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Optimization of simultaneous electrochemical determination
of Cd(II), Pb(II), Cu(II) and Hg(II) at carbon nanotube-
modified graphite electrodes

L’'UBOMIR PIKNA, MARIA HEZELOVA and ZUZANA KOVACOVA
Department of Chemistry, Faculty of Metallurgy, Technical University in Kosice, Kosice, Slovak Republic

The health of the environment is worsening every day. Monitoring of potentially toxic elements and remediation of environmental
pollution are necessary. Therefore, the research and development of simple, inexpensive, portable and effective sensors is important.
Electrochemistry is a useful component of the field of environment monitoring. The present study focuses on evaluating and
comparing three types of electrodes (PIGE, PIGE/MWCNT/HNO; and PIGE/MWCNT/EDTA/HNO3) employed for the
simultaneous electrochemical determination of four potentially toxic elements: Cd(II), Pb(II), Cu(Il) and Hg(I). Cyclic
voltammograms were measured in an acetate buffer. The LOD, LOQ, the standard and relative precisions of the method and a
prediction intervals were calculated (according to the technical procedure DIN 32 645) for the three electrodes and for each
measured element. The LOD for PIGE/CNT/HNOj (the electrode with narrowest calculated prediction intervals) was 2.98 x 1077
mol L™ for Cd(IT), 4.83 x 1077 mol L™ for Pb(II), 3.81 x 107" mol L™" for Cu(II), 6.79 x 10~7 mol L™ for Hg(I). One of the

benefits of this study was the determination of the amount of Hg(II) in the mixture of other elements.

Keywords: Paraffin impregnated graphite electrode, carbon nanotubes, potentially toxic elements.

Introduction

The rapid development of industry increases environmen-
tal pollution through the introduction of potentially toxic
elements (PTE), among which Cu, Cd, Hg and Pb still
hold unpopular primacy. These elements affect humans
and the environment in different ways. Copper concentra-
tions in vegetation tend to be relatively constant regardless
of the amount of copper in soil, as copper is an essential
element in plant nutrition. The same observation is true
for most animals,!'! in which copper is essential for the
development and activity of the central nervous system
(CNS) and many other biochemical processes. Absorption
of excess copper by humans results in Wilson’s Disease, in
which excess copper is deposited in the brain, skin, liver,
pancreas and myocardium.!

Inhalation is the primary source of cadmium intoxica-
tion. It accumulates mainly in the kidneys, liver, lungs
and pancreas. Chronic cadmium poisoning produces
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proteinuria and causes the formation of kidney stones.!!)
Compared to other metals, cadmium is relatively water
soluble and, therefore, also more mobile; it tends to bioac-
cumulate. Lead occurs in both organic and inorganic
forms, namely as lead salts with varying water solubility.
Although organometallic lead species, due to their solubil-
ity, are highly neurotoxic in situations of acute exposure,
chronic low-level exposure to inorganic lead constitutes a
more serious occupational and public health risk. A broad
spectrum of biomedical effects has been associated with
lead, the more critical of which are related to heme biosyn-
thesis, erythropoiesis and nervous system function

The classic symptoms of exposure to metallic mercury
vapor result from the effect on the CNS, while Hg(I) and
Hg(II) salts target the kidneys. There is general agreement
that the differences in toxicity among inorganic mercury
compounds are largely determined by their physical prop-
erties and redox potentials. The ability of mercury to form
stable organic compounds with alkyl groups, which are
commonly called methyl mercury, poses a significant pub-
lic health risk."! Methyl mercury is particularly toxic to
animals because it can readily pass the blood-brain barrier,
causing injury to the cerebellum and cortex; the clinical
symptoms of this damage are numbness, uncoordinated
movements and blurred vision.”!
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Most instrumental multi-elemental detection methods
are very expensive and sometimes do not offer sufficient
sensitivity for the accurate determination of elements at
the ultra-trace concentrations often encountered in envi-
ronmental samples.*) Flame atomic absorption spectrom-
etry (FAAS),* graphite furnace atomic absorption
spectrometry (GFAAS)[® inductively coupled plasma
optical emission spectrometry (ICP-OES)” ! and induc-
tively coupled plasma mass spectrometry (ICP-MS)!!1]
are often used to measure trace elements. Data reported in
the literature!'? give a detailed comparison of the limit of
detection, precision, interferences, analysis time, sample
preparation, operation skills and operation costs of the
individual techniques.

Electrochemical techniques, especially voltammetry, are
also applicable to trace element determinations, and the
widespread use of these techniques is attributed to their
sensitivity, speciation capability and low cost.'*! The use
of electrochemical methods in combination with a suitable
working electrode appears to be a promising, fast and reli-
able approach to evaluating metal concentrations in envi-
ronmental samples. Increased attention has been paid to
the development of nanomaterials. Their prominent fea-
ture is a large specific surface area, allowing analyte detec-
tion at a greater number of binding sites than their bulk
counterparts. A wide range of nanoscale materials is cur-
rently used in the development of electrochemical sensors.

Among these materials, carbon nanotubes (CNT) are
very common due to their unique electronic, chemical and
mechanical properties.!'* The application of CNT in elec-
trochemical sensors benefits from their modifications that
make them specific for detection of selected molecules
through electron transfer reactions.'>'®! The production
of specific functional groups on the surface (mainly oxy-
gen-containing groups) can greatly increase the electron
transfer rate.l'”’ Modified nanoelectrodes exhibit relevant
properties such as high activity, high selectivity and strong
adsorption capability, and they have become one of the
top research focuses in modern electrochemistry. These
nanoelectrodes allow rapid analysis speeds, exhibit good
selectivity and offer high sensitivity in the detection of
metal ions.['®!

A number of recent publications refer to heavy metal
detection using carbon nanostructured materials as elec-
trodes or electrode modifiers. A review involving the use
of nanomaterials for the electrochemical detection of
heavy metals was recently published by Aragay and Mer-
koci.'! Literature on voltammetric studies provides infor-
mation on the determination of individual metals®?*** and
the simultaneous determination of a metal pair®*2® or a
metal trinity??”?®! and, less commonly, of four metals.!*”’
The selection of the working electrode plays a key role in
the effectiveness of the detection technique. Replacement
of the conventional mercury electrode, despite its advan-
tages, is now a common practice in electrochemical labora-
tories worldwide. The most commonly used alternative

material is carbon, which forms the matrix of chemically
modified electrodes (CME). Carbon is used for electro-
chemical applications in a variety of forms exhibiting dif-
ferent chemical and electrochemical properties.

The vast majority of voltammetric studies in the
literature used nanomaterials based on glassy carbon
(GCE).B33 Wang et al. described the modification of a
GCE using polyaniline film**! and polyaniline/multi-
walled carbon nanotubes™ for the detection of Cd(II)
and Pb(Il) ions using square wave anodic stripping vol-
tammetry (SWASYV); the coated electrodes performed bet-
ter than bare GCEs. Afkhami et al.”® constructed
modified carbon paste electrode based on multi-walled
carbon nanotubes (MWCNTSs) and 3-(4-methoxybenzyli-
deneamino)-2-thioxothiazolodin-4-one for the simulta-
neous determination of trace amounts of Hg(II) and Pb(II)
also using SWASV.

Under optimal conditions, the detection limits, calcu-
lated as three times the background noise, were 9.0 x 10~*
and 6.0 x 10~* pwmol L™ for Hg(II) and Pb(II) with a 90 s
preconcentration, respectively. A simple and economical
approach for mass-producing graphene nanosheets
(GNSs) is based on the thermal expansion of graphite
oxide powder developed by Wang et al.,** and the use of
GNS:s for the detection of different trace heavy metal ions
was discussed. A remarkably low detection limit of 107!
mol L™! for Pb(II) was achieved. Gong et al.**! demon-
strated a new highly sensitive and selective Hg(II) sensor
with a graphene-based nanocomposite film as the
enhanced sensing platform.

The detection limit of such a nanostructured composite
film platform was found to be as low as 6 ppt (S/N = 3),
which is well below the limits set by the World Health
Organization. One advantage to screen-printed electrodes
(SPEs) is that they do not need to be polished; they are
also well known for their low-cost, availability, miniatur-
ized size and ability to connect to portable instrumenta-
tion.’®! A method was developed for the simultaneous
determination of Pb(II), Cd(IT), and Zn(II) at low g L™!
concentration levels using sequential injection analysis-
anodic stripping voltammetry (SIA-ASV) and screen-
printed carbon nanotubes electrodes (SPCNTE).P”! A bis-
muth film was prepared by in situ plating of bismuth on
the screen-printed carbon nanotube electrodes. The detec-
tion limits (Sy; /S = 3) were 0.2 g L™! for Pb(II), 0.8 g L ™!
for Cd(II) and 11 g L™" for Zn(II). The application of
SPEs was also described by Arduini et al.*® and Aragay
et al.’?! with a focus on Hg(II) and heavy metals determi-
nation, respectively. Recently, several metals have been
tested for their capacity to replace mercury as an electrode
(e.g., bismuth, gold, silver, antimony). Arduni et al.l*"!
described the use of electrochemical sensors for lead detec-
tion focusing on sensors modified with bismuth. In our
previous study,*"! several binders were compared for the
modification of paraffin impregnated graphite electrodes
(PIGEs) using carbon nanotubes. Based on the excellent
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chemometric characteristics, three electrodes were chosen
for use in this study. The aim of this study is to evaluate
the simultaneous voltammetric determination of four PTE
at a relatively abundant electrode material: the PIGE
electrode. The results from the PIGE electrodes were satis-
factory in terms of signal quality, detection limit and costs,
thus increasing the popularity of PIGEs for routine vol-
tammetric PTE determination.

Material and methods

All of the electrochemical experiments were performed
using an Autolab Potentiostat/Galvanostat, Model 302 N
(Metrohm Autolab B.V., Netherlands). A conventional
three-electrode system was used with unmodified and mod-
ified PIGEs (diameter: 4 mm) as the working electrode, a
saturated Ag/AgCl (3 mol L™' KCI) as the reference elec-
trode and a Pt wire as the counterelectrode. A standard
solution containing a mixture of Cu(II), Pb(II), Cd(Il) and
Hg(IT) with concentrations of 1x10™* mol L™' for each
element was freshly prepared before each measurement.
Cyclic voltammetry experiments were performed in a
potential range from 1.0 V to —1.0 V vs. Ag/AgCl. The
scan rate was 50 mV s~'. The voltammetric behavior was
studied in 0.2 and 1 mol L™" acetic buffer. After each mea-
surement, potentiostatic treatment of the electrode was
performed at a potential of 300 mV vs. Ag/AgCl for 60
sec to dissolve potential traces of elements undissolved in
voltammetric mode. All of the reagents used were analyti-
cally pure, and all of the solutions were prepared with
twice-distilled water. Electrolytes were deoxygenated using
nitrogen gas passing through a solution of pyrogallol. Dur-
ing the measurements, a gentle gas flow was kept above
the electrolyte solution.

Multi-walled carbon nanotubes (MWCNT) (Sigma-
Aldrich, St. Louis, MO, USA, outer diameter: 40-60 nm,
inner diameter: 5-10 nm, length: 0.5-500 wm, purity:
95+%) were functionalized with —-COOH groups (carbox-
ylated under reflux in a mixture of concentrated sulphuric
and nitric acid) and subsequently used to modify the PIGE
surface. One suspension for modification of the electrode
(marked as PIGE/MWCNT/HNO; throughout the text)
was prepared by dispersing CNTs in concentrated hydro-
chloric acid (1:1) and sonicating for 20 min. The second
type of suspension for modification of the electrode
(marked as PIGE/MWCNT/EDTA/HNO;) was made
by dispersing CNTs in EDTA (1 mmol L"), followed by
filtering out the CNTs, rinsing in distilled water and re-dis-
persion in concentrated nitric acid and sonicating for
20 min.

PIGEs were modified by drop-casting the CNT suspen-
sion on the prepared surface. A total suspension volume of
40 pl on the electrode surface was added by pipetting
sequential 20 wl volumes; after each addition, the sample
was left to dry at room temperature. The modification of
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Fig. 1. SEM image of PIGE surface modified with a 40-pl
MWCNT/HNOj suspension.

the PIGEs consisted of the addition of a CNT dispersion
in nitric acid (PIGE/MWCNT/HNOs). Figure 1 shows
the surface of modified electrode, where disarranged car-
bon nanotubes could be seen.

The chemometric characteristics of data measurements
were calculated according to the technical procedure DIN
32 645. The calibration line “y = bx + a” was used. The
standard precision of the method, s,), was expressed
according to Eq. 1:

_
5= M

where s, is the residual standard deviation and b is the
slope of the regression line.

The relative accuracy of the method, V', was defined as
a ratio of the standard precision of the method, 5,4, and
the mean of the concentration region (the coordinates of
the regression line x) according to Eqgs. 2 and 3:

Ve = 22 100% ?)
X
N
D
__ i 3
x= = ®)

in which N designates the number of calibration points.
The detection limit (LOD) and the limit of quantifica-
tion (LOQ) were calculated according to Equations 4 and
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Fig. 2. Cyclic voltammogram of the simultaneous determination
of Cd(II), Pb(II), Cu(Il) and Hg(II) concentrations (¢ = 5.66 x
107® mol L™") at a PIGE in 0.2 mol L™" (black line) and 1 mol
L~ (grey line) acetate buffer.

5, respectively:

s 1 1 X2
LOD= 2t gy |—= + — 4
b\ TN T o @
s |1 1 (kOD-x)
LOQ_kbl_‘fva\/" +N+ Qxx (5)

where N is the number of calibration points, N is the num-
ber of repetitions for one calibration point, k is equal to 3,
and t, is the critical value of the Student distribution and
depends on the degrees of freedom (f = N-2) and the sig-
nificance level, o (0.05). The residual standard deviation,

S.00E-06 1

3.50E-06

LO00E-06 |  gfmmeem - P

T(A)

=5 50E-06 4

=1 OOE-05 T T y
-1 05 0 0.3 |
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Fig. 3. Cyclic voltammogram of simultaneous determination of
Cd(II), Pb(IT), Cu(Il) and Hg(IT) concentrations at a PIGE elec-
trode in 0.2 mol L™%, ¢ = 1.96 x 107% mol L™! (black line), ¢ =
2.91 x107® mol L' (dashed line) and ¢ = 3.85x107° mol L™!

(grey line).

sy, and parameter Q.. were obtained according to Egs. 6
and 7, respectively:

(6)

D e /. )

2.5E-06 - cd 2.0E-05 -
2.0E-06 - 1.6E-05 -
__1.5E-06 - __1.2E-05 -
< <
~ 1.0E-06 - ~ 8.0E-06 -
5.0E-07 - 4.0E-06 -
0.0E+00 + , ; . , 0.0E+00 , , : :
19E-06 29E-06 39E-06 4.9E-06 59E-06 19E-06 29E-06 3.9E-06 4.9E-06 50E-06
¢ (mol L") ¢ (mol L)
3.0E-06 - Pb 2.5E-05 - Hg
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2.0E-06 - 1.5E-05 -
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0.0E+00 i : : , -5.0E-06 ; ; ; ;
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Fig. 4. Prediction intervals for unmodified PIGE for Cd(II), Cu(II), Pb(IT) and Hg(IT).
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Fig. 5. Prediction intervals for modified PIGE/MWCNT/HNOj; for Cd(II), Cu(II), Pb(II) and Hg(ID).

The equation for calculation of the prediction intervals
was published in our previous study*!! and is given as Eq.
8:

1+1+(x—3_c)2
N N O«

yia=(bx+a)xst, ®)

Results and discussion

To select the appropriate supporting electrolyte, acetate
buffer solutions with two concentrations (0.2 and 1 mol
L") were tested. A supporting electrolyte must satisfy two
conditions: (1) it must have a sufficient buffering capacity,
and (2) it must produce a recognizable signal for each of
the four studied elements. As seen in the cyclic voltammo-
grams measured using unmodified PIGEs (Fig. 2), the
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Fig. 6. Prediction intervals for modified PIGE/MWCNT/EDTA/HNO; for Cd(II), Cu(II), Pb(IT) and Hg(II).
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second condition was not met in the electrolyte with a
higher acetate concentration.

Therefore, a 0.2 mol L™! acetate buffer solution was
used for both unmodified and CNT-modified PIGEs. The
typical oxidation peaks for Cd, Pb, Cu and Hg could be
seen at the potentials —636, —479, 30 and 307 mV vs. Ag/
AgCl, respectively. The current response of Hg oxidation
at the bare PIGE overshadowed other elements. Calibra-
tion lines in a concentration range from 1.96 x 10~® mol
L~'t05.66 x 10~%mol L™! were obtained by the standard
addition method. Figure 3 shows that current responses
increase with increasing element concentrations.

Modification of PIGEs using CNTs suspended in
nitric acid increased the current responses (by approxi-
mately two orders of magnitude, to the milliamp scale)
for all of the elements, as observed from the compari-
son of Figure 4 and Figure 5. The use of EDTA in the
PIGE modification process did not yield the expected
improvement of current responses compared to the
responses observed for the PIGE/CNT/HNOj; elec-
trode, and voltammograms measured at this electrode
exhibited similar peak heights to those recorded at the
bare PIGE (Fig. 6).

In the CNT-modified sensor preparation process, the
current response peak height was only one of six moni-
tored parameters. Other measured or calculated chemo-
metric characteristics are used for describing the quality
and/or improvement of basic electrode materials. The
LOD, LOQ, standard and relative precision of the method
as a prediction intervals were calculated for these three
electrodes and for each measured element. It is evident
from the results in Table 1 that the above-mentioned char-
acteristics varied from case to case.

The LOD values ranged from 1.98 x 10~ mol L™ to
8.23 x 107" mol L™'. Modification of PIGE using the car-
bon nanotubes suspension produced notable improve-
ments in the current responses and in the validation
characteristics such as the relative precision of the method,
V.. For PPGE/MWCNT/HNO;, the V., ranged from
3.07% to 7.00%. In some cases, the value of V,, was
smaller for unmodified PIGEs compared to modified elec-
trodes. On a larger scale, the modified PIGE/MWCNT/
HNO; appears to be optimal for the simultaneous detec-
tion of PTEs.

All of the electrodes exhibited narrow prediction inter-
vals, with small deviations from element to element

Table 1. Validation characteristics for unmodified and modified PIGE for Cd(II), Pb(II), Cu(II) and Hg(II).

Limit of detection Limit of quantification Standard method Relative method
Element Type of electrode (LOD) mol L™ (LOQ) mol L™! precision (sy) mol L™! precision (V)
Cd(n) PIGE 3.97 x 1077 1.14 x 107¢ 1.32x 1077 3.91%
PIGE/ 2.98 x 1077 9.50 x 1077 1.03 x 1077 3.07%
MWCNT/
HNO;
PIGE/ 8.23 x 1077 1.90 x 107° 3.03 x 1077 9.00%
MWCNT/
EDTA/HNO;
Pb(II) PIGE 1.98 x 1077 6.79 x 1077 6.89 x 1078 2.05%
PIGE/ 4.83 x 1077 1.35x 107° 1.67 x 1077 4.98%
MWCNT/
HNO;
PIGE/ 6.26 x 1077 1.58 x 107° 2.17 x 1077 6.46%
MWCNT/
EDTA/HNO;
Cu(II) PIGE 7.96 x 1077 1.80 x 107° 2.76 x 1077 8.21%
PIGE/ 3.81 x 1077 1.14 x 107° 1.32 x 1077 3.92%
MWCNT/
HNO;
PIGE/ 2.60 x 1077 8.25 x 1077 9.03 x 1078 2.68%
MWCNT/
EDTA/HNO;
Hg(II) PIGE 6.48 x 1077 1.61 x 107 225 x 1077 6.68%
PIGE/ 6.79 x 1077 1.65 x 107° 2.36 x 1077 7.00%
MWCNT/
HNO;
PIGE/ 7.68 x 1077 1.76 x 107° 2.66 x 1077 7.91%
MWCNT/

EDTA/HNO;
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(Figs. 4-6). The differences among the current responses
using the same analyte concentration favor the electrodes
modified with carbon nanotubes suspended in concen-
trated nitric acid (PIGE/MWCNT/HNO;) for applica-
tions in electroanalysis.

Conclusions

The paraffin impregnated graphite eclectrode (PIGE)
represents a novel alternative to various types of solid
electrodes employing carbon nanotubes at the electrode
surface. In recent years, PIGEs were discovered and
used as an abrasive electrode for the direct study of
immobilized solid microparticles. In this article, simul-
taneous electrochemical detection of Cd(II), Pb(Il), Cu
(IT) and Hg(Il) was studied at bare PIGEs and two
CNT-modified PIGEs. The peak height, prediction
intervals and four validation characteristics were evalu-
ated and compared. The PIGE/MWCNT/HNOj elec-
trode set-up provides the optimal validation
characteristics and highest current response. Further
research is planned using this electrode for the con-
struction of other -electrochemical sensors, namely
reproducible CNT-modified PIGEs for the determina-
tion of palladium and platinum in the environmental
samples.
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