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Chapter

Carbon-Based Electrode
Application for Determination
and Differentiation of Chromium

Ion Species Using Voltammetric
Method

Santhy Wyantuti, Safri Ishmayana, Diana Rakhmawaty Eddy
and Yeni Wahyuni Hartati

Abstract

Cr(III) and Cr(VI) have significantly different toxicological properties,
with the latter being toxic for human health. The anodic stripping voltammetry
using pencil graphite electrode (PGE) was developed to determine Cr(III), and
it can measure the ion within linear range 12.5-75 ppm with 0.31 ppm detection
limit, while adsorptive striping voltammetry was used to determine very low
level of Cr(VI) using PGE with the addition of diethylenetriaminepentaacetic
acid (DTPA). The results indicate that Cr(VI) can give electrochemical response
when adsorptive stripping voltammetry was used, and addition of DTPA gives a
specific Cr(VI) peak at -0.65 V. A more advanced method was developed for the
differentiation of Cr(VI) and Cr(III) using gold nanoparticle-modified glassy
carbon electrode (AuNP-GCE). The AuNP-GCE was applied as electrochemical
sensor for Cr(VI) and Cr(III) analysis. The electrode can differentiate Cr(VI)
from Cr(III) using different conditions. Linear range for Cr(VI) determination
using the method was between 0.050 and 0.250 pg/L, with detection limit of 2.38
ng/L, while for Cr(III), the linear range was between 0.500 and 75.000 ng/L,
with detection limit of 0.010 ng/L. The study of other ions’ effects on the method
showed that copper(II), cadmium(II), nickel(II), and iron(III) do not interfere
the measurement.

Keywords: Cr(III), Cr(IV), glassy carbon electrode, gold nanoparticle,
pencil graphite electrode, voltammetry

1. Introduction

Chromium occurs in nature in two valencies, Cr(III) and Cr(VI). The two
ionic species have distinct toxicity and reactivity [1]. Cr(VI) has high toxicity,
while Cr(III) is less toxic, and the latter is also known to be one of the essential
ions for humans, which is required in particular amount in the diet [2]. Due to
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their opposite nature in toxicity, it is important to distinguish between Cr(III) and
Cr(VI). Therefore, specific and sensitive determination methods to distinguish
both of the species are required.

Since Cr(III) belongs to essential nutrition ion required for maintaining normal
physiological function, thus trace amount determination of Cr(VI) becomes very
important to avoid toxic intake in the diets [3]. There have been several sensitive
methods used for Cr(III) and Cr(VI) determination including atomic absorption
spectrophotometry (AAS) [4, 5], plasma mass spectroscopy [6], spectrofluorim-
etry [7], chemiluminescence [8], spectrophotometry [9], and electrochemical
methods [10-12]. Determination of chromium ions using voltammetric method
is evolving along with the requirements to accurately measure the ionic species
[13-18].

The material of working electrode influences the performance of voltammetric
method. Application of carbon-based electrode utilization is currently growing
in electroanalytical field because it has some advantages including wide electrical
potential range, low background current, inexpensive, inert, and suitable for a wide
variety of sensors [19]. Modification of the electrode is being explored to enhance
the electrode performance [20, 21]. The modified electrode needs to be evalu-
ated for their performance. In the present chapter, investigation of carbon-based
electrode without and with modification was evaluated for their performance to
determine Cr(VI) and Cr(III).

2. Anodic stripping voltammetry with pencil graphite electrode for
determination of Cr(III)

For determination of Cr(III) using graphite pencil electrode (GPE), three
solvents were trialed [21], i.e., 0.01 M hydrochloric acid, acetate buffer pH 5.0,
and double distilled water. Potential range from -800 to 1000 mV with 90 s
deposition time, 10 s cleaning time, and 20 mV/s scan rate was used for the mea-
surement using anodic stripping voltammetry. This experiment was performed
to measure the background signal in order to get a correction factor which can
avoid the presence of undesired peak current from the solvent. No peak was
detected when 0.01 M hydrochloric acid was used at the condition applied,
while acetate buffer pH 5.0 and double distilled water gave relatively high peak
current which can interfere the measurement (data not shown). Therefore,
hydrochloric acid was chosen as solvent for the method. For further experiment,
Cr (III) solution was made by dissolving Cr(III) chloride in 0.01 M hydrochloric
acid as solvent.

An experiment for investigating the linearity of the method was performed by
measuring Cr(III) within 1-500 ppm range. The experiment was performed using a
potential range of —1.5 to +1.0 V with 60 s of deposition time, 10 s of cleaning time,
and 50 mV/s of scan rate. The electrode used in the experiment was pencil graphite
electrode, and the linear concentration range was determined by correlating height
of peak current and concentration of Cr(III). The linear concentration range was
found in 12.5-75 ppm range, and the result is presented in Figure 1.

The range of linear concentration at 12.5-75 ppm gave correlation coef-
ficient of 0.9936, which indicate good relationship with correlation equation of
y = 0.1778x + 0.747. PGE can be used as working electrode for determination of
Cr(III) with optimum condition achieved at 60 s of deposition time and 50 mV/s
of scan rate. Linear range of Cr(III) measurement with the proposed condition was
12.5-75 ppm with 0.31 ppm limit of detection.
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Figure 1.

Typical peak vesponse of chromium (II1) voltammogram using PGE. Experiment condition: solvent = 0.01 M
hydrochloric acid, chromium (III) concentration = 12.5, 25, 50, 62.5, and 75 ppm was performed sequentially
with 60 s of deposition time, 50 mV/s of scan vate, and deposition potential at —1260 mV [21].

3. The development of graphite pencil electrode for Cr(VI)
determination using adsorptive stripping voltammetry

The addition of a chelating agent in the form of ligands to the Cr(VI) signal
measurements has been done in several previous studies such as addition of
rubeanic acid ligand [22] and addition of diethylenetriaminepentaacetic acid
(DTPA) as ligand with electrolyte support of morpholinoethanesulfonate acid
buffer (MES) [23]. From previous studies it can be concluded that the addition of a
ligand for the measurement of Cr(VI) signal by voltammetry can increase the mea-
surement sensitivity [24]. Figure 2 shows that after the addition of the DTPA, the
peak generated on the voltammogram becomes specific, and no further undesirable
impurity peaks occur (black line designated as d). After background correction, it
can be concluded that with the addition of DTPA, the impurity peaks were reduced,
a specific peak on the voltammogram was produced, and the peak current height of
chromium increases so that the measurement sensitivity also increases.

Calibration curve was prepared by measuring differential pulse adsorptive
stripping voltammetry of Cr(VI) with the following concentrations: 1, 10, 20, and
30 ppm. The voltammetric measurement was carried out at a potential deposition
condition of +810 mV, a scan rate of 50 mV/s, and a deposition time of 60 s with
stirring using a magnetic stirrer.

From Figure 3 it can be seen that the peak current height increases with increas-
ing analyte concentration in the voltammetric cell. This may be due to the increas-
ing number of Cr species deposited on the working electrode when the analytical
concentration is added, thereby increasing the peak current in the voltammogram.
The linear regression of the standard curve isy = 0.6319x + 8.5796 with correlation
coefficient of 0.957.

The measurement of Cr(VI) peak current was performed triplicate to cal-
culate precision value. For 1 ppm, a fairly low standard deviation was obtained
which is 0.3466. This indicates that the measurement results have a fairly good
accuracy or precision, and from the calculation, the coefficient of variation of
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Figure 2.

Voltammogram of (a) 0.2 M acetate buffer pH 6.0, (b) DTPA 868 ppm, (c) 30 ppm Cr(VI), and (d) 30 ppm
Cr(VI) with addition of DTPA. Measurement conditions: potential deposition, +810 mV; deposition time, 60 s;
scan speed, 50 mV/s; potential range, +2000 V to —2000 mV.
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Figure 3.
Voltammogram of Cr(VI) using PGE with concentration of (a) 1, (b) 10, (c) 20, and (d) 30 ppm with DTPA

addition. Measurement conditions: potential deposition, +810 mV; deposition time, 60 s; scan rate, 50 mV/s;
potential range, +2000 V to —2000 mV.

4.56% was also obtained. The addition of DTPA as ligand can be used to detect

Cr(VI) and can produce a specific peak for Cr(VI) at a potential region of
—0.6474 V.
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4. Voltammetric determination of Cr(VI) using gold nanoparticle-
modified glassy carbon electrode

AuNP was synthesized using citric ion as capping agent. After reduction using
NaBH, solution, the gold solution color was changed from yellow to red ruby
(Amax = 518 nm), which indicate that AuNP colloid was formed with average dimen-
sion of 2-5 nm [25]. Characterization using TEM indicates that the average diam-
eter of the colloid was ~2.2 nm (Figure 4). This gold nanoparticle was then used to
modify the GCE.

GCE was modified by attaching AuNP onto the electrode surface. Modification
of GCE was initiated by polishing the electrode followed by activation. This step
was performed so that the electrode can be covered evenly and maximally by
the AuNP, which eventually can increase sensitivity when used to determine the
analyte. Photochemical reaction is one of the many methods to activate the GCE
surface. The photochemical reaction was performed by immersing the electrode
into concentrated ammonium hydroxide and followed by irradiation under UV
light for 6 hours at 254 nm [26]. This process is known as self-assembly which can
substitute hydrogen group (-H) with amine group (-NH,) of the electrode. Due
to the nature of the amine group, more AuNP can be attached to the electrode and
improve binding to the electrode [27], as indicated by SEM-EDS data. SEM-EDS
data demonstrated that the self-assembly process was better than the adsorption
process. Modification of GCE by self-assembly process reached 11.55% of AuNP
covering the electrode (Figure 5), while the adsorption process (direct immersion
of the electrode) only reached 2.05% covering according to SEM-EDS data.

From the present study, it was found that optimum deposition potential and
deposition time for determination of 0.5 pg/L Cr(VI) in 0.01 M hydrochloric acid as

Figure 4.
TEM image of gold nanoparticles.
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Figure 5.
SEM image of gold nanoparticle-modified glassy carbon electrode surface. Modification was conducted using
(a) adsorption and (b) self-assembly process.
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Figure 6.

Voltammogram of various chromium (V1) concentrations (0-0.25 ug/L) with AuNP-GCE. The condition
of measurement is as follows: deposition potential, deposition time, scan rate, and amplitude modulation at
800 mV] 120 5, 50 mV/s, and 500 mV, respectively.

supporting electrolyte solution were 800 mV and 120 s, respectively. The optimum
condition was then applied to develop a calibration curve with concentration rang-
ing from O to 25 pg/L, and the current density to potential data of the concentra-
tions is presented in Figure 6. From the data, a linear calibration curve (r* = 0.9896)
was developed and is presented on Figure 7 with correlation coefficient and linear
regression equation of 0.9911and I = 2.25 x 107> C + 5.89 x 10™*, respectively.
Through calculation, it was obtained that limit of detection and precision of the
method are 2.38 ng/L and 99.14%, respectively.

To see whether we can distinguish Cr(VI) from Cr(III) using condition
described earlier, we measure individual and mixture of the ionic species. The result
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Calibration curve of various chromium (VI) concentrations with deposition potential, deposition time, scan
rate, and amplitude modulation at 8oo mV, 120 s, 50 mV/s, and 500 mV, respectively.
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Figure 8.

Voltammogram of Cr(I1I) and Cr(VI) and mixture of Cr(III) and Cr(VI) in 0.01 M hydrochloric acid using
AuNP-GCE against Ag/AgCl with deposition potential of 800 mV, deposition time of 120 s, and amplitude
modulation of 0.05 V.

is presented in Figure 8. In contrast with Cr(VI), it was found that in this condition
Cr(III) does not give a sharp peak. However, it seems that the peak of the mixture
was slightly reduced compared to Cr(VI) peak. Therefore, we can measure Cr(VI)
in this condition with a neglected effect from Cr(III).

5. Voltammetric detection of Cr(III) using gold nanoparticle-modified
glassy carbon electrode

To determine the optimum condition for determination of Cr(III) using
AuNP-GCE, a preliminary experiment was conducted by varying deposition
potential. The potential used were ranging from —2.0 to —1.0 V with scan rate and
amplitude modulation of 0.05 V/sand 0.05 V, respectively. The highest efficiency
for Cr(III) 500 ppb in 0.2 M acetate buffer was found at —1.5 V, while optimiza-
tion of deposition time leads us to conclude that the best result was obtained at
90 s [17]. The optimized parameters are very crucial in stripping step that have
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pronounced effect on both sensitivity and linear range. Therefore, from the
preliminary experiment, we conclude that the optimum condition for determina-
tion of Cr(III) using AuNP-GCE is using —1.5 V of deposition potential and 90 s
of deposition time.

The optimum condition was then applied to prepare a calibration curve of
Cr(III) using AuNP-GCE differential pulse stripping voltammetry. The calibration
curve was obtained by varying concentration of Cr(III) and measuring itat —1.5V
of deposition potential, 90 s of deposition time, 0.05 V/s of scan rate, and 0.05 V of
amplitude modulation. The voltammetric measurement and calibration curve are
presented in Figure 9. By calculation, a linear regression equation and correlation
coefficient of y = 0.142 + 0.004x and r = 0.9955, respectively, were obtained. The
result showed that the linear range was obtained at 0.5-75 ppb range. The reproduc-
ibility of the method was then determined from the replicate measurement of 1 ppb
Cr(I1I). The calculation results in a mean of current response of 0.14 pA ppb~,
which is referred to as sensitivity of the method. It corresponds to the value of
relative standard deviation (RSD) of 2.4%. Based on calculation suggested by Miller
and Miller [28], limit of detection of the method is 0.01 ppb, which is three times
of the value of standard deviation baseline. Utilization of AuNP-modified electrode
improves at least one order of magnitude detection limit compared to voltammetric
method using film electrode. Limited publication of voltammetric detection of
Cr(III) compared to Cr(VI) and poor sensitivity of non-gold electrode lead us to
infer that gold or gold-modified electrodes are required to get high-quality Cr(III)
voltammetric profiles. It is previously reported that high-quality voltammetric
profiles for Cr(III) appear when gold electrode is used [29].

Optimum condition was then applied for determination of Cr(III) in electro-
plating wastewater, which is a more complex matrix than the standard solution.
Based on standard addition method, we found that the concentration of Cr(III) in
the sample was 0.146 ppm, corresponding to 97% recovery and in good agreement
with the result from AAS method (AAnalyst 400, PerkinElmer) after appropriate
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Figure 9.
Voltammetric performance for Cr(III) concentration variation. Inset shows corresponding calibration curve at
an optimum condition.
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Figure 10.

Voltammogram Cr(1I1) and Cr(VI) and mixture of Cr(III) and Cr(VI) in acetate buffer pH 5 using
AuNP-GCE electrode against Ag/AgCl electrode with deposition potential of —1500 mV; deposition time of
90 5, and amplitude modulation of 50 mV.

extraction. Therefore, the proposed voltammetric method using the fabricated
electrochemical AuNP-GCE sensor gives satisfactory result and is applicable for
determination of Cr(III) in complex matrix, such as wastewater.

There is a possibility that Cr(VI) interferes the Cr(III) measurement in the
proposed condition. Therefore, we measure the voltammogram of individual and
mixture of the ionic species. The results are presented in Figure 10. From the figure,
it is clear that by using the proposed condition, clear peak was only detected for
Cr(III) species, while Cr(VI) did not show any significant peak at the correspond-
ing potential. Mixture of Cr(III) and Cr(VI) also gives similar peak which corre-
sponds to the individual Cr(VI) peak.

6. Study on interfering ions

In order to evaluate the effect of foreign metal ions dissolved in the media,
solutions containing 50 ppb of Cr(III) and each of the following metals Cd(II),
Cu(Il), Zn(II), Cr(VI), Ni(II), and Fe(III) all at the same concentration of 50 ppb
were prepared. Measurement was conducted at an optimum condition described
in Subchapter 4, and the result is presented in Table 1. The effect of interfering
metal ion on Cr(III) was indicated by the change in peak current signal during
measurement. The addition of foreign ions does not influence the peak current
corresponding to Cr(III). The percentage variations of the peak current induced by
the presence of interfering ions with respect to Cr(III) alone are 1.02% for Cd(II),
0.88% for Cu(II), 0.29% for Zn(II), 3.70% for Cr(VI), 0.07% for Ni(II), and 0.40%
for Fe(III). These deviations from Cr(III) measurement at 0.9470 V and 1.360 pA
remain acceptable, and, therefore, the accurate detection of Cr(III) is still possible
under these conditions.

Cd(II) and Zn(II) ions have a standard reduction potential similar to Cr(III)
ion. During the current measurement of Cr(III) with the presence of interfering
ions, they also deposited on the electrode surface, reducing the amount of Cr(III)
on the electrode surface. At the deposition stage, when —1.5 V electric potential was
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Interfering metalion Potential (V) Current (pA) Change (%)
None 0.9470 1.360 -
Cd(I1) 0.8857 1.374 1.02
Cu(II) 0.8357 1.348 0.88
Zn(II) 0.8507 1.356 0.29
Cr(VI) 0.9359 1.323 37
Ni(II) 0.9100 1.361 0.07
Fe(III) 0.8507 1.356 0.4
Table 1.

Result of measurement of 50 ng/L Cr(III) in the presence of 50 ng/L interfering metal ions.
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Figure 11.

Differential pulse voltammogram of Cr(III) using AuNP-GCE with —1.5 V of deposition potential, 90 s of
deposition time, 0.05 V/s of scan rate, and 0.05 V of amplitude modulation against Ag/AgCl. Concentration of
Cr(1I1) was 50 ppb in acetate buffer pH 5 without and with the presence of Cd(II), Cu(1I), Zn(1I), Cr(VI),
Ni(II), or Fe(IlI) as interfering ions with concentration of 50 ppb.

applied, the ions will be reduced too because their standard reduction potential are
more positive than the deposition potential applied. The effect of interfering metal
ion is presented in Figure 11.

Fe(III), Cr(VI), Cu(II), and Ni(II) ions have more positive standard reduc-
tion potential than Cr(III), and therefore when —1.5 V potential was applied, the
interfering ions were also reduced and causing less Cr(III) reduced than it should
be. Therefore, the peak of Cr(III) is reduced, while Zn(II) and Cd(II) have more
negative standard reduction potential than Cr(III), and therefore when reduc-
tion potential was applied, Cr(III) will be reduced followed, in order, by Zn(II)
and Cd(II).

7. Conclusions

Carbon-based electrode can be applied as working electrode for the determina-
tion of Cr(III) and Cr(VI). PGE can detect the presence of Cr(III) in solution, while
for Cr(VI) addition of DTPA is needed to get a specific peak current of Cr(VI). The
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two methods utilizing PGE can detect Cr(III) and Cr(VI) in ppm scale. To enhance
the analytical performance, AuNP-GCE was used as working electrode, and it
showed better results. The modified electrode can measure both Cr(III) and Cr(VI)
in ppb scale. By using a different condition, we succeeded to measure Cr(III) and
Cr(VI) with the same working electrode.
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