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Electroreduction of oxalic, succinic, tartaric and malic acid in aqueous KCl
on glassy carbon electrode (GCE) immobilized with nanoparticles of plati-
num was investigated. Platinium nanoparticle (Pt

NPs
) - modified electrodes

were prepared by the electrodeposition with cyclic voltammetric method
onto glassy carbon electrode. The surface morphology of the electrode-
posited Pt nanoparticles was examined by SEM. Also, the electrochemical
properties of the prepared electrodes were investigated with different elec-
trochemical techniques; cyclic voltammetry, chronoamperometry, and elec-
trochemical impedance spectroscopy. The Pt-nanostructured film on GCE
exhibits an ability to improve dramatically the current intensity of the
cyclic voltammograms of the reduction behavior of all acids under inves-
tigation. Instead of irreversible ill-defined waves obtained on bare GCE,
combined with Pt-nanoparticles, the monolayer-modified electrode (Pt/
GCE) gives sensitive reversible responses. Obviously, this improvement
returns to the electrocatalysis of the electron transfer between the acids
and the new modified electrode. Electrochemical impedance spectroscopy
at a fixed potential was performed at treated GCE. The mechanism of the
electrode reactions and the equivalent circuits of the GCE for the different
acids have been proposed. The different CV and EIS parameters in addi-
tion to the charge transfer rate constants associated with the redox pro-
cesses of the acids are evaluated and discussed.
 2013 Trade Science Inc. - INDIA

INTRODUCTION

Nanosized particles attracted much attention, and
are currently the subjects of considerable research pro-
grams. Due to their high specific surface area which
makes it having unusual physical and chemical proper-
ties, nano-materials are used in the potential applica-

tion and chemical separation[1]. Also, nanoparticles have
been found to be used in technological applications in
many different areas, such as photocatalysis[2],
electrocatalysis[3], and biomedical applications[4,5]. The
electrodeposition of metal nanoparticles onto carbon
electrodes has become the interest of a large number of
researches, due to their catalytic activity toward reac-
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tions of interest[6-10]. This can be attributed to that, car-
bon electrodes are characterized by the high chemical
inertness as well as low oxidation rate in addition to
small gas and liquid permeability[11]. Electrochemical
deposition conditions of metal are easy to alter, enabling
creation of a wide range of electrodes with nanoparticles
of differing sizes, shapes, and distributions. The proce-
dure is rapid, simple, and reproducible, more than vi-
able alternative to the time-consuming and delicate pro-
duction of an electrode via colloidal platinum[12].

Electrodeposition of platinum deposits produced
during the electroreduction of PtCl

6
2- complex in aque-

ous solutions has a much enhanced surface[13-15]. Cata-
lytic activity is one of the most important properties of
Pt nanoparticles; therefore, it is used to enhance the
reaction efficiency. Due to the biological and industrial
importance of the biological acids under investigation,
the electrochemical behavior of them was studied in
this article. Furthermore, little studies covering the area
of those acids concerning their electroreduction have
been carried out[16,17]. Moreover, almost totally rare
studies using GCE immobilized with Pt nanoparticles
were undertaken. Recently, the reduction of carboxylic
acids has been categorized according to reaction mecha-
nism and their pK

a 
in dimethyl sulfoxide at platinum elec-

trodes[17]. In the present work, an application of the
relatively new trend of modifying electrodes is displayed.
Accordingly, detailed investigations of the
electroreduction behavior of oxalic, succinic, malic and
tartaric acids in a 0.1 mol L-1 KCl on Pt-nanoparticle
electrodeposits are carried out. Cyclic voltammetric,
electrochemical impedance, and related techniques were
combined to obtain the desired data.

EXPERIMENTAL SECTION

Oxalic. malic, tartaric, succinic acids, potassium
hexacyanoferrate (III), KCl and Na

2
SO

4
 were pur-

chased from BDH and di-hydrogen tetrachloroplatinate
from Aldrich. Stock solutions 0.1 mol L-1, were freshly
prepared by dissolving the appropriate amounts in
bidistilled water.

All electrochemical measurements were performed
with an EG&G PARC Potentiostat/Galvanostat model
273 A. The EIS measurements were performed with a
lock-in analyzer (Model 5208) coupled with the

potentiostat/galvanostat (model 273 A). The models 378
and software are used for EIS and CV measurements
respectively. A conventional three-electrode cell sys-
tem was used, consisting of a bare or modified glassy
carbon (3 mm in diameter) as a working electrode, plati-
num sheet as an auxiliary electrode, and the Ag/AgCl
as the reference electrode. All experiments were
thermostated at 298 ± 0.2 K using a Huke model. Sur-

face analysis of the modified electrodes were carried
out using a JEOL JSM-5500 LV Scanning Electron
Microscope (JOEL, Japan), at an acceleration voltage
of 5 keV and a working distance of 4�5 mm. Image

analysis were performed visually and with common soft-
ware (ImageJ, Wright Cell Imaging Facility, Toronto
Western Research Institute, University Health Network)
for particle counting and particle size.

Preparation of the modified electrode with Pt
nanoparticles

Prior to the electrodeposition of Pt nanoparticles,
the glassy carbon electrode surface was polished first
with no. 2000 emery paper, then with aqueous slur-
ries of successively finer alumina powder with the help
of polishing microcloth. Then, it was rinsed with dou-
bly distilled water. The bare GCE was then, sonicated
for 10 min in bidistilled water bath. Electrodeposition
process was accomplished as in our previous pub-
lished article[15]. A reversible cyclic voltammogram for
the reduction of Pt (IV) on the GCE is observed at -
0.42 V versus Ag/AgCl. This wave is attributed to the
reduction of Pt (IV) to the Pt metal on the surface of
the GCE[5,15,18]. After platinum deposition, the elec-
trode was cleaned by double distilled water. And the
stability of the electrode towards the electroreduction
of the acids was measured by comparasion the peak
current height and the behavior of the cylic
voltammogaram of reference material of known be-
havior such as ferri/ferrocyanide.

RESULTS AND DISCUSSION

Pt nanoparticles characterization

Scanning electron microscopy analysis character-
ization

Scanning electron microscopy (SEM) images of the
Pt nanoparticles electrodeposited onto the GCE under
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The Pt nanocrystals in the SEM images appear as
circular bright spots surrounded by a textured back-
ground of darker GC substrate. It is clear from these
images that the increase of either the delay time of depo-
sition or the concentration of the PtCl

6
2- resulted in an

increase in the average particle size of the Pt
nanoparticles, and as confirmed by the precise calcula-
tions of the ImageJ program. It has been shown that the
low concentration bath (0.5 mmol L-1 H

2
PtCl

6
), yields

a low number density with a lot of nanocrystals (~ 70%)
with small size (~ 10 nm). The other particles having 20
nm average sizes (Figure 1b). At the higher concentra-
tion (1.0 mmol L-1 H

2
PtCl

6
), a high number density of

relatively monodisperse particles are deposited with in-
creasing the size. Small size particles (~ 32 nm) of ~
49% coexisting with small number (~10%) of large size
particles (~ 68 nm) and 20% of a size (~120 nm), as
shown in Figure 1d. This reflects both an increase of

the active sites on the surface of GCE (increasing the Pt
loading) and nucleation growth.

The increase of the deposition time from 0 to 60 s
leads to both an increasing in the particle size and an
increasing in the particle number density. A 30% of large
size particles have 60�88 nm range, and a 17% of the

particles have 150�300 nm size range, these large par-

ticles are observed coexisting with lots of (~ 53%)
smaller size nanoparticles (~15 nm) as shown in Figure
1c. This means that the nucleation growth is favored
over the establishment of new deposition active sites.
SEM image analyses for nanoparticles are summarized
in TABLE 1. Furthermore, both the real surface area of
the Pt loading on GCE/cm-2 and the mass specific sur-
face area (cm2 µg-1), were calculated by two methods,
such as SEM analysis and mass transfer method. The
data of both methods are found to be in agreement with
each other.

different operating conditions are shown in Figure 1a-
d. The SEM images show that the deposited Pt par-

ticles are in the nanoscale size and homogeneously dis-
tributed throughout the surface of GC Electrode.

Figure 1 : SEM images of bare GCE (a) and electrochemically deposited Pt Nanocrystallites on GCE; delay time 0 s and 0.5
mmol L-1 H

2
PtCl

6
 solution, (b); Delay time 60 s and 0.5 mmol L-1 H

2
PtCl

6
 solution, (c) Delay time 0 s and 1 mmol L-1 H

2
PtCl

6

solution.(d) at 298 k.

(a) (b)

(c) (d)
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Cyclic voltammetric characterization of the modi-
fied GCE with PtNPs

Cyclic voltammetric measurement with the standard
electroactive species Fe(CN)

6
3"/4" are used to test the

validity of the prepared electrodes and the kinetic bar-
rier of the interface. This method is frequently used to
estimate the real active surface area of the electrodes.
Figure 2 shows CV response on the bare and the modi-
fied GC with Pt nanoparticle in aqueous 0.1 mol L-1

KCl solution containing 5 mmol L-1 [Fe(CN)6]4"/3" with
scan rate equal to 50 mV s-1 at 298 K. The well-de-
fined cyclic voltammograms, at the modified GCE with
a peak-to-peak separation (ÄE

p
) of about ~ 0.070 V

vs. Ag/AgCl are observed (Figure 2b- c- d). An obvi-
ous increase in the anodic and the cathodic peak cur-
rents are also observed as both the Pt loading and the
particle size of the deposits decreased. This is due to
high surface area enhancing the electron transfer. A
peak-to-peak separation (ÄE

p
) of 0.318 V vs. Ag/AgCl

is obtained when the bare GCE is used, (Figure 2a). A
decrease in both the anodic and cathodic peak cur-
rents compared with those observed in case of the
modified electrodes is also observed. Hence, the elec-
tron transfer becomes faster after modification of the
GCE with the Pt nano particles.

Characteristic parameters for the electrochemical
measurement of K

3
[Fe(CN)

6
] at the different loads of

GCE/Pt
NPs

 are also calculated and summarized in
TABLE 1. The specific surface areas (cm2 µg-1) of the
fabricated electrodes were calculated by using the re-
lation[19];

gsa

rsa

AW

A100
S  (1)

The real surface area of the loading metal on the
GCE was estimated by SEM analysis and by Mass
transfer method. The Mass transfer method is estimated
by using the relation of Randles[20-22];
I

p
 = -3.01 × 105 n3/2 áap1/2 D1/2 A

rsa
 c

o 
|í|1/2 (2)

Where I
p
 is the peak current in Amperes (A), n the

number of the electrons participating in the redox reac-
tion, á the apparent electron transfer coefficient, D the
diffusion coefficient in cm2 s-1, A

rsa
 the real surface area

of the modified electrode in cm2, c
o
 the bulk concentra-

tion of the species in mole cm-3 and í is the potential
sweep rate in V s-1.

TABLE 1 : Physical characteristic parameters determined from voltammetric measurements and SEM analysis for Pt
nanoparticles electrodes.

(3*) Real surface area 
of Pt loading (cm2) 

(4*) Specific surface area 
(cm2

µg
-1) Electrode 

no. 

(1*) Q 
(µC) 

(2*) Pt 
loading 
(g cm-2) 

× 10
5 

SEM 
method 

Mass transfer 
method 

SEM 
method 

Mass transfer 
method 

(5*) Roughness 
factor 

(7*) Mean 
Diameter, 

nm 

B 636.68 1.79 1.20 1.30 94.82 95.61 3.13 15  2 

C 772.91 2.21 1.46 1.44 93.25 89.00 2.50 38  2 
D 878.43 2.51 1.60 1. 80 90.20 71.57 1.88 180  2 

(1*) Net cathodic charge passed in metal deposition; (2*) calculating the metal loading assuming 100% current efficiency; (3*)
As estimated from SEM analysis and mass transfer methods; (4*) Mass specific surface area: Surface area per unit weight of the
loaded metal; (5*) Surface area of the metal deposits per unit area of the GCE; (6*) and (7*) data measurements based on Imagej
program software.

Where; S is the specific surface area of the electrode,
A

rsa
 is the real surface area in cm2, W is the amount of

the loaded metal (ìg cm-2) and A
gsa

 is the geometric
surface area of the glassy carbon electrode.

Figure 2 : CV of 5 mmol L-1 [Fe(CN)
6
]-3/-4 in 0.1 mol L-1 KCl,

at í = 50 mV s-1 at 298 k, on bare (a) modified GCE with Pt
NPs

at different loads of; 1.79×10-5 (b), 2.21×10-5 (c) and 2.51×10-

5 g cm-2 (d).
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The plot of I
p 
versus í1/2 yields the real surface area

of the loaded metal on the GCE. A linear increase in the
peak height with increasing the square root of the scan
rate is observed. Thus, the electron transfer process is
controlled via diffusion phenomena. This implies that
these nanoparticles provided the necessary conduction
pathways in promoting the electron transfer between
the analyte and the electrode surface.

The value of the electron transfer coefficient is as-
sumed to be á H� 0.5 for ferri/ferrocyanide redox couple

and by subsequent determination of diffusion coefficient
(D) from amperometric measurements, the heteroge-
neous charge transfer rate constant (k

s
) can be obtained

according to equation (3)[19];

21
0

2
R0

)T RF n(  D 

k)DD(






(3)

The mean value of k
s
 on the modified Pt

NPs
 electrodes

is found to be equal to 0.11 cm s-1 indicating that the
reaction is occurring fastly on the modified electrodes
compared with that occurring on the bare electrode.

Chronoamperometric characterization

Figure 3 shows the chronoamperograms of 5 mmol
L-1 K

3
[Fe(CN)

6
] in 0.1 mol L-1 KCl on the GCE/Pt

nano

with different Pt loadings. The first and the second
working electrode potentials are adjusted at 0.600 and
0.128 V (vs Ag/AgCl), respectively. The diffusion co-
efficient can be obtained by using the relation between
current decay and time as in Cottrell equation (4);
I = n FA D1/2 c

o
 ð-1/2 t -1/2 (4)

Where n is the number of electrons transferred, F the
faraday constant (96484 C mol-1), A the electrode sur-
face area (cm2), c

o
 the bulk concentration of species

(mol cm-3), i the current (A), t the time elapsed (s) and
D the diffusion coefficient (cm2 s-1).

The plots of It1/2 vs. t for a specific concentration
of ferricyanide show that, It1/2 function is constant and
time independent over a wide range of time, indicating
that the electron transfer process is diffusionally con-
trolled. In addition, the catalytic rate constant (k

cat
) for

ferricyanide on the GCE/Pt
nano 

has been calculated us-
ing Galus method; by using the equation (5)[19];

2/1
ocat

2/1

1

cat )tCk(
i

i


(5)

Where i
cat

 is the catalytic current of ferricyanide on the

Electrochemical impedance spectroscopic (EIS)
characterization

EIS is an effective and very sensitive method for
probing the features of the surface of modified elec-
trodes, and to further investigate the impedance changes
of the electrode surface on the modified electrodes. To
investigate the electrical properties of the electrodes /
solution interfaces, the Randle�s equivalent circuit can

be chosen to represent the system under investigation.
As shown in Figure 4, the EIS spectra presented

as Nyquist plot for the bare GCE and for the modified
electrode having different loading of Pt Nanoparticles
for 5 mmol L-1 ferricyanide in 0.1 mol L-1 KCl at the
cathodic peak potential at 298 K. It is clear from the
Figure that, charge transfer resistance (R

ct
) has the great-

est value ~ 2100 Ù for the bare GCE in the test solu-

tion. The R
ct
 decreased dramatically to ~ 200 Ù as the

electode being modified with Pt nanoparticles. It can
be concluded from the Figure that, when the Pt loading
is increased (large particle size), the R

ct
 increased.

modified electrode, i
l
 the limiting current in absence of

ferricyanide, c
o 
the concentration (mol cm-3) and t the

time in second. The slope of I
cat

/I
l
 vs. t1/2 gives k

cat
 mean

value of a 3.98 × 103 M-1 s-1. This points out to the high
catalytic activity of the modified electrode towards the
electroreduction of ferricyanide ions.

Figure 3 : Double step potential chronoamperograms of 5
mmol L-1 K

3
[Fe(CN)

6
] in 0.1 mol L-1 KCl obtained on bare (a)

and modified GCE with Pt
NPs

 at ô = 10 s at 298 K, with differ-
ent loads of Pt 

NPs
; 1.79 × 10-5 (b), 2.21 × 10-5 (c) and 2.51 × 10-

5 g cm-2 (d).
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Electrochemical response of di-carboxylic acids on
the Pt nanoparticles

Cyclic voltammetry (CV)

The CV investigations indicate that the nanoparticles
have cleary improved the electroreduction behavior of
these acids and led to large increase in the current and
enhanced behavior is obtained compared to the bare
GCE. The voltammograms for all acids is stable during
20 cycles scanning. Cyclic voltammograms of 1.25 mmol
L-1 oxalic, succinic, malic and tartaric acids in a 0.1 mol
L-1 KCl at 298 K with scan rate of 100 mV s

-1 
are

shown in Figure 5 and Figure 6. The first voltammograms
which is not defined and appeared absolutely not sepa-
rated from that of the decomposition of the solvent is
taken on the bare GCE (Figure 5). The other plots in
Figure 6 are the CV responses taken on modified GCE
with Pt nanoparticles. The small broad pre-cathodic
peaks are appeared on the modified GCE with
nanoparticles in the case of succinic, malic and tartaric
acids. These small pre-cathodic peaks are concluded
to be due to the reduction of the dissociated protons of
these acids that can be adsorbed on the surface of the
electrode and then exploited in the following discharge
process. Since in the acidic medium, the reaction be-
gins easly with the reduction of the dissociated protons.
These voltammograms exhibit reversible and enhanced
behavior for all acids compared with the behavior at
the bare GCE. The reversibility of the electroreduction
process on the Pt-nanoparticles / GCE is tested through
the peak current ratio (i

pa
/i

pc
) peak potential separation

(�E
p
 = E

pc
 - E

pa
 or E

p
 - E

p/2
) and the current function

(i
p
/õ1/2) diagnostic criteria. All the parameters of the

electroreduction of the acids under investigation on GCE
modified with Pt nanoparticles are summarized in
TABLES 2-5.

These data confirm that the process occurring on
the GCE modified with Pt-nanoparticles is nearly re-
versible one electron transfer process at the main ca-
thodic peak according to the calculations of Nicholson
and Shain[23].

mV
n

5.56
F n

T R 2.2
E E 2/pp

 (6)

Both of the linear responses obtained for i
p
-õ1/2 re-

lation (Figure 7) and for the relation resulting from the
increase in the peak height with the increase in concen-
tration of the acids (Figure 8) at milimolar levels (i.e. 1,
2, 3, �. to 8 mmol L-1) reveal that the electron transfer
process on the modified electrode is controlled via dif-
fusion phenomena. Furthermore the criterion of the cur-
rent function (i

p
/í1/2) which decreases slightly with in-

creasing the scan rate as shown in TABLES 2-5, en-
sures the presence of a chemical reaction following the
electron transfer process (EC mechanism) in that case[23].
The electroredction of the acids differ in the location of
their cathodic peaks. The cathodic peak of succinic acid
is shifted to more negative direction more than that of
oxalic, malic and tartaric acids. This difference can be

Moreover, at modified electrodes, the data demonstrate
that at low measured frequencies a linear impedance
locus with an angle of ~45î to the real axis. At high
measured frequencies, there a partially small resolved
semicircle is observed. This implies that the Pt
nanoparticles play an important role in the kinetics of
charge transfer process. At electrode (b), linear imped-
ance (Warburg impedance, Z

w
) with an angle of ~45o

to the real axis at all measured frequencies is observed.
This can be attributed to the relaxation occurring at the
electrode/solution interface and supports the diffusion
controlled charge transfer process. These data showed
that the Pt nanoparticles have been successfully attached
to the GCE electrode surface, and the electrode gets
working with high efficiency. This is also in agreement
with the results of cyclic voltammetric measurements.

Figure 4 : Complex impendence plane plots for 5.0 mmol L-1

Fe(CN)
6
3"/4" in 1.0 mol L-1 KCl, on bare (a), and modified GCE

with Pt
NPs

 with different loads of; 2.21×10-5 g cm-2 (b) 2.51 ×
10-5 g cm-2 (c) and 1.79 × 10-5 g cm-2 (d).
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explained on the basis of the presence of the methelene
- (CH

2
)

2
- donating groups, that delays the process of

electroreduction of succinic acid, the same reason in
malic and tartaric acids.

Figure 6 : CVs of 1.25 mmol L-1 oxalic, succinic, malic and
tartaric acid in 0.1 mol L-1 KCl at 298 K, at í = 100 mV s-1, on
modified GCE with Pt

NPs 
at loads of 1.79 × 10-5 g cm-2.

Figure 5 : CVs of 1.25 mmol L-1 oxalic, succinic, malic and tartaric acid in 0.1 mol L-1 KCl at 298 K, at í = 100 mV s-1, on bare
GCE.

Figure 7 : Correlation between i
pc 

vs. í1/2 for the
electroreduction of 1.25 mmol L-1 oxalic, succinic, malic and
tartaric in a 0.1 mol L-1 KCl at modified GCE with Pt

NPs
.
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TABLE 2 : CV data for the electroreduction of 1.25 mmol L-1

oxalic acid a in 0.1 mol L-1 KCl on the GCE/ Pt
NPs 

at 298 K.

Scan rate 
(Vs-1) 

-Ep
c 

(V) 
ip

c
 

(µA) 
ip

a/ip
c ÄEP 

(mV) 
ip/í1/2 

(µAmV
-1s1/2) 

0.05 0.438 41.50 0.78 83.30 5.87 

0.10 0.441 57.39 0.99 97.30 5.74 

0.20 0.454 70.74 1.32 115.30 5.00 

0.30 0.464 84.00 1.35 125.30 4.84 

0.40 0.469 94.10 1.39 130.80 4.70 

0.50 0.476 103.80 1.40 146.80 4.64 

Figure 8 : Correlation between i
pc 

vs. concentrations for the
electroreduction of oxalic, succinic, malic and tartaric acids
in a 0.1 mol L-1 KCl at modified GCE with Pt

NPs
.

TABLE 3 : CV data for the electroreduction of 1.25 mmol L-1

succinic acid on the GCE/ Pt
NPs 

in a 0.1 mol L-1 KCl at 298 K.

Scan rate 
(Vs-1) 

-Epc 

(V) 
ipc 

(µA) 
ipa/ipc 

ÄEP 

(mV) 
ip/í1/2 

(µAmV
-1s1/2) 

0.05 0.493 27.10 0.99 157.00 3.833 
0.10 0.500 35.30 1.05 179.66 3.530 
0.20 0.507 46.40 1.03 195.95 3.281 
0.30 0.523 52.00 1.10 206.00 3.002 
0.40 0.529 59.88 1.10 216.20 2.994 
0.50 0.534 63.20 1.15 222.52 2.826 

TABLE 4 : CV data for the electroreduction of 1.25 mmol L-1

malic acid on the GCE/ Pt
NPs

 in a 0.1 mol L-1 KCl at 298 K.

Scan rate 
(Vs-1) 

-Ep
c 

(V) 
ipc 

(µA) ipa/ipc 
ÄEP 

(mV) 
ip/í1/2 

(µAmV
-1s1/2) 

0.05 0.476 17.21 1.96 108.87 2.430 
0.10 0.494 22.22 1.69 133.10 2.220 
0.20 0.516 30.96 2.03 177.40 2.198 
0.30 0.522 38.00 1.99 198.34 2.190 
0.40 0.539 42.07 2.14 210.07 2.100 
0.50 0.559 46.40 2.06 220.37 2.075 

TABLE 5 : CV data for the electroreduction of 1.25 mmol L-1

tartaric acid on the GCE/ Pt
NPs 

in a 0.1 mol L-1 KCl at 298 K.

Scan rate 
(Vs-1) 

-Epc 

(V) 
ipc 

(µA) ipa/ipc 
ÄEP 

(mV) 
ip/í1/2 

(µAmV
-1s1/2) 

0.05 0.473 25.35 0.93 73.90 3.585 

0.10 0.483 28.55 0.85 80.90 2.855 

0.20 0.496 36.35 0.91 90.60 2.570 

0.30 0.504 43.80 0.94 108.22 2.528 

0.40 0.510 50.00 0.92 115.50 2.500 

0.50 0.515 56.65 0.94 120.32 2.469 

Heterogeneous charge transfer rate constant (k
s
) for

the electroreduction, can be easily obtained with the aid
of the equation (3)[19]. The value of the electron transfer
coefficient is assumed to be H� 0.5 for this system. The

value of k
s
 for the electroreduction of oxalic, succinic,

malic and tartaric acids under these conditions amounts
to 0.59, 0.20, 0.225 and 0.27 cm s-1 on Pt

NPs
 electrode

respectively. This is supporting the fact that the reaction
on the GCE/Pt

NPS
 is facile on the surface of the modified

electrode for these acids under those modified condi-
tions uder the following sequence; oxalic > tartaric > malic
> succinic. It can be concluded that, the possible route
for the electroreduction mechanism of the acids on the
glassy carbon electrode modified with platinum
nanoparticles is that the acid receives one electron from
the electrode to form the radical anion. This radical anion
is passing though a chemical reaction, dimerization, (EC
mechanism). The dimerization of dicarboxylic acids can
be achieved by applying a negative potential in acidic
medium via attachment of the carboxylic group[24]. The
resultant dimer radical anion can be protonated with one
proton. The expected route for the electroreduction
mechanism is assumed as follow;

(7)

Where A and A
-. 
is the neutral oxalic and its radical an-

ion, respectively and [A-A]
-. 
is the dimer radical anion

of the acid.

Electrochemical impedance spectroscopic mea-
surements (EIS)

Figure 9 shows the Nyquist plots of the impedance
spectroscopic diagram on the Pt nanoparticle electrode
of oxalic, succinic, malic and tartaric acids are mea-
sured at frequencies of 5 Hz to 100 kHz at the cathodic
peak potential of the acids under investigation. The way
of Nyquist plots at low frequencies resemble Warburg
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impedance due to diffusional control of AC response
for all acids. The Randles equivalent circuit is not suffi-
cient for the description of the process in this case, thus
it should be assumed the presence of an additional im-
pedance contribution due to the coupled chemical re-
action following the electron transfer process. The
Ohmic resistance of the solution (R

s
), the charge trans-

fer resistance (R
ct
) at the electrode surface and the double

layer capacitance (C
dl
), were calculated using the Bode

plots (Figure 10) that listed in TABLE 6. The R
ct

 
in the

case of oxalic acid is considerably small; this is due to
the catalyzing effect of the Pt

Nps 
and there are no effect-

ing groups as in the rest of the acids. The relatively high
C

dl
 value is consistent with the foregoing concept. Also

the charge transfer process in case of the acids is some-
what slower than that of the corresponding oxalic acid.
The R

ct
 in the case of tartaric acid is found to be higher

than the corresponding of oxalic acid at the modified

electrode, whereas the C
dl
 is clearly less than that of

oxalic acid but more than that of malic and succinic
acids confirming the forgoing results.

The EIS is also used for the calculation of the het-
erogeneous rate of electron transfer, by the aid of the
reduced equation[25-27];


sk2

D
1cot (8)

where ô is shift of the phase angle, D the diffusion co-
efficient of species, assuming that both redox forms have
the same D, k

s 
the heterogeneous rate constant of the

electron transfer and ù the angular frequency of the
sinusoidal current and assuming á = â = 0.5. The de-
pendence of the cotangent of ô with ù1/2; indicates that
deviation from the linearity at low frequencies can be
detected, indicating the presence of a chemical reac-
tion following the charge transfer process (EC).

Figure 9 : Complex impendence plane plots, for 1.25 mmol L-1 oxalic, succinic, malic, tartaric acid in a 0.1 mol L-1 KCl, AC
amplitude at 0.005 V, frequencies from 100 KHz to 5 Hz at 298 K, on GCE modified with Pt 

NPs
.
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Figure 10 : Bode plots obtained for Pt 
NPs

 in a 0.1 mol L-1 KCl and 1.25 mmol L-1 of oxalic, succinic, malic and tartaric acid
at E

P
 vs. Ag/AgCl.

TABLE 6 : EIS data was obtained for the electroreduction of
1.25 mmol L-1 oxalic, succinic, malic and tartaric acids at
GCE modified with Pt nanoparticles.

Acid Rs,  Rct,  Cdl. f × 10
-5 angel, ô 

Tartaric 131.00 80.10 150.00 42.70 
Malic 124.67 46.50 132.00 45.74 
Succinic 147.88 200.64 50.60 44.16 
Oxalic 132.45 50.10 248.00 46.93 

The heterogeneous rate constant values of the elec-
tron transfer reaction for the electroreduction of oxalic,
succinic, malic and tartaric acids are obtained by this
method, having the value 0.57, 0.25, 0.24 and 0.29 cm
s-1 respectivily. These values are consistent with that
obtained from CV measurements, and it falls within the
range of the diffusion controlled process values con-
firmed by CV measurements.

Dependence of the peak potential (Ep) on the pKa1

of the acids

Since the electroreduction mechanism of the carboxylic

acids on the modified electrode under investigation in-
volves the uptake of protons in most cases, the E

p
 is cor-

related with pK
a1

 values in aqueous media. So, this rela-
tion can be used to estimate the pK

a1
 of new acid deriva-

tives from the corresponding E
p
. It turns out to be pos-

sible to use the main reduction process to simplify the
situation for the practical application proposed in this study.

Figure 11 shows the plots of E
p
 against the first

dissociation constant of the acids (pK
a1

) obtained in
aqueous media[28]. As long as the acids have the same
functional group, there is a linear relationship between
cathodic E

p
 and the pK

a1
 obtained in aqueous media.

But the acids having different groups exhibit different
slopes. When the cathodic E

p
 data are plotted against

pK
a1

 in corresponding media, good straight line with
correlation coefficient (R) of 0.996 is obtained irrespec-
tive of the functional groups of the acids. The slope is
about 0.046 V per pK

a1
 unit and with different inter-

cepts as by the data inserted in the Figure.
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CONCLUSIONS

1. The modified GC electrode with Pt nanoparticles
were prepared and characterized with the avail-
able methods, for the electroreduction sensing of
the investigated carboxylic acids that have signifi-
cant biological and industrial importance.

2. The electroreduction of the carboxylic acids under
investigation on the modified electrode with Pt
nanoparticles is much more improved than that on
the bare GCE.

3. CV and EIS measurements confirm that the
electroreduction of the acids proceeds via EC
mechanism.

4. The magnitude of the potential shift caused by the
presence of the acids showed a good linear rela-
tionship with the acid dissociation constants, pK

a1
,

in the corresponding media.
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