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1. Introduction  

 

Voltammetry is an electroanalytical method 

based on the measurement of the current intensity 

during an electrolysis provoked by a controlled 

variable of potential over time. Voltammogram is a 

current-potential curve that shows the current 

increase due to analyte diffusion to and reaction on 

the electrode surface. This is caused by the 

concentration gradients between the bulk solution 

and the electrode. Voltammetric analysis is simple 

and not destructive; sample treatments are 

unnecessary in many cases. Furthermore, 

voltammetry techniques allow speciation and 

simultaneous determination1-3. This method has 

been widely used in metal quantification in 

different samples4-8. 

Cadmium is one of the most monitored metals 

in the environment and wastewaters. Cadmium 

control is important due to its wide industrial 

applications, but its presence in ecosystems 

generates significant effects. This metal is used in 

batteries and as additive for plastics and glasses; it 

is also employed for galvanization and coating of 

surfaces due to its resistance to corrosion. 

Moreover, cadmium works as mordant in tincture 

and impression of textile materials, among other 

applications. However, cadmium compounds are 

toxic even in low concentrations. They may cause 

renal problems, infertility, immunologic and 

nervous affliction, cancer, and others9.  Cadmium 

ABSTRACT: A voltammetric method for the cadmium quantification 

was developed using minimal instrumentation. A manual homemade 

potentiostat for linear voltammetry was used. An Ag reference electrode 

and auxiliary and working electrodes of writing graphite were employed 
for the electroanalysis. The electrolytic conditions for the quantification 

were stablished.  Linearity, detection and quantification limits, precision 

and accuracy were evaluated. The conditions for the quantification were 

KCl 1 mol L-1 as supporting electrolyte and pH 5. The range of 
quantification was from 10-3 to 1.5∙10-2 mol L-1. The linear correlation (r), 

determination (R2) and adjusted (R2
adj.) coefficients were 0.9986, 0.9972 

and 0.9970. The detection and quantification limits were 3∙10-4  
 

mol L-1 and 10-3 mol L-1. Results showed an acceptable repeatability, with coefficients of variation from 1.5 to 5.8% depending on the 

concentration. Uncertainty associated with the cadmium concentration was in the range of 1.2∙10-4 to 7∙10-5 mol L-1, diminishing with 

the increasing of the concentration. A good accuracy was observed, with recoveries between 86.84 and 109.64%.  
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is easily bioaccumulated by fish, crustaceans and 

plants8, 10, 11. Electrochemical reduction of 

cadmium may be used for its voltammetric 

quantification. The reaction of the process is 

provided in Equation 1. 

 

Cd2+
(ac) + 2e- = Cd(s)

                                                (1) 

 

Although voltammetry is cheaper than other 

methods of instrumental analysis, commercial 

instrumentation for its development is inaccessible 

for many laboratories of low economic resources. 

Some researchers have shown that construction of 

instrumentation for electrochemical methods is 

possible, from selective electrodes12, 13 to 

potentiostats14-16. A non-commercial 

instrumentation may be considered as minimal 

when it consists of the basic components to 

generate an electrochemical process. Voltammetric 

determination of cadmium has been reported7, 

however, the quantification using non-commercial 

instrumentation has not been widely reported. 

Bearing in mind this context, the objective of this 

work is to evaluate the analytic parameters for the 

voltammetric quantification of cadmium by using 

non-commercial electrodes and a minimal 

instrumentation potentiostat reported by the 

authors17. For future application of the method, the 

concentration ranges of the determinations have 

been selected in correspondence with the common 

amount of cadmium in the solution from the 

digestion of Ni-Cd rechargeable batteries18. 

 

2. Materials and methods 

 

2.1. Electrochemical instrumentation and chemical 

reagents 

 

A homemade minimal instrumentation manual 

micropotentiostat for linear sweep voltammetry 

was employed to develop the voltammetric 

method. The scheme of the circuit is shown in the 

Figure 117. This consists of two parallel circuits. 

One allows the measurement the current between 

the working electrode and the auxiliary electrode. 

The other allows to measure the virtual potential 

between the working electrode and the reference. 

The potential sweep is made using a rheostat, 

which causes a potential fall through the 

electrolytic cell. 

 

 
Figure 1. Circuit scheme for the voltammetric method 

for cadmium quantification using minimal 

instrumentation17.  

 

Figure 2 shows the electrodes design. A 

microdisc of graphite (d=2.03 mm) for writing was 

employed as a non-commercial working electrode. 

A bar of the same material was used as auxiliary 

electrode. The reference was an Ag wire. Linear 

potential sweeps were done from -10 to -1500 mV. 

All the chemical reagents used were for analytic 

use (Uni-Chem, Serbia). 

 

 
Figure 2. Electrodes design for the voltammetric 

method for cadmium quantification using minimal 

instrumentation: (a) Working electrode, (b) Auxiliary 

and reference electrodes. 

 

2.2. Study of conditions for the voltammetric 

method for cadmium quantification 

 

Supporting electrolyte concentration and pH 

were studied for the voltammetric determination of 

cadmium. The effect of the KCl concentration over 

the limiting current was studied at 0.1, 1.0 and 2.0 
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mol L-1 19. The effect of the pH was studied at the 

values of 3, 4 and 5, in the KCl concentration fixed 

previously20. pH was fixed using an acetic 

acid/acetate buffer, which was prepared according 

to a reported methodology21. Three 

voltammograms were registered for each KCl 

concertation and pH, then, the average limiting 

current was calculated. Furthermore, simple 

Analysis of Variance (ANOVA) was used to 

compare the currents between the different values 

of KCl concentration and pH respectively. A 

cadmium solution 0.01 mol L-1 was use for the 

study. 

 

2.3. Linearity 

 

A calibration curve was built registering the 

voltammograms to reduce Cd2+ at 0.001, 0.005, 

0.007, 0.01 and 0.015 mol L-1. Diffusion current 

(difference between limiting current and residual 

current) was represented as a function of the 

concentration, and a linear regression was plotted 

to obtain the coefficients and the equation of the 

curve. The curve generated was the result of the 

mean of three currents for each concentration of 

Cd2+ 22.  

 

2.4. Detection and quantification limits 

 

In order to determine the detection and 

quantification limits, 20 voltammograms from the 

electrolysis medium (without analyte) were 

generated. The residual current was determined 

from the voltammograms, and the concentration 

associated to each value was calculated using the 

calibration plot. The detection limit was calculated 

as three times the standard deviation and the 

quantification limit was calculated as ten times the 

standard deviation23. 

 

2.5. Precision 

 

Precision was evaluated as the repeatability of 

the method. Ten voltammograms were registered at 

the Cd2+ concentrations: 3∙10-3, 5∙10-3 and 7∙10-3 

mol L-1. The variation coefficient was calculated as 

a dispersion criterion23. The uncertainty associated 

to the repeatability was estimated according to the 

reported metrologic characterization of the 

potentiostat17, where the results showed that it is 

the most significant source of uncertainty. 

  

 

2.6. Accuracy 

 

Recovery essays were conducted to estimate the 

accuracy of the method. Solutions of Cd2+ of 

concentrations: 3∙10-3, 5∙10-3 and 7∙10-3 mol L-1 

were prepared, voltammograms were registered 

and then, an amount of CdCl2 corresponding to a 

concentration of 5∙10-4 mol L-1 was added. The 

voltammograms were registered once more. 

Experiments were conducted five times, and 

ANOVA was used to compare the recoveries at 

different concentrations. Recovery percentage was 

calculated according to Equation 223.  

 

%𝑅 =
𝐴𝐴−𝐵𝐴

𝐴
∙ 100                                       (2) 

 

where: 

%R: Recovery percentage 

AA: Concentration of the solution after the 

addition 

BA: Concentration of the solution before the 

addition 

A: Concentration of the addition. 

 

2.7. Data processing 

 

Statgraphics Centurion XVI and Microsoft 

Office Excel were used to process the experimental 

data and the statistical tests.  

 

3. Results and discussion 

 

3.1. Conditions for the voltammetric method for 

cadmium quantification 

 

Figure 3 shows the behavior of the limiting 

current from the Cd2+ reduction with the changes of 

KCl concentration.  An increase of the current is 

observed from 0.1 to 1 mol L-1 of supporting 

electrolyte. From 1 mol L-1 on, the current 

maintains almost constant.  
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Figure 3. Limiting current for Cd2+ 0.01 mol L-1 

reduction as a function of the KCl concentration in the 

electrolysis medium. 

 

The Cochran test for the comparison of 

variances did not show differences statistically 

significant (p-value=0.8995 > α=0.05). As a result 

of comparing the limiting currents at each 

concentration of KCl, ANOVA showed differences 

statistically significant between them (p-

value=0.0000 < α=0.05). Table 1 shows the 

identification of homogeneous currents using a 

multiple ranges contrast through a LSD test of 

Fisher for a 95% of confidence. 

 

 
Table 1. LSD test of Fisher for the identification of homogeneous 

limiting currents to different KCl concentrations (95% of confidence). 

c(KCl) Cases Mean Homogeneous groups 

0.1 mol L-1 3 49.3 X  

1 mol L-1 3 91.0  X 

2 mol L-1 3 91.3  X 

 

 

The supporting electrolyte allows the analyte to 

reach predominantly the electrode from the bulk 

solution by diffusion. This result is mainly because 

the ions of the electrolyte assume the mass 

transport by migration. The current will be 

independent of the supporting electrolyte 

concentration when the maximum migration mass 

transport is reached1. The currents corresponding 

to 1 and 2 mol L-1 do not show differences 

statistically significant. Therefore, any of the 

homogeneous values can be selected to develop the 

voltammetric electrolysis in order to reduce Cd2+. 

KCl 1 mol L-1 was selected. 

Figure 4 shows the limiting current as a function 

of the pH of the medium. It is possible to observe 

that the three current values are similar.  

 
Figure 4. Limiting current for Cd2+ 0.01 mol L-1 

reduction as a function of the pH of the medium. 

After comparing the variances, the Cochran test 

did not show differences statistically significant (p-

value=0.6047 > α=0.05). The comparison of the 

currents using ANOVA did not show differences 

statistically significant (p-value=0.5632 > α=0.05) 

either. This result demonstrates that it is possible to 

select any of the pH values to develop the 

voltammetric method. The stability of the limiting 

current matches the species distribution diagram 

for cadmium24, where Cd2+ is stable until pH 8. 

However, several voltammetric determinations of 

cadmium are carried out at pH 58, 25; that is the 

reason why this value was selected to develop the 

method. 

 

3.2. Linearity 

 

Figure 5 shows the voltammograms for the 

reduction of cadmium at different concentrations 

using the minimal instrumentation. The sigmoid 

form of the linear voltammograms is observed and 

the limiting current increases with the 

concentration. 
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Figure 5. Voltammograms for the Cd2+ reduction 

using minimal instrumentation.  

 

Figure 6 shows the calibration plot obtained 

from the voltammograms. The linear range of the 

voltammetric method is from 10-3 to 1.5∙10-2 mol L-

1. The linear correlation coefficient (r) of the curve 

is 0.9987, which demonstrates a strong linear 

correlation between the current and the 

concentration of cadmium. The determination 

coefficient (R2) is 0.9975, demonstrating that the 

mathematic model explains the 99.75% of the 

variability between both variables. The adjusted 

coefficient (R2
adj.) is 0.9973. 

 

 
Figure 6. Calibration plot and equation for the 

voltammetric method for cadmium quantification using 

minimal instrumentation. 
 

Table 2 shows the ANOVA for the calibration 

plot for the voltammetric method for cadmium 

quantification. The p-value is inferior to the 

significance level (α=0.05), which demonstrates a 

statistically significant relationship between the 

current and the concentration. 

 
Table 2. ANOVA for the calibration plot for the voltammetric method for cadmium quantification using 

minimal instrumentation (95% of confidence). 

Source SS DF MS F p-value 

Model 20394.9 1 20394.9 5098.9 0.0000 

Residue 51.9 13 3.9   

Total (Corr.) 20446.9 14    
SS: Sum of squares, DF: Degrees of freedom, MS: Mean square 

 

A representation of the residues as a function of 

the concentration allows corroborating the linearity 

of a calibration plot. Figure 7 does not show a 

defined tendency of the residues, demonstrating the 

linearity of the curve in the range of concentrations. 

Table 3 shows the regression parameters of the 

calibration plot for the 95% of confidence. Errors 

and the p-values associated with the slope and the 

intercept are the most important. 

 

 

 

 

Figure 7. Studentized residues as a function of the Cd2+ 

concentration for the calibration plot for the 

voltammetric method for cadmium quantification using 

minimal instrumentation. 
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Table 3. Parameters of the calibration plot regression for the voltammetric method for cadmium 

quantification using minimal instrumentation (95% of confidence). 

 Minimal Square Standard Statistical  

Parameter Estimated Error T p-value 

Intercept 0.6427 0.9794 0.6562 0.5231 

Slope 7818.94 109.50 71.4071 0.0000 

The p-value of the intercept is superior to the 

level of significance (α=0.05), indicating that the 

intercept is statistically equal to zero. It 

demonstrates the adequate correction of the 

limiting current by the subtraction of the residual 

current. The slope of the calibration plot indicates 

the sensibility of the method. The value reported is 

7818.94 µA∙mol L-1, which demonstrates a high 

variation of the current with Cd2+ concentration 

changes. 

3.3. Detection and quantification limits 

 

Table 4 shows the detection and quantification 

limits of the voltammetric method for the 

quantification of cadmium using minimal 

instrumentation. The detection limit is in the order 

commonly reported for linear voltammetry (10-4 

mol L-1)1. 

 

 

Table 4. Detection and quantification limits of the voltammetric method for 

cadmium quantification using minimal instrumentation. 

Limit Value 

Detection 3∙10-4 mol L-1 

Quantification 10-3 mol L-1 

 

3.4. Precision 

 

Table 5 shows the results of the repeatability for 

three cadmium concentrations. Results of 10 essays 

and the statistical parameters as well as uncertainty 

are shown. 

 

 

Table 5. Repeatability of the voltammetric method for the cadmium quantification using minimal 

instrumentation. 

 
Concentration (mol L-1) 

Essay 0.003 0.005 0.007 

1 0.0033 0.0050 0.0072 

2 0.0031 0.0049 0.0073 

3 0.0030 0.0050 0.0070 

4 0.0033 0.0050 0.0073 

5 0.0030 0.0054 0.0070 

6 0.0033 0.0052 0.0072 

7 0.0035 0.0050 0.0070 

8 0.0033 0.0050 0.0070 

9 0.0033 0.0052 0.0072 

10 0.0033 0.0052 0.0072 

Mean 0.0033 0.0051 0.0071 

SD 0.00019 0.00017 0.00011 

CV 5.8% 3.3% 1.5% 

Uncertainty 1.2∙10-4 mol L-1 10-4 mol L-1 7∙10-5 mol L-1 

SD: Standard deviation, CV: Coefficient of variation 
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The deviation of the results obtained under 

similar conditions (repeatability) for voltammetric 

methods is due to fundamentally to the 

reproducibility of the electrode surface. The 

electrolysis is a surface phenomenon, and the 

surface homogeneity influences the current 

repeatability. When a new electrode surface is 

generated, it is not exactly equal to the previous 

one. Therefore, both the amount and shape of the 

active sites where the electrolysis occurs are not 

equal either. Consequently, it provokes the 

measured currents between different electrode 

surfaces to differ in some degree. Nowadays, 

vitreous carbon is the most commonly used 

material as carbon electrode due to the 

homogeneity of the surface and therefore, the good 

repeatability of the current values26. However, the 

non-commercial graphite electrode used in this 

voltammetric method shows an acceptable 

repeatability. 

Uncertainty diminishes with the increase of the 

concentration. It bears correspondence to results 

presented by other authors27, 28. This tendency is 

associated with the major magnitude of the errors 

when the concentration diminishes29. 

 

3.5. Accuracy 

 

Table 6 shows the recovery percentages for 

cadmium quantification using minimal 

instrumentation. An amount of CdCl2 was added to 

standard solutions to increase concentration in 

0.0005 mol L-1. In all cases, the recovery 

percentages were between 80 and 110%; the range 

reported by the Guidelines for Validation of 

Chemical Testing Methods23. This demonstrates a 

good accuracy for cadmium quantification by 

means of the voltammetric method with the non-

commercial electrodes and potentiostat. 

 

Table 6. Recovery percentages for the voltammetric cadmium quantification using minimal instrumentation. 

Concentration Essay AA BA A %R  

0.003 mol L-1 

1 0.0035 0.0030 0.0005 104.7 %Rmean 

101.2 

 

CV 

8.30% 

2 0.0038 0.0033 0.0005 106.9 

3 0.0038 0.0033 0.0005 100.5 

4 0.0037 0.0033 0.0005 86.84 

5 0.004 0.0035 0.0005 106.9 
 Essay AA BA A %R  

0.005 mol L-1 

1 0.0059 0.0054 0.0005 99.36 %Rmean 

99.64 

 

CV 

6.10% 

2 0.0055 0.0050 0.0005 94.37 

3 0.0059 0.0054 0.0005 100.8 

4 0.0054 0.0049 0.0005 109.2 

5 0.0056 0.0051 0.0005 94.49 
 Essay AA BA A %R  

0.007 mol L-1 

1 0.0077 0.0073 0.0005 99.52 %Rmean 

99.52 

 

CV 

6.30% 

2 0.0077 0.0072 0.0005 94.22 

3 0.0075 0.0070 0.0005 94.47 

4 0.0078 0.0073 0.0005 109.64 

5 0.0076 0.0071 0.0005 99.77 

AA: Concentration of the solution after the addition, BA: Concentration of the solution before the addition, 

A: Concentration of the addition, %R: Recovery percentages. 

 

The Cochran test did not show differences 

statistically significant between the variances of the 

recovery percentages in the three concentrations 

(p-value=0.6260> α=0.05). The comparison of the 

recovery percentages in the three concentrations 

using ANOVA did not show differences 

statistically significant (p-value=0.9183 > α=0.05). 

Thus, it demonstrates that the accuracy does not 

vary with concentration for the levels of these 

essays. 
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4. Conclusions 

 

A voltammetric method for the quantification of 

cadmium using minimal instrumentation was 

developed. Supporting electrolyte KCl 1 mol L-1 

and pH 5 were selected as working conditions. 

Regression coefficients superior to 99% showed a 

good linearity of the method using the non-

commercial electrodes and the manual homemade 

potentiostat. The limits of detection and 

quantification were in correspondence with the 

results reported for the linear sweep voltammetry. 

Results showed an acceptable repeatability. 

Uncertainty associated with the cadmium 

concentration diminished with the increase of 

concentration. A good accuracy was observed, with 

recovery percentages complying with the 

established standards. The accuracy was 

independent of the concentration for the studied 

range. 
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