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Th(IV)-Hexacyanoferrate Modified Carbon Paste Electrode as a New Electrocatalytic Probe
for Simultaneous Determination of Ascorbic Acid and Dopamine from Acidic Media
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A estabilidade do eletrodo de pasta de carbono (CPE) foi obtida com o par eletronico do
Th(IV)-hexaferrocianeto (Th-HCF) e seu comportamento eletroquimico foi investigada
por voltametria ciclica. A constante aparente do meio heterogéneo (ks) e o coeficiente de
transferéncia(a), do par eletronico Th-HCF e CPE, foram calculados como 0,47 e 3,1 + 0,1 s7!,
respectivamente. A cobertura da superficie (I') do presente eletrodo foi calculada como 7,06 x
10 mol em™. O Th-HCF modificado com o eletrodo de pasta de carbono (THMCPE) apresentou
um bom comportamento eletrocatalitico, com uma mudanca significativa nos valores negativos
do potenciais de oxidagdo do 4cido ascérbico (AA) e da dopamina (DA), em meio acido (solucdo
tampao fosfato, pH 3). O THMCPE mostrou também excelentes caracteristicas para a determinaco
simultanea de AA e DA. As curvas amperométricas utilizando o presente catalisador sdo lineares
para a DA e AA , na faixa de concentragdes entre 8 x 106 -2 x 10%e 1 x 10° -2 x 103 mol L',
com limites de detecc¢do de 5,6 x 10 mol L' e 4,7 x 10 mol L', respectivamente. Os coeficientes
de difusao para o AA e DA, na oxidagdo electrocatalitica, foram calculados a partir dos dados de
cronoamperometria.

A stable carbon paste electrode (CPE) was prepared with Th(IV)-hexacyanoferrate (Th-HCF)
ion pair and its electrochemical behavior was investigated by cyclic voltammetry. The apparent
heterogeneous rate constant, k , and transfer coefficient, o, for electron transfer between Th-HCF
ion-pair and CPE were calculated as 3.1 0.1 s and 0.47, respectively. The surface coverage (I')
of the proposed electrode was calculated as 7.06 x 10-'° mol cm™. The proposed Th-HCF modified
carbon paste electrode (THMCPE) showed a good electrocatalytic behavior with a significant
shift toward negative potentials in oxidation of ascorbic acid (AA) and dopamine (DA) in acidic
media (phosphate buffer solution, pH 3). The THMCPE exhibited excellent characteristics for
simultaneous determination of AA and DA. Amperometric curves using the catalytic currents are
linear for DA and AA concentrations in the ranges 8 X 10°—2 x 10 and 1 x 10° -2 x 103 mol L'
with detection limits 5.6 X 10° mol L' and 4.7 x 10°° mol L', respectively. Diffusion coefficients
of AA and DA in electrocatalaytic oxidation were calculated from chronoamperometric data.
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Introduction

Modified carbon electrodes have been widely used as
sensitive and selective sensors in various electroanalytical
methods. Among the various mediators used for electrode
modification, solid metal hexacyanoferrates (MHCFs)
were used as suitable modifier due to excellent electron
transfer properties. Therefore, various transition metal
cations have been used with hexacyanoferrate to fabricate
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MHCF modified electrodes, where M represents iron(III),'?
cadmium,® chromium,* cobalt,>® copper,*'? gallium,"
indium,'*" lanthanum,'® manganese,'” molybdenium,"
nickel,'?! palladium,? platinum,* samarium(IIl),* silver,?
titanium dioxide,?® vanadium,?” zinc,?*% , zirconium,
ruthenium oxide,*! terbium,* cerium hexacyanoferrate,*
neodymium,* gadolinium*® or yttrium.* Most of these
modified electrodes have been used to reduce the
overvoltage, overcome the slow kinetics of many electrode
processes and determination of one species as an analytical
application.
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Dopamine (DA) is an important kind of neurotransmitter in
mammalian central nervous systems. Extreme abnormalities
of DA levels cause symptoms of several diseases such as
Parkinsonism.?” The concentration of neurotransmitters in
biological samples varies from species to species, in a wide
range of from 10 to 10~ mol L', %3° Ascorbic acid (AA) has
been used for the prevention and treatment of common cold,
mental illness, infertility, cancer and AIDS.* In mammalian
brain, AA is present along with several neurotransmitter
amines including dopamine. Thus simultaneous determination
of DA and AA is a problem of critical importance in the
field of neurochemistry and biomedical chemistry. The
increasing demand to determine these compounds led
to the development of new techniques, among which
electrochemical sensors attracted wide attention due to
their advantages of simple, inexpensive and fast analysis in
combination with high sensitivity and selectivity.**> Both
DA and AA are oxidisable compounds, characteristics which
makes their detection possible by electrochemical methods
based on anodic oxidation. However, a major problem is
that both AA and DA are oxidized at nearly same potential
with poor sensitivity at (unmodified) electrodes, which
resulted in overlapped voltammetric responses making
their discrimination highly difficult.** Electrochemical
techniques with modified electrodes have received great
interest for neurotransmitters determination in the presence
of ascorbic acid as they are more selective and less time
consuming and more versatile than those based on other
colorimetric or spectrophotometric methods. Therefore,
several attempts have been made to construct modified
electrodes for the simultaneous determination of DA and AA
such as self-assembled monolayer modified electrode,*¢
self-assembled bilayer membrane modified glassy carbon
electrode,”” cationic self-assembled monolayer,* enzyme-
based techniques,*-° organic electron mediators,*!* sol—gel
composite electrode, * multi-wall carbon nanotube, > lipoic
acid-coated carbon fiber microelectrodes,* poly(neutral
red) modified electrodes, >7-°
modified electrode,®¢! carbon paste electrode modified with
iron (II) phthalocyanine complexes® and tetrabromo-p-
benzoquinone modified carbon past electrode.”” However,
still there is an expanding demand for the development of
simple, sensitive, stable, reliable and selective sensors for
effective sensing for DA and AA simultaneously. Among
the carbon electrodes, the carbon paste electrode (CPE) is of
particular importance. Simple and fast preparation, obtaining
anew reproducible surface, the low residual current, porous
surface and low cost of carbon paste are some advantages
of CPEs over all other electrodes. Therefore, the CPE can
provide a suitable electrode substrate for preparation of
modified electrodes.

cationic and anionic surfactant
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In the present work, we prepared a Th-HCF carbon
paste electrode and examined its electrochemical behavior
using different voltammetric techniques. To the best of
our knowledge, there is no report about the preparation of
modified electrodes using Th-HCF adduct. We also, studied
the catalytic activity on molecules of biological interest,
such as DA and AA.

Experimental
Chemicals

Th(NO,),.5H,0, K4Fe(CN)6V graphite fine powder and
liquid paraffin were obtained from Merck and ascorbic acid
(AA), dopamine (DA), were obtained from Fluka and used
as received. All other chemicals used were of analytical
grade. All solutions were prepared with twice distilled
water. The buffer solution (0.1 mol L") was made up from
H,PO, + KH,PO,, and the pH was adjusted with 0.1 mol L
H,PO, and/or 2.0 mol L"' KOH. AA and DA solutions were
prepared just prior to use and all experiments were carried
out at the ambient temperature of the laboratory (25 °C).
All solutions tested were deaerated by passing highly pure
nitrogen (99.999%) before the electrochemical experiments
and a continuous flow of nitrogen was maintained over the
sample solution during the experiments.

Apparatus

Cyclic voltammograms were recorded by using Autolab
PGSTAT30 Potentiostat/Galvanostat equipped with a
frequency response analyzer (FRA4.9) and controlled
by general purpose electrochemical system (GPES 4.9)
software (Eco Chemie, Utrecht, The Netherlands). The cell
used was equipped with a modified carbon paste disk as the
working electrode, a glassy carbon electrode as an auxiliary
electrode and with an Ag/AgCl as a reference electrode.
All potentials in the text are quoted versus this reference
electrode. A personal computer was used for data storage
and processing. The pH was measured with a Zag Chemie
model PTR79 pH/mV-meter (Tehran, Iran).

Preparation of Th-HCF modified CPE (THMCPE)

To a 20 mL acidic aliquot of a 0.1 mol L' aqueous
thorium solution was slowly added a 20 mL potassium
hexacyanoferrate solution (0.1 mol L") with continuous
stirring until precipitation was completed. The resulting
ion-pair precipitate was isolated by filtration, washed
thoroughly with deionized water and dried at 40 °C.
The composition of the formed ion pair was confirmed
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as Th[Fe(CN),] by the chemical analysis. The carbon
paste electrode was prepared by hand-mixing of graphite
powder, paraffin and Th-HCF ion-pair. The ratio of
graphite powder to paraffin and to Th-HCF ion-pair was
70:15:15. The body of the carbon paste-working electrode
was a Teflon rod with a hole (3 mm diameter and 5 mm
deep) bored at one end for paste filling. Contact was
made with a copper wire through the centre of the rod.
The modified carbon paste was packed into the hole of
the electrode body and levelled off with a spatula. The
bare CPE was fabricated by the conventional procedure
without Th-HCF ion-pair. The ratio of graphite to paraffin
was 70:30.

Results and Discussion
Electrochemical behavior of THMCPE

The electrochemical behavior of THMCPE was studied
using cyclic voltammetry. Cyclic voltammograms of
THMCPE in 0.1 mol L"! phosphate buffer solution (pH 3) at
different low scan rates are shown in Figure 1-A. As seen,
the voltammograms consisted of a pair of well-defined
redox peaks with peak-to-peak potential separation (AE =
Eml - Epc) about 67 mV at potential scan rates lower than
60 mVs. Also, the formal potential (E°= (Epc+ Epa)/Z) is
almost independent of the potential sweep rates below
60 mVs!, suggesting facile charge transfer kinetics over
this range of sweep rates. On the other hand, peak currents
of the voltammograms are linearly proportional to the
scan rate indicating a surface-immobilized redox couple.
At potential scan rates higher than 100 mV s, the peak
separation increases, indicating the limitation arising from
charge transfer kinetics (Figure 1-B). Also, the ratio of
cathodic to anodic peak currents was almost constant and
peak currents are directly proportional to the square root of
potential scan rates, as predicted for a diffusion controlled
electrode process system (Figure 1-C).

The effect of pH on the electrochemical behavior of
the THMCPE was investigated by cyclic voltammetry in
0.1 mol L"! phosphate buffer solution of various pH values
(2-10) containing 0.1 mol L' KCI as supporting electrolyte.
The obtained results showed a slightly decrease of the
current response with increasing pH value due to a lower
stability of the hexacyanoferrate-Th(IV) association. The
mediator coating is stable at pH lower than 6.

The stability of THMCPE as the rate of loss of
electrochemical activity was examined by repetitive
scans in a in 0.1 mol L' phosphate buffer solution (pH 3).
This rate was evaluated as decrease in anodic or cathodic
charge in consecutive potential scan cycles. The obtained
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Figure 1. (A) Cyclic voltammograms of THMCPE in 0.1 mol L'
phosphate buffer (pH 3) at various scan rates: voltammograms 1-5 is
corresponding to 4, 8, 12, 16 and 20 mV s™' scan rates, respectively. Inset
(B): variation of E_versus the logarithm of the high scan rates. Inset (C):
Variations of I vs. v'?.

results showed that the anodic and cathodic peak currents
of THMCPE decrease 5% after 100 cycles at potential
scan rates 20-50 mV s without any considerable change
in potential peak separation. Furthermore, no significance
change in activity of THMCPE was observed after almost
40 times use within two months.

An approximate estimation of the surface coverage of
the electrode was made by adopting the method used by
Laviron.®® According to this method, total amount of charge
(Q) is related to the surface concentration of electroactive
species, I'", by the following equation:

"= Q
nFA

ey

Where n represents the number of electrons involved
in reaction, A is the surface area of the electrode,
I'" (mol cm™) is the surface coverage and Q is total amount
of charge which can be obtained from the integration of
cyclic voltammetry peak and F is Faraday constant. The
average amount of electrode surface coverage for anodic
peaks recorded at 60 mV s (as a low scan rate) with surface
area 0.125 cm? was 7.06 x 10'° mol cm . At higher potential
scan rates, the peak separation increases and the apparent
coverage is slightly diminished probably due to drop in
charge transfer through a modified layer, which becomes
rate-limiting at higher scan rates.
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The transfer coefficient, o, and the heterogeneous
rate constant, ks, of a surface-confined redox couple can
be evaluated from cyclic voltammetric experiments and
using the variation of anodic and cathodic peak potentials
with scan rate, according to the procedure of Laviron.’
The obtained results showed that the E values are
linearly proportional to log v, for scan rates higher than
100 mV s (AEP> 200/n mV see Figure 1, inset B). Under
these conditions, the following equations could be used
to determine the electron transfer rate constant between
hexacyanoferrate Th-HCF and CPE :

Epo= o+ Aln[2=% )
m
Epc = Eo + BIn[ 3] 3)

logk, = ot log(1-ar) + (1-a)log ot - 1og(n’;TV )- o(1-0) (%AR’%) 4)

where: 4= —RT B= RT m:(ﬂ)(ﬁ)
F "nV

(—oynF’"  onF’

According to equations 2 and 3, the plot of Ep— E =f(logv)
yields two straight lines with a slope equal to 2.3 RT/onF
for the cathodic peak and 2.3 RT/ (1-o)nF for anodic peak.
Using these slopes and also equation 4, the values of o. and
k were found to be 0.47 and 3.1 £ 0.1 5.

Electrocatalytic oxidation of AA

Figure 2 shows the CVs obtained from the oxidation
of AA at bare CPE and THMCPE. The curves (A) and (B)
are corresponding to 0.1 mol L' buffer phosphate solution
(pH 3) in the absence and presence of 3b x 10* mol L' AA,

4

I/pA

E /V (vs. Ag/AgCl)

Figure 2. CVs for (A) bare electrode, (B) 3 x 10* mol L' AA at bare
electrode, (C) THMCPE, (D) 3 x 10* mol L' AA at THMCPE in
0.1 mol L' phosphate buffer (pH 3); scan rate: 20 mV s
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respectively, at the bare CPE. The curve (C) corresponds
to THMCPE and curve (D) corresponds to oxidation of
3x 10*mol L' AA at the THMCPE. As can be seen, at the
bare electrode, the CV exhibited a broad peak at potential
of 590 mV with poor current response for AA oxidation. In
contrast, at the THMCPE, the oxidation current increased
greatly at a reduced peak potential of 260 mV and the
corresponding cathodic peak disappeared on the reverse
scan of potential. The anodic peak current increased with
the increase in the concentration of AA. The significant
negative shift in the peak potential about 330 mV and the
enhanced current response observed with the THMCPE
compared to bare CPE indicate a strong electrocatalytic
effect of Fe(CN) */Fe(CN),* redox couple in the THMCPE
towards the oxidation of AA.

Electrocatalytic oxidation of DA

Electrocatalytic activity of the bare electrode and the
THMCPE, were obtained in 0.1 mol L' phosphate buffer
(pH 3) in presence and absence of 3 x 10* mol L' DA
were presented in Figure 3. Cyclic voltammogramms
(A) and (B) show the behavior of bare electrode in the
presence and absence of 3x10* mol L' DA and cyclic
voltammograms (C) and (D) were obtained for same
solutions using THMCPE, respectively. From the obtained
CVs, it can be observed that at the THMCPE, the oxidation
current increased greatly with a decrease in oxidation
potential about 200 mV in comparison to bare CPE. These
observations showed an efficient electrocatalytic activity for
the oxidation of DA using proposed chemically modified
carbon paste electrode.

4 4
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Figure 3. CVs of : (A) bare electrode , (B) 3 x 10* mol L' DA at bare
electrode , (C) THMCPE, (D) 3 x 10 mol L' DA at THMCPE in
0.1 mol L' phosphate buffer (pH 3); scan rate: 20 mV s™'.
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Effect of pH on the oxidation of AA and DA

The influence of solution pH on the electrochemical
response of the THMCPE towards the oxidation of AA
and DA was studied in pH range from 2 to 9. Figures
4A and 4B show the variation of peak potential and peak
current with respect to changes in the pH of the electrolyte,
respectively. In both figures, the curve (a) corresponds to
3 x 102 mol L' AA and (b) corresponds to 1 x 10~ mol L"!
DA. It was observed that the peak potential for both AA
and DA shifted negatively with the increase in pH of the
electrolyte. Also, the current responses for AA and DA
oxidation were higher at acidic pH conditions. As can be
seen from figures, while the difference between potential
shifts for AA and DA oxidation were nearly constant at all
tested pH (see Figure 4-A, curves a and b), the obtained
current responses were diminished with the increase in pH
of the electrolyte. On the other hand, the proposed modified
electrode showed excellent stability as well as reproducible
signals in acidic solutions. Therefore, a pH of 3 was chosen
for oxidation studies of AA and DA with THMCPE.
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Figure 4. Effect of pH on (A) peak potential and (B) peak current for the
oxidation of (a) 3 x 10* mol L' AA and (b) 5 x 10 mol L' DA at the
THMCPE, scan rate: 20 mV s,

Chronoamperometric studies of AA and DA oxidation

Double potential step chronoamperometry, as well
as other electrochemical methods was employed for
investigation of electrochemical process at the chemically
modified electrodes. The current—time curves of THMCPE
were obtained by setting the working electrode potential at
0.80 V (at the first potential step) and at 0.00 V (at second
potential step) vs. Ag /AgCl for the various concentration
of ascorbic acid and dopamine in buffered aqueous
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solutions (pH 3) and also for modified electrode in the
absence of AA and DA. For an electroactive material with
a diffusion coefficient (D), the current corresponding to
the electrochemical reaction (under diffusion controlled)
is described by Cottrell equation:*

I = nFAC, DT 12 (5)

Where D is apparent the diffusion coefficient (cm? s)
and Cis the apparent bulk concentration (mol cm™),
respectively. Diffusion coefficient is easily calculated from
the slope of the plot of I vs. t"2. Chronoamperograms using
modified electrode for solution containing AA and/or DA
represented a typical I-t'' curves which indicates that the
observed currents have a diffusion control nature. The mean
value of the D for ascorbic acid and dopamine were found
4.06 x 107 and 4.43 x 107 (cm? s™'), respectively.

Simultaneous determination of DA and AA

Figure 5 shows the CVs of a mixture of AA and DA
at bare CPE and at THMCPE in 0.1 mol L phosphate
buffer solution (pH 3). In this figure, the curves (a) and (b)
correspond to the oxidation of a mixture of 6 x 10 mol L"!
AA and 3 x 10*mol L' DA at bare electrode and THMCPE,
respectively. As can be seen, a poor current response was
observed at the bare CPE in the presence of a mixture of
DA and AA. In contrast, two well-defined anodic peaks
at the potential of 260 and 470 mV were observed for the
oxidation of AA and DA, respectively, at the THMCPE.
The difference between the two peak potentials is about
190 mV and the current response increased with the
increase in the concentration of AA and DA. Figure 6 shows
the CVs of oxidation peak of various concentrations of
AA in presence of 3 x 10 mol L' DA .The curves (a), (b)
and (c) correspond to the presence of 1 x 104, 3 x 10 and
6 x 10* mol L' AA. As can be seen, while the current
response at the DA oxidation peak is fix, the current
response at the AA peak increased with the increase in the
concentration of AA. Similarly, Figure 7 shows the CVs
recorded for the solutions containing various concentrations
of DA in the presence of 3 x 10 mol L' AA. As can be
seen from the curves (a), (b) and (c) correspond to the
oxidation of 5 x 107, 1 x 10*and 3 x 10* mol L' DA, the
current response at the DA oxidation peak increased with
the increase in the concentration of DA without any change
in the AA peak. It should be noted that in contrast with the
majority of the electrochemical studies reported in literature
for the simultaneous determination of AA and DA, no shift
in the potential peaks of AA or DA was observed in all
mixed solutions using the proposed modified electrode.
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These results indicated that the THMCPE have an excellent
catalytic activity for simultaneous determination of AA
and DA at reduced and well-separated peak potentials with
enhanced sensitivity. This ability to measure AA and DA
in a mixture has significant attraction in biological and
chemical research.

Amperometric determination of AA and DA
Typical amperometric signals were obtained by

successive addition of AA to continuously stirred phosphate
buffer solution (pH 3). Figure 8-A shows a typical

I/uA

E/V (vs. Ag / AgCl)

Figure 5. CVs for the oxidation of 6 x 10 mol L' AA in presence 3 X
10* mol L' DA at (A) bare electrode and (B) THMCPE in 0.1 mol L
phosphate buffer (pH 3); scan rate:20 mV s

I/uA

E/V (vs. Ag/AgCl)

Figure 6. CVs for the oxidation of (A) 1 x 10*mol L', (B) 3 x 10*mol L"!
and (C) 6 x 10*mol L' AA in presence of 1 x 10#mol L' DA at THMCPE
in 0.1 mol L' phosphate buffer (pH 3); scan rate:20 mV s

J. Braz. Chem. Soc.
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Figure 7. CVs for the oxidation of (A) 5 x 10°mol L', (B) 1 x 10 mol L"!
and (C) 3 x 10*mol L' DA in presence of 3 x 10#mol L' AA at THMCPE
in 0.1 mol L' phosphate buffer (pH 3); scan rate:20 mV s™'.

amperometric response obtained at a fixed potential of
300 mV for successive addition of 250 u mol L' AA. The
response time was about 5 s and the obtained currents using
THMCEPE were 5-6 times larger than that on bare electrode
at the same condition. Figure 8-B shows the calibration
graph for determination of a linear response to AA in the
concentration range from 1 x 10 to 2 x 10 mol L' with a
correlation coefficient of 0.9953. When the ratio of signal to
noise is 3 the detection limit (LOD) for AA was 5.6 umol L.
Similarly, Figure 9-A depicts the amperometric response
for DA. The applied voltage was at 500 mV for successive
addition of 180 pmol L' DA. The THMCPE exhibited
rapid response to the changes in the concentration of DA
(less than 6 s). Figure 9-B presents linear response to DA
in the concentration range from 8 x 10 to 2 x 10~ mol L.
Correlation coefficient was obtained 0.9904 with LOD
4.7 umol L'! when S/N was 3. The proposed electrode showed
a good repeatable and reproducible response for DA and AA.
The peak current values for DA and AA were detected with a
relative standard deviations of 3.2% and 3.5%, respectively. It
must be noted that we evaluated the electrocatalytic oxidation
of some oxidisable inorganic ions such as thiosulfate, nitrite
as well as some inorganic and organic molecules such as
hydrazine and uric acid using proposed probe. In all cases
no significant electrocatalytic effect were observed.

Conclusions

The electrochemical properties of THMCPE were
studied as new chemically modified carbon paste electrode.
The THMCPE showed an excellent electrocatalytic activity
towards AA and DA and applied for the simultaneous
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Figure 8. Inset (A) Current signal monitored as a function of time at the
THMCPE for the successive addition of 250 umol L' AA to the stirring
0.1 mol L' phosphate buffer (pH 3); stirring rate : 350 rpm. Inset (B)
Calibration plot.
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Figure 9. Inset (A) Current signal monitored as a function of time at
THMCEPE for the successive addition of 180 umol L' DA to the stirring
0.1 mol L' phosphate buffer (pH 3); stirring rate : 350 rpm. Inset (B)
Calibration plot.

determination of ascorbic acid and dopamine in phosphate
buffer (pH 3) with good sensitivity and selectivity. The
oxidation of AA at the THMCPE occurred at the potential of
270 mV with a great increase in the peak current compared
to that of the bare carbon paste electrode. Electrocatalytic
oxidation of DA was observed at the potential of 470 mV
with a great increase in response peak current toward
bare CPE. The voltammetric signals of AA and DA were
obtained in two well-defined peaks with a peak separation
of 200 mV. A favourable electrocatalytic reaction between
the THMCPE and AA and DA shifted their oxidation
potential to a less positive potential. Although, the detection
limit of proposed method for DA and AA is slightly higher
than the some reported works in the literature, but the
electrocatalytic ability toward AA and DA in acidic media
(pH 3) with wider linear range, good reproducibility and
stability are the most important aspect of the proposed
modified electrode in comparison to other reports.
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