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Abstract: On-line Cu (II) ion concentration detection in bioleaching system was achieved by anodic stripping differential pulse 
voltammetry (ASDPV). Good linearity between Cu (II) concentration and oxidation peak current was obtained when Cu (II) existed 
in 0K media in the concentration range of 1 μmol/L (64 μg/L) to 1 mmol/L (64 mg/L). Moreover, when 0.2 mol/L KCl was added 
into this media, the linear detection range could be extended from 1 mmol/L to 100 mmol/L (6.4 g/L). The reduction of Cu (II) to 
metallic copper was shown to proceed as two successive single-electron transfer reactions involving an intermediate chemical step 
where the cuprous ion (Cu+) was complexed by chloride to form the dichlorocuprous anion (CuCl−). In addition, interference effect 
was also investigated when Fe3+ existed in the media, which was the common situation in the copper bioleaching system. The results 
showed no interference effect once the concentration of Fe3+ was less than 100 mmol/L (5.6 g/L). 
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1 Introduction 
 

Bioleaching is an emerging technology with 
significant potentials to add value to the mining 
industries so as to deliver attractive environmental and 
social benefits [1]. Low-grade ores, small and 
complicated ore bodies, waste ores and ores that are hard 
to be processed by traditional method can be recovered 
by bioleaching. Compared with traditional strong acid 
chemical leaching method, bioleaching has many 
advantages, such as economic, energy-efficient, 
pollution-free and low capital requirements, particularly 
when the recoverable metals are present at relatively low 
levels [2,3]. 

The concentration of Cu (II) is a vital factor that 
reflects the copper leaching rate, recovery efficiency and 
influences the next processions, such as solvent 
extraction and electrowinning [3,4]. There is a strong 
requirement and application for on-line Cu (II) ion 
concentration detection. Different methods have been 

employed for metal analysis in bioleaching, such as 
atomic absorption spectrometry (AAS) [5,6], inductively 
coupled plasma emission spectrometry (ICP-AES) [6], 
energy dispersive X-ray fluorescence (EDXRF) [7,8] and 
total reflection X-ray fluorescence (TXRF) [9]. These 
methods are of high sensitivity. However, these methods 
are limited in their use for in-situ and on-line monitoring 
because of their size, cost and analysis time. 

Copper ion-selective electrodes give a linear, 
Nernstian response to Cu2+ activities, and could be used 
for on-line monitoring but they are subject to a number 
of interferences. Their precision and accuracy can be 
reduced by the presence of interfering ions, temperature 
variations and electrode surface reactions [10,11]. 
Commercial copper ion-selective electrode failed to 
work in the presence of iron at low pH value, thus they 
are hard to be used in the on-line bioleaching system. 

Electrochemical techniques, such as stripping 
analysis, have been reported for the heavy metal analysis 
because they satisfy almost all requirements for   
in-situ measurement of heavy metal ions [12−15], and  
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are capable of detecting more than one electro-active 
species at the same time. Anodic stripping voltammetry 
(ASV) and cathodic stripping voltammetry (CSV) are the 
two typical representative stripping analysis methods. By 
ASV, the analyte of interest is electroplated on a working 
electrode during a deposition step, and then oxidized 
from the electrode during a subsequent stripping step, 
where the oxidation current is measured. The oxidation 
of species is registered as a peak in the current signal 
associated with the potential at which the species is 
known to be oxidized [16]. By CSV, heavy metal ions in 
the sample solution can be identified and quantified by 
sweeping a potential that reduces specific metal ions at a 
specific potential and the current generated at each 
reduction potential indicates metal ion species and 
concentration on the order of minutes [17,18]. 

A number of different pulse techniques are available 
for stripping voltammetry. Differential pulse 
voltammetry (DPV) is selected for our experiments, 
where the working electrode current is measured prior to 
and at the end of a pulse superimposed on a staircase 
potential ramp, with the difference signal recorded. DPV 
is generally accepted as being more sensitive than 
conventional cyclic voltammetry. It can discriminate 
against the large capacitive currents associated with the 
charging and discharging of the electrical double layer on 
the electrode surface where the currents are recorded as 
the electrode potential is rapidly changed during a 
voltammetric sweep [19]. 

In this study, the concentration of Cu (II) is 
measured by DPV, in an attempt to find an on-line 
measurement method suitable for the determination of 
Cu (II) ion concentrations in the bioleaching system. 
 
2 Experimental 
 
2.1 Apparatus and materials 

Differential pulse stripping voltammetric analyses 
were performed with a CHI scanning electrochemical 
microscope (CHI instruments, USA). A standard 
three-electrode configuration was used for the 
electrochemical measurements, a glassy carbon electrode 
(electrode surface area was 0.07 cm2), a Pt plate counter 
electrode and an Ag/AgCl (3 mol/L KCl) reference 
electrode. All potentials were reported versus the 
Ag/AgCl (3 mol/L KCl) reference electrode at room 
temperature. The measurement parameters for ASDPV 
were chosen as follows: deposition time 60 s with −500 
mV, scan rate 50 mV/s, sampling width 17 ms, pulse 
amplitude 50 mV, pulse period 200 ms, quiet time 10 s 
and sensitivity 10−5 A/V. 

In the experiments reported, the background 
electrolyte was 0K media, which contained (NH4)2SO4 
(3.0 g/L), MgSO4·7H2O (0.5 g/L), K2HPO4 (0.5 g/L), 

KCl (0.1 g/L) and Ca(NO3)2 (0.01 g/L). Cu2+ and Fe3+ 
stock solutions were prepared by dissolving cupric 
sulfate and ferric sulfate into 0K media, respectively. 
Both pH values were adjusted to 1.8. All chemicals were 
used as supplied with no further treatment and were of 
analytical grade. De-ionized water (resistance over    
18 MΩ·cm) from a Millipore-Q water purification 
system was used throughout the experiment. 
 
2.2 Measurement procedure 

In this investigation, the cupric and ferric 
concentrations were both varied over the range of      
1 μmol/L to 100 mmol/L. This range was chosen from 
the regular cupric and ferric concentration in bioleaching 
system. Cyclic voltammetry (CV) and differential pulse 
voltammetry (DPV) were applied to achieving cupric 
concentration detection. 

Prior to performing experiments with cupric ions, 
the glassy carbon electrodes were characterized in the 
background electrolyte (0K media) to establish the 
potential limits over which they could be operated 
without hydrolysis of water. 
 
3 Results and discussion 
 
3.1 CV of 0K media and Cu (II) 

Figure 1 shows CV waveforms obtained in the 
background 0K media (pH 1.8) and 0K media containing 
2 mmol/L Cu2+ recorded over the potential ranging from 
800 mV to −800 mV and back to 800 mV. It is shown 
that the glassy carbon electrode could be safely operated 
at anodic potentials up to 800 mV without oxygen 
evolution occurring. However, the presence of large 
currents at potentials more negative than approximately 
−500 mV suggests that this potential sets the cathodic 
limit before hydrogen evolution commences, as shown in 
the inserted figure in Fig. 1. 
 

 
Fig. 1 Cyclic voltammetry waveform (red line is for glassy 
carbon electrode in 0K media, black line is for 0K media 
containing 2 mmol/L Cu (II) and inserted figure shows enlarged 
CV in 0K media) 
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Six peaks appear in the CV waveforms for 0K 
media containing 2 mmol/L Cu2+. Peak 2 is the reduction 
of Cu2+ to metallic copper and peak 4 represents the 
oxidation of metallic copper to Cu2+. As can be seen, the 
oxidation current (peak 4) is much larger than the 
reduction current (peak 2), so ASV was selected as the 
DPV operating method, an anodic stripping differential 
pulse voltammetry (ASDPV), which is used to 
characterize the cupric response in the following 
experiments. Peak 3 can be ascribed to the hydrogen 
evolution process as its occurring potential is quite close 
to −500 mV. Peak 6 is considered to be the background 
effect since CV waveforms for other Cu2+ concentrations 
(1 mmol/L, 5 mmol/L) also show the same peak. Peak 1 
and peak 5 can be caused by the Cl− effect. About      
1 mmol/L Cl− exists in 0K media, and more details about 
Cl− effect will be discussed in section 3.3. 
 
3.2 DPV experiments in 0K media containing Cu (II) 

Compared with CV, DPV has better selectivity. The 
potential ranging from −500 mV to 800 mV was chosen 
for ASDPV to characterize the cupric response. For each 
experiment, the working electrode was cleaned by 
holding the potential at 800 mV for 60 s. 

When the electrodes were immersed in 0K media 
containing Cu (II) and the potential was set at −500 mV 
for 60 s, Cu (II) was reduced to Cu (0). As can be seen 
from Fig. 2, an anodic peak at about 180 mV vs Ag/AgCl 
electrode, corresponding to the oxidation of reduced Cu 
(0) to Cu (II) is observed. The oxidation peak current 
increases respectively with increasing concentration of 
cupric ions from 1 μmol/L to 5 mmol/L. Linear 
calibration plot is obtained with correlation coefficient of 
0.987 in the concentration range of 1 μmol/L to        
1 mmol/L, as shown in the inset of Fig. 2. So the 
linearity range for Cu (II) was from 64 μg/L to 64 mg/L. 
 

 

Fig. 2 ASDPV for Cu (II) in range of 1 μmol/L to 5 mmol/L 
(the inset is its calibration curve) 

3.3 DPV experiments of Cu (II) in 0K media 
containing Cl− 
To understand the influence of Cl−, a series of 0K 

media containing 0.2 mol/L KCl with different 
concentrations of cupric ion were tested by cyclic DPV, 
and the results are shown in Fig. 3(a). The 
voltammograms show four distinct peaks: two reduction 
peaks during the cathodic scan (peak 1, peak 2) and two 
oxidation peaks during the reverse scan (peak 3, peak 4). 
The presence of four peaks implies the occurrence of two 
distinct redox processes. It has been reported that the 
current peaks correspond to the following reactions: the 
reduction of Cu2+ to Cu+ in solution (peak 1); the 
reduction of Cu+ to metallic copper at the glassy carbon 
electrode (peak 2); the oxidation of metallic copper from 
the glassy carbon electrode (peak 3); and finally the 
oxidation of Cu+ to Cu2+ in solution (peak 4) [19−22]. 
During the investigation, a copper film can be observed 
to cover the surface of glassy carbon electrode during the 
formation of peak 2 which is subsequently removed 
during the formation of peak 3, confirming that these two 
current peaks represent the plating and stripping of 
copper. 

 

 
Fig. 3 Cyclic DPV waveform of 0K media containing Cu (II) in 
the presence of 0.2 mol/L KCl (a) and linear curve (b) 
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Figure 3(a) illustrates some general trends that are 
observed over the concentration range studied by cyclic 
DPV. All four peaks exhibit an increase in magnitude 
with increasing Cu2+ ion concentration. Moreover, the 
potential of peak 2 remains constant while the potentials 
at which peak 3 occurs shifts toward more positive 
values with concentrations increasing. Peak 2 is used for 
cupric ion concentration detection. 

The linear dependence of peak 2 current (Ip) gives 
the regression equation of Ip=−0.915−0.025 [Cu (II)], 
where Ip is in μA, and [Cu (II)] is in μmol/L with a 
correlation coefficient of 0.998, and ranges from       
1 mmol/L to 10 mmol/L. It shows that the addition of 0.2 
mol/L KCl could increase the linear detection range. 
Catholic stripping DPV (CSDPV) was used to 
investigate peak 2 current for 20 , 50 and 100 mmol/L Cu 
(II) in 0K media containing 0.2 mol/L KCl, and the 
results are shown in Fig. 3(b). Good linear characteristic 
is obtained with a correlation coefficient of 0.997. 
Therefore, the addition of Cl− into this system can 
increase the Cu (II) detection range to 100 mmol/L (6.4 
g/L). 

The characteristic 4-peak voltammograms displayed 
in Fig. 3(a) have been reported [20−23]. In general, the 
voltammograms represent two separate single electron 
transfer reactions. The reduction may proceed as two 
successive single-electron reactions where Cu+ is as an 
intermediary: 
 
Cu2++e→Cu+, ~ −47 mV (vs Ag/AgCl, 3 mol/L KCl) 

        (1) 
Cu++e→Cu, ~ −311 mV (vs Ag/AgCl, 3 mol/L KCl) 

        (2) 
 

The presence of 4-peak suggests a two-stage 
process, but the potentials at which the observed current 
peaks occur do not agree with those given by reactions  
(1) and (2), which was obtained from the Eh−pH diagram 
for Cu/Cu+/Cu2+ in water [24]. It could be concluded that 
the redox of Cu2+ must be affected by the chloride ion. 

The cuprous ion (Cu+) is not stable in aqueous 
media and is easily oxidized [25]. The presence of 
chloride ions, stabilizes it in a highly soluble 
dichlorocuprous anion )CuCl( 2

− [19,20,26]: 
 
Cu++2Cl−→ −

2CuCl                            (3) 
 

Thus, the second reduction reaction given by 
reaction (2) is unlikely to occur in electrolytes with a 
high chloride concentration and therefore the reduction 
of Cu2+ more likely proceeds as follows: 
 
Cu2++e→Cu+ (Peak 1)                        (4) 
Cu++2Cl−→ −

2CuCl                            (5) 
−
2CuCl +e→Cu+2Cl− (Peak 2)                 (6) 

 
In general, in 0K media with 0.2 mol/L KCl, the 

reduction of Cu2+ to metallic copper proceeds as two 

successive single-electron reactions are separated by an 
intermediate chemical step where the cuprous ion (Cu+) 
is converted to the dichlorocuprous anion )CuCl( 2

− . 
 
3.4 DPV experiments of Cu (II) and Fe (III) in 0K 

media 
Figure 4 shows a group of CV curves of Cu (II) and 

Fe (III) in 0K media. When the concentration of Fe (III) 
is less than 1 mmol/L, the interference of Fe (III) can be 
neglected as the redox peak currents for Cu (II) and Fe 
(III) were separated. Peaks 1 and 2 are considered to be 
the redox process for Cu (II) and peaks 3 and 4 for Fe 
(III). However, when the concentration of Fe (III) is 
higher than 2 mmol/L, the redox peaks for Cu (II) and Fe 
(III) overlappes. DPV details were investigated for the Fe 
(III) concentration larger than 1 mmol/L. 
 

 
Fig. 4 CV curves of Cu (II) and Fe (III) in 0K media 
 

DPV waveforms of 9K media containing 1 mmol/L 
Fe (III) with different Cu (II) concentrations are shown 
in Fig. 5(a). As can be seen, Cu (II) concentrations can 
be detected when interference Fe (III) is 1 mmol/L. The 
linear dependence of oxidation peak current on the 
cupric ions concentration gives the regression equation 
of Ip=6.633+0.463 [Cu (II)] with a correlation coefficient 
of 0.971. The detection limit value for cupric ion is 
determined to be 10−7 mol/L, and the sensitivity will 
become better when the cupric ion concentration is 
higher than 10 μmol/L. 

To detect the interference of higher concentration of 
Fe (III), same concentrations of Cu (II) and Fe (III) have 
been investigated by DPV, as shown in Fig. 6(a). Anodic 
peaks at around 80 mV are observed corresponding to 
the oxidation of Cu (0) to Cu (II). Linear calibration plot 
(Fig. 6(b)) is Ip=0.349+0.0757 [Cu (II)], where Ip is in 
mA, and [Cu (II)] is in mmol/L with a correlation 
coefficients of 0.985. Cu (II) concentration can be 
detected once Fe3+ ion concentration is lower than 100 
mmol/L, that is 5.6 g/L, which is suitable for the 
bioleaching system. 
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Fig. 5 DPV waveforms of Cu (II) in 0K media with 1 mmol/L Fe (III) (a) and calibration curve (b) 
 

 
Fig. 6 DPV waveforms for Cu (II) and Fe (III) in 0K media (a) and calibration curve (b) 
 
 
4 Conclusions 

 
Good linearity was obtained when cupric ions 

existed in 0K media with the range of 1 μmol/L to     
1 mmol/L in the proposed DPV test. Experimental results 
showed that in 0K media containing 0.2 mol/L KCl, the 
linear range of Cu (II) detection could be extended to 
100 mmol/L (6.4 g/L). The reason for the Cu (II) 
detection limit enhancement was that the reduction of 
Cu2+ to metallic copper proceeded as two successive 
single-electron reactions were separated by an 
intermediate chemical step where the cuprous ion (Cu+) 
was converted to the dichlorocuprous anion 

).CuCl( 2
− Fe3+ ion interference could be neglected for the 

detection of Cu (II) using ASDPV once it was lower than 
100 mmol/L (5.6 g/L). 
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摘  要：采用差分脉冲阳极伏安法实现生物冶金中铜(II)浓度的在线检测。结果表明，当体系中仅有铜(II)存在且

其浓度范围为 1 μmol/L~1 mmol/L 时，差分脉冲阳极伏安法所测阳极氧化峰电流与浓度间有很好的线性度。当此

体系中含有 0.2 mol/L KCl 时，铜离子检测的线性范围从 1 mmol/L (64 mg/L)扩展到 100 mmol/L (6.4 g/L)。在此条

件下，二价铜离子的还原分为两步连续的单电子转移过程，中间态为 Cu+ 的络合物 CuCl−。此外，在铜的生物冶

金体系中，经常会有铁离子存在，因此对铜离子检测的铁离子干扰也进行了研究，结果表明，当铁离子浓度低于

100 mmol/L (5.6 g/L)时，其对铜离子检测的干扰可忽略。 

关键词：差分脉冲阳极伏安法；峰电流；铜(II)；铁离子干扰 
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