH 
4.5 was prepared by mixing appropriate amount of CH3COONH4 
with CH3COOH solution (Suprapur, Merck). 1 M potassium nitrate 
was prepared by dissolving appropriate amount of reagent 
in water. Standard solutions containing Sb(III) or Cu(II) at a 
concentration of 1 g L-1 were obtained from Merck and diluted 
as required.

Apparatus
All measurements were performed using an Autolab potentiostat 
(EcoChemie, The Netherlands) connected to the PC with GPES 
4.9 software. The screen-printed electrodes (4 mm in diameter; 
carbon DRP C110) were provided by Dropsens, Spain. The working 
electrode used in all experiments was antimony film plated in situ 
at a screen-printed carbon electrode (SPCE). A coil of platinum 
wire served as the counter electrode, and an Ag/AgCl electrode 
(3 M KCl) (Metrohm, Switzerland) was used as the reference 
electrode. Photolysis was performed using a UV digestion system 
with a 150 W lamp (Mineral, Poland).

Measurement procedure
The electrochemical investigations were carried out by means 
of differential pulse anodic stripping voltammetry. The antimony 
film was deposited in situ at the surface of the screen-printed 
carbon electrode (SPE). The film-forming Sb(III) was added 
directly to the examined solution. An aliquot of the analyzed 
sample was pipetted into the electrochemical cell. After that, the 
following reagents were added: 0.1 ml of 1 M acetate buffer, 0.025 
ml of a 0.1 g L-1 Sb(III) solution, and 0.1 ml of 1 M KNO3. Finally, 
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deionized water was added to the total volume of 10 ml and 
dissolved oxygen was removed via 7 minutes of argon purging. 
Afterwards, the potential of 0.5 V was applied for 30 s to clean 
the surface of the working electrode. Immediately after cleaning, 
the potential was changed to -1.0 V and maintained for 60 s to 
deposit the antimony film and, at the same time, accumulate 
copper on the surface of the working electrode. During cleaning 
and accumulation, the solution was stirred using a magnetic bar. 
After 15 s of rest, a differential pulse voltammogram (DP-ASV) 
was recorded over the range of -0.4 V to 0.2 V. The modulation 
amplitude was 50 mV and the potential step was 4 mV.

Sample characteristics 
Limestone and dolomite: The powdered dolomite and limestone 
samples (1 g of both) were digested in 10 ml of 65% HNO3 
(Suprapur, Merck) on a hot plate for 30 minutes, then filtered, 
transferred to a 100 ml flask and UV-irradiated for 2 h. To speed 
up the photolysis process, 10 µl of 30% H2O2 was added to each 
10 ml of the sample.

Fly ash extract: The fly ash samples originated from thermal 
power stations in Poland equipped with fluidized bed lignite-fired 
boiler (fly ash 1) or conventional bituminous coal-fired boiler (fly 
ash 2). The extraction procedure was performed according to EN 
12457-2:2002. During this procedure, the samples were leached 
with distilled water (room temperature) at a sample-to-solvent 
ratio of 1:10. The mixture was sealed in polypropylene extraction 
bottles and placed in a rotary agitator (36 rpm, bottles placed 
at an angle of 45 degrees to the axis of rotation) for 24 h. After 
mixing, the samples were filtered, and the pH and conductivity 
were measured. The fraction of the extract used for voltammetric 
determination was acidified to pH 2 using concentrated HNO3 
(Suprapur, Merck).

Results and Discussion
Evaluation of the performance of unmodified 
and antimony-plated screen-printed electrodes
Unmodified screen-printed carbon electrodes can be used to 
record measurable ASV stripping signals of copper, but their 
shape and sensitivity are inadequate. The copper signal recorded 
in a solution containing 20 μg L-1 of Cu(II) is very extended – from 
-0.22 to 0.05 V – and relatively low (Figure 1). Such a distorted 
peak in pure acetate buffer makes unmodified SPE unsuitable 
for the analysis of real samples. Moreover, matrix components 
adversely affect the voltammetric signals. Adding 0.1 mgL-1 of 
Sb(III) ions to the examined solution made the determination of 
Cu(II) via ASV possible. During the electrolytic preconcentration 
of Cu(II) in the presence of Sb(III) ions at -1.0 V, Sb(III) ions were 
reduced to form the antimony film and, at the same time, copper 
accumulated on the surface of the SPE working electrode. The 
copper response recorded using the in-situ plated antimony SPE 
(SbF-SPE) was well-shaped, more narrow, and more sensitive 
(three times higher) than that obtained using the unmodified 
SPE (Figure 1). The potential of copper peak shifted to more 
positive values by 58 mV in comparison to that obtained using 
the unmodified SPE. 

Optimization of chemical and instrumental 
variables 
To select the optimal concentration of Sb(III) ions, the effect of 
its concentration on the copper signal was further investigated 
(Figure 2). At the Sb(III) ion concentration of 0.25 mg L-1, the 
copper peak was the highest and was 3.7 times higher than 
the copper signal recorded using the unmodified SPE. A small 
peak originating from antimony oxidation was also observed at 
a potential 0.1 V more negative than that of the copper peak. 
Increasing the Sb(III) concentration further resulted in a slight 
drop in the copper peak current (Figure 2A and 2B). In addition, 
the antimony signals recorded in solutions with a concentration 
higher than 0.25 mg L-1 partially distorted the copper signal.

The Cu(II) signals recorded in solutions with acetate buffer 
concentrations ranging from 0.005 to 0.05 M did not differ to a 
considerable extent (the RSD of their peak currents was equal to 
5.3%; Figure 2C). When increasing the concentration of acetate 
buffer within the investigated range, the potential of the Cu 
response shifted to more negative values, by 68 mV per 10 mM. 
Further experiments were therefore performed in 0.01 M acetate 
buffer containing 0.25 mg L-1 of Sb(III).

The pH of the supporting electrolyte has a profound effect on 
the preconcentration efficiency of metals and on the width of 
the potential window. The influence of the acetate buffer pH was 
investigated in the range 3.6 to 5.5 by adding the appropriate 
amount of NaOH. The highest, most narrow and most symmetrical 
copper signals were recorded in the acetate buffer with the pH of 
4.5. In the case of solutions with a pH lower than 4.5, copper and 
antimony peaks overlapped; when the pH was higher than 4.5, 
copper peaks were lower and not symmetrical. 

The DPV mode was found to be optimal for Cu(II) determination. 

Figure 1 Comparison of ASV curves of copper recorded in a solution 
containing 20 µg L-1 Cu(II) using an in-situ antimony-plated 
SPE (a,b) and an unmodified carbon SPE (c). Voltammogram 
recorded using in-situ antimony-plated SPE for a copper-
free supporting electrolyte (d). Supporting electrolyte: 0.01 
M acetate buffer, 0.01 M KNO3, 0.1 mg L-1 of Sb(III)  (b,d) 
or 0.5 mg L-1 of Sb(III) (a). Instrumental parameters: Edep=-
0.7 V (a), Edep=-1.2 V (b-d), tdep=120 s. Voltammogram (a) 
– concentration of Sb(III) and instrumental parameters as 
in ref. [33].
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The SWV and LSV techniques were not sufficiently sensitive 
to provide satisfactory signals of Cu(II). The influence of the 
deposition potential, one of the most important parameters 
affecting the efficiency of metal ion accumulation, was 
investigated in the range from -1.2 to -0.2 V. The copper signal 
increased from -1.2 V up to -1.0 V; less negative accumulation 
potentials caused the copper signal to decrease. The highest 
copper signal was obtained for the accumulation potential of -1.0 
V, and this value was chosen for further investigations (Figure 2).

The results of tests performed at the antimony-plated SPE after 
accumulation at – 1.0 V in a solution of 20 µg L-1 of copper 
showed a linear increase in the copper signal in the accumulation 
time range of 0 - 180 s. For the majority of further experiments, 
the accumulation time of 60 s was used as a compromise 
between sensitivity and the duration of the procedure. In some 
experiments, accumulation was prolonged to 120 s to increase 
the sensitivity of the copper signal (Figure 3).

Analytical performance 
Figure 4 presents voltammograms recorded using the in-situ 
plated antimony SPE in the 0.01 M acetate buffer solution 
containing copper in concentrations ranging from 4 to 250 µg L-1. 
Under the optimized conditions, the examined SbF-SPE provided 
well-defined stripping curves with a peak current that depended 
linearly on Cu(II) concentration in a relatively wide range from 4 to 
200 μg L-1 (y=(0.065 ± 0.002)x+(0.7 ± 0.3), where y and x denote the 
peak current (µA) and Cu(II) concentration (µg L-1), respectively; 

Figure 2 The influence of antimony concentration ranging from 0.1 
to 1.0 mg L-1 (A, B) and acetate buffer concentration (C) on 
the ASV peak current of 20 μg L-1. Supporting electrolyte: 
0.01 M acetate buffer, 0.01 M KNO3 (A,B) and 0.25 mg L-1 
Sb(III) (C). Instrumental parameters: Edep=-1.2 V, tdep=120s.
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R2=0.99). The loss of linearity at concentrations higher than 200 
µg L-1 was likely due to the partial saturation of the electrode 
surface. The detection limit for an accumulation time of 120 s 
estimated from 3 times the standard deviation for the lowest 
concentration of Cu(II) was equal to 0.2 µg L-1. The reproducibility 
estimated for 10 subsequent curves was satisfactory (RSD=5%) 
for voltammograms recorded in the solution containing 4 µg L-1 
of Cu(II). 

To validate the proposed protocol, Cu(II) was determined in 
the reference material (Reference Material for Measurement 
of Elements in Surface Waters SPS-SW2 Batch 129). Three 
subsamples were analyzed by applying the optimized chemical 
and instrumental parameters. The results of copper determination 
obtained using the in-situ SbF-SPE (96.6 ± 2.2 µg L-1) were in good 
agreement with the certified value of 100.0 ± 1 µg L-1  (Figure 5).

Interferences 
All examined samples were rich in calcium ions; the fly ash 

Figure 3 The influence of the deposition potential (A) and time 
(B) on the copper peak current recorded in a solution 
containing 20 μg L-1 of Cu. Supporting electrolyte: 0.01 M 
acetate buffer, 0.01M KNO3, 0.25 mgL-1 Sb(III). Instrumental 
parameters: Edep=-1.2V (B), tdep=60 s (A).
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Figure 4 Voltammograms recorded in solutions with increasing 
copper concentrations (A) and the corresponding 
calibration plot (B). Supporting electrolyte: 0.01 M acetate 
buffer, 0.01M KNO3, 0.25 mg L-1 Sb(III). Instrumental 
parameters: Edep=-1.0 V, tdep=120s.
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extracts also contained a high amount of sulfate. The influence of 
Ca(II) on the copper signal was tested up to 0.025 M of Ca(II) and 
interferences were not observed. The sulfate ions did not affect 
the copper signal up to 0.2 M. Unlike Ca(II) and sulfate, chloride 
ions heavily influenced the copper signal. A discernible drop in 
the copper signal recorded in the solution containing 25 μg L-1 
Cu(II) appeared for a NaCl concentration as low as 0.2 mM, and 
became progressively worse up to 0.011 M, at which point the 
copper peak retained only 15% of its initial value. Consequently, 
nitric acid was used to digest the solid limestone and dolomite 
samples.

Application 
The investigated in-situ SbF-SPE was applied for the determination 
of Cu(II) in the digested dolomite and limestone samples, and fly 
ash extracts. To determine the Cu(II) concentration, the standard 
additions procedure was used (Figure 5). Quantification was 
performed for three aliquots of each investigated sample. The 
results are presented in Table 1. In the case of fly ash extracts, the 
components of the solution matrix heavily influenced the Cu(II) 
response. The copper signals recorded in the pure supporting 
electrolyte were higher than those recorded in copper-spiked 

(20 μg L-1) samples of fly ash extracts. This signal suppression was 
observed in 20-fold diluted samples (45% and 21% drop in the 
copper signal for fly ash 1 and fly ash 2, respectively) and was 
more pronounced in the less diluted sample solutions. To assess 
if the suppressing effect was caused by the presence of organic 
matter originating from unburned carbon compounds, UV-
photolysis was performed again for these samples. After 12 hours 
of photolysis, it was possible to record measureable copper peaks 
for the extract of fly ash 1. Unfortunately, the copper signal was 
still not present in the voltammograms recorded for the extract 
of fly ash 2. In this case, it was only possible to perform recovery 
studies after spiking the sample with 20 μg L-1 of Cu(II) (Table 1).

Conclusions
The introduction of Sb(III) ions into the acetate buffer for 
antimony film formation improved the sensitivity of the 
voltammetric determination of copper and the quality of the 
signals recorded using SPEs in terms of symmetry and peak width. 
Under the optimized conditions, the copper signal recorded 
using the SbF-SPE was 3.7 times higher than that observed 
when unmodified SPEs were used. The procedure offers one of 
the lowest limits of detection (0.2 μg L-1) and a linear response 
over a wide concentration range (4-200 μgL-1) when compared 
with other procedures employing SPEs. It was demonstrated that 
the proposed method is suitable for the determination of trace 
copper content in both inorganic natural (carbonate minerals) 
samples and materials produced by human activity (fly ash). The 
method is simple and fast, offers sufficient sensitivity, and utilizes 
relatively inexpensive electrochemical instrumentation. These 
features make it suitable for the future application in the on-site 
determination of trace levels of copper.
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Figure 5 DP-ASV curves recorded for limestone (A) and dolomite 
(B) samples before and after addition of copper standards. 
Composition of the examined solutions: A – digested 
limestone sample diluted 4-fold; B – digested dolomite 
sample diluted 2-fold. Standard additions: a) 0, b) 2.5, c) 5, 
d) 7.5 and e) 10 µg L-1 Cu(II). Supporting electrolyte: 0.01 M 
acetate buffer, 0.01M KNO3, 0.25 mg L-1 Sb(III). Instrumental 
parameters: Edep=-1.0, tdep=60s.
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Table 1 Results of voltammetric determination of copper in mineral and 
industrial samples employing an in-situ SbF-SPE.

Sample Concentration in 
solution

(ASV-SPE) (µg L-1)

Concentration in 
solution (ICP MS)

(µg L-1)

Contents*

(mg kg-1)

Limestone 13 ± 1 11.9 ± 0.9 1.3
Dolomite 8.8 ± 0.3 8.5 ± 0.2 0.88

Fly ash 
extract 1

2.5 ± 0.2 2.3 ± 0.1 0.025**

Fly ash 
extract 2

Not detected
(Recovery 118%***)

<1.5 -
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