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ABSTRACT

KEYWORDS

Electroreduction of oxalic, succinic, tartaric and malic acid in agueous KCl
on glassy carbon electrode (GCE) immobilized with nanoparticles of plati-
num wasinvestigated. Platinium nanoparticle (Pt ) - modified electrodes
were prepared by the electrodeposition with cyclic voltammetric method
onto glassy carbon electrode. The surface morphology of the electrode-
posited Pt nanoparticleswas examined by SEM. Also, the electrochemical
properties of the prepared el ectrodeswere investigated with different elec-
trochemi cal 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. Obvioudly, this improvement
returns to the electrocatalysis of the electron transfer between the acids
and the new modified el ectrode. Electrochemical impedance spectroscopy
at afixed potential was performed at treated GCE. The mechanism of the
electrode reactionsand 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.
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INTRODUCTION tion and chemica separation™’. Also, nanoparticleshave

Nanosized particlesattracted much attention, and
arecurrently the subjects of considerableresearch pro-
grams. Dueto their high specific surface areawhich
makesit having unusud physica and chemica proper-
ties, nano-materia sare used in the potentia applica-

been found to beused intechnological applicationsin
many different areas, such as photocatalysis?,
electrocatalysis¥, and biomedica applicationg*®. The
el ectrodeposition of metal nanoparticlesonto carbon
electrodes hasbecometheinterest of alarge number of
researches, duetotheir catalytic activity toward reac-
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tionsof interest®19, Thiscan beattributed tothat, car-
bon electrodes are characterized by the high chemical
inertnessaswell aslow oxidation ratein addition to
small gasand liquid permeability*¥. Electrochemical
deposition conditionsof metd areeasy todter, enabling
creation of awiderangeof € ectrodeswith nanoparticles
of differing sizes, shapes, and distributions. Theproce-
dureisrapid, smple, and reproducible, morethan vi-
abledternativetothetime-consuming and ddlicate pro-
duction of anelectrodeviacolloidal platinum2.

Electrodeposition of platinum deposits produced
during theel ectroreduction of PtCl > complex in aque-
ous sol utions hasamuch enhanced surface* %1, Cata-
Iytic activity isoneof themost important propertiesof
Pt nanoparticles; therefore, it isused to enhance the
reaction efficiency. Duetothebiologicd and industrial
importance of thebiologica acidsunder investigation,
the electrochemical behavior of themwasstudiedin
thisarticle. Furthermore, littlestudiescoveringthearea
of those acids concerning their el ectroreduction have
been carried out!'81, Moreover, amost totally rare
studiesusing GCE immobilized with Pt nanoparticles
were undertaken. Recently, thereduction of carboxylic
acidshasbeen categorized according to reaction mecha:
nismandtheir pK_indimethyl sulfoxideat platinumelec-
trodes'”. In the present work, an application of the
relatively new trend of modifying € ectrodesisdisplayed.
Accordingly, detailed investigations of the
electroreduction behavior of oxalic, succinic, maicand
tartaricacidsina0.1 mol L KCI on Pt-nanoparticle
electrodepositsare carried out. Cyclic voltammetric,
electrochemica impedance, and rel ated techniqueswere
combined to obtainthe desired data.

EXPERIMENTAL SECTION

Oxalic. malic, tartaric, succinic acids, potassium
hexacyanoferrate (l11), KCl and Na,SO, were pur-
chased from BDH and di-hydrogen tetrachl oropl atinate
fromAldrich. Stock solutions0.1 mol L, werefreshly
prepared by dissolving the appropriate amountsin
bidigtilled weter.

All ectrochemica measurementswere performed
with an EG& G PARC Potentiostat/Gal vanostat mode!
273A. The EISmeasurementswere performed with a
lock-in analyzer (Model 5208) coupled with the
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potenti ostat/gal vanostat (modd 273A). Themodeds378
and softwareare used for EISand CV measurements
respectively. A conventional three-electrode cell sys-
tem wasused, consisting of abare or modified glassy
carbon (3mmindiameter) asaworking electrode, plati-
num sheet asan auxiliary electrode, and theAg/AgCl
as the reference electrode. All experiments were
thermostated at 298+ 0.2 K using a Huke model. Sur-
face analysisof the modified electrodeswere carried
out using aJEOL JSM-5500 LV Scanning Electron
Microscope (JOEL, Japan), at an acceleration voltage
of 5 keV and aworking distance of 4-5 mm. Image
andys swereperformed visudly and with common soft-
ware (ImageJ, Wright Cell Imaging Facility, Toronto
Western Research Indtitute, University Hea th Network)
for particlecountingand particlesize.

Preparation of the modified electrode with Pt
nanoparticles

Prior to theelectrodeposition of Pt nanoparticles,
the glassy carbon el ectrode surface was polished first
with no. 2000 emery paper, then with aqueous slur-
riesof successvely finer duminapowder withthehelp
of polishing microcloth. Then, it wasrinsed with dou-
bly distilled water. The bare GCE wasthen, sonicated
for 10 minin bidistilled water bath. Electrodeposition
process was accomplished as in our previous pub-
lished articlé™®. A reversiblecyclic voltammogram for
thereduction of Pt (IV) onthe GCE isobserved at -
0.42V versusAg/AgCI. Thiswaveisattributed to the
reduction of Pt (1V) to the Pt metal on the surface of
the GCEP1518, After platinum deposition, the el ec-
trode was cleaned by double distilled water. And the
stability of theelectrodetowardsthe el ectroreduction
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 asferri/ferrocyanide.

RESULTSAND DISCUSSION

Pt nanoparticlescharacterization
Scanning electron microscopy analysischar acter-
ization

Scanning € ectron microscopy (SEM) imagesof the
Pt nanoparti cles e ectrodeposited onto the GCE under

. -
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different operating conditionsare showninFigure 1a
d. The SEM images show that the deposited Pt par-
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ticlesarein the nanosca e s zeand homogeneoudy dis-
tributed throughout the surface of GC Electrode.

Figurel: SEM imagesof bare GCE (a) and electrochemically deposited Pt Nanocrystalliteson GCE; delay timeOsand 0.5
mmol L*H,PtCl, solution, (b); Delay time 60 sand 0.5 mmol L*H_PtClI, solution, (c) Delay timeOsand 1 mmol L*H_PtCI,

solution.(d) at 298k.

The Pt nanocrystalsinthe SEM images appear as
circular bright spots surrounded by atextured back-
ground of darker GC substrate. It isclear from these
imagesthat theincreaseof ether thedd ay timeof depo-
sition or the concentration of the PtCl > resultedinan
increase in the average particle size of the Pt
nanoparticles, and asconfirmed by the precisecad cula-
tionsof thelmageJprogram. It hasbeen shownthat the
low concentration bath (0.5 mmol L™ H,PXCl ), yields
alow number dengity with alot of nanocrystas(~ 70%)
withsmdl size(~10nm). Theother particleshaving 20
nm averagesizes (Figure 1b). At the higher concentra-
tion (1.0mmol L* H,PtCl ), ahigh number density of
relatively monodi sperse particlesaredeposited within-
creasingthesize. Small sizeparticles (~32 nm) of ~
49% coexigtingwith smal number (~10%) of largesize
particles (~ 68 nm) and 20% of asize (~120 nm), as
shown in Figure 1d. Thisreflects both anincrease of

theactivestesonthe surface of GCE (increasing the Pt
loading) and nucl egtion growth.

Theincrease of thedepositiontimefrom0to 60 s
leadsto both an increasing in the particlesizeand an
increasngintheparticlenumber dengity. A 30%of large
Sizeparticleshave 60-88 nm range, and a 17% of the
particleshave 150-300 nm size range, these large par-
ticles are observed coexisting with lots of (~ 53%)
smdler szenanoparticles(~15nm) asshowninFigure
1c. Thismeansthat the nucleation growthisfavored
over theestablishment of new deposition active sites.
SEM image andysesfor nanoparticlesare summarized
INTABLE 1. Furthermore, both thered surfaceareaof
the Pt loading on GCE/cm and the mass specific sur-
facearea(cm? pug™), werecalculated by two methods,
such as SEM anaysisand masstransfer method. The
dataof both methodsarefound to bein agreement with
each other.
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TABLE 1: Physical characteristic parameter sdeter mined from voltammetric measurementsand SEM analysisfor Pt
nanoparticleselectrodes.

RREC, 4(2) 2013

@) p ®) Real surfacearea ) Specific surface area ™) Mean
Electrode “7Q loading of Pt loading (cm?) (cm’ug™) ¢ Roughness Diameter
no. (uC) (gcm? SEM M ass transfer SEM M ass transfer factor nm '
x10°  method method method method
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 878.43 251 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*)
Asestimated from SEM analysis and masstransfer methods; (4*) M ass 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; (67) and (7") data measur ements based on | magej

program software.

Cyclicvoltammetric characterization of themodi-
fied GCEwith Pt

Cydicvoltammetric measurement with thestandard
electroactive species Fe(CN) */* are used to test the
validity of the prepared e ectrodes and the kinetic bar-
rier of theinterface. Thismethod isfrequently used to
estimatethered active surface areaof the el ectrodes.
Figure 2 shows CV response on the bareand themodi-
fied GC with Pt nanoparticlein aqueous 0.1 mol L
K Cl solution containing 5mmol L1 [Fe(CN)6]*” with
scan rate equal to 50 mV st at 298 K. The well-de-
fined cyclicvoltammograms, a themodified GCE with
apeak-to-peak separation (AED) of about ~0.070 V
vs. Ag/AgCl areobserved (Figure 2b- c- d). Anobvi-
ousincreasein the anodic and the cathodic peak cur-
rents are al so observed as both the Pt loading and the
particle size of the deposits decreased. Thisisdueto
high surface area enhancing the electron transfer. A
peak-to-peak separation (AEp) of 0.318V vs. Ag/AgCl
isobtained whenthebare GCE isused, (Figure2a). A
decrease in both the anodic and cathodic peak cur-
rents compared with those observed in case of the
modified e ectrodesisa so observed. Hence, theelec-
tron transfer becomesfaster after modification of the
GCE withthePt nano particles.

Characteristic parametersfor theelectrochemica
measurement of K [Fe(CN) ] at thedifferent loads of
GCE/Pt, ., are also caculated and summarized in
TABLE 1. The specific surfaceareas (cm? ug?) of the
fabricated electrodeswere calcul ated by using there-
lation™;

100 A,

S=Wa, €
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Where, Sisthe specific surface areaof the electrode,
A _istheread surfaceareain cm?, Wisthe amount of
the loaded metal (ug cm) and A isthe geometric
surfaceareaof the glassy carbon e ectrode.
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Figure2: CV of 5mmol L*[Fg(CN)]**in 0.1mol L*KCI,
atv=50mV s'at 298k, on bare(a) modified GCE with Pt,
at different loadsof; 1.79x10° (b), 2.21x10%(c) and 2.51x10
Sgcm2(d).

T
-500 -1000

Thereal surface areaof theloading metal onthe
GCE was estimated by SEM analysis and by Mass
transfer method. TheMasstransfer method isestimated
by using thereation of Randles®#Z;
|, =-3.01x 1052 a2 D2 A _ c [v|"? )
Where | ) isthe peak current in Amperes (A), n the
number of the e ectrons participating intheredox reac-
tion, a the apparent electron transfer coefficient, D the
diffusion coefficientincm?s*, A _ thered surfacearea
of themodified e ectrodein cm?, ¢ thebulk concentra-
tion of the speciesin molecm=and v isthe potential
sweeprateinV st
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Theplotof | versusv*?yieldstherea surfacearea
of theloaded metal onthe GCE. A linear increaseinthe
peak height withincreasing the squareroot of the scan
rateisobserved. Thus, theelectron transfer processis
controlled viadiffusion phenomena. Thisimpliesthat
these nanoparti cles provided the necessary conduction
pathwaysin promoting the el ectron transfer between
the analyte and the el ectrode surface.

Thevaueof thee ectron transfer coefficient isas-
sumedtobea H” 0.5 for ferri/ferrocyanide redox couple
and by subsequent determination of diffuson coefficient
(D) from amperometric measurements, the heteroge-
neous chargetransfer rate constant (k ) can beobtained
according to equation (3)19;

__ (Do/Dr)"k

~%D,v(nF/RT)" ©
Themeanvalueof k. onthemodified Pt, . electrodes
isfoundto beequal to0.11 cm stindicating that the
reactionisoccurring fastly on the modified e ectrodes
compared with that occurring on the bare electrode.

Chronoamper ometric char acterization

Fgure 3 showsthechronoamperograms of 5Smmol
L*K,[Fe(CN),] in0.1mol L KCl onthe GCE/Pt |
with different Pt loadings. The first and the second
working €l ectrode potential sare adjusted at 0.600 and
0.128V (vsAg/AQgCl), respectively. Thediffusion co-
efficient can be obtained by using therel ation between
current decay andtimeasin Cottrell equation (4);
| =n FADY ¢ n¥2t1? 4
Wherenisthe number of electronstransferred, F the
faraday constant (96484 C mol ), Athe€ ectrode sur-
face area (cnv), ¢, the bulk concentration of species
(mol cm'3), i thecurrent (A), t thetime e apsed (s) and
D thediffusion coefficient (cm?s?).

Theplotsof 1t¥2 vs. t for aspecific concentration
of ferricyanide show that, 1t¥2 functionis constant and
timeindependent over awiderangeof time, indicating
that theeectron transfer processisdiffusionally con-
trolled. In addition, the catalytic rate constant (k) for
ferricyanideonthe GCE/Pt_ hasbeen calculated us-
ing Galus method; by using theequation (5)™;

[
#A:nl/Z (kca[ Cot)l/Z

i ©)
Wherei_, isthecataytic current of ferricyanideonthe
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modified electrode, i, thelimiting current in absence of
ferricyanide, ¢ the concentration (mol cm®) and t the
timeinsecond. Thedopeof | /I vs.t"?givesk , mean
vadueof a3.98 x 10* M1 s, Thispointsout tothehigh
catal ytic activity of themodified el ectrodetowardsthe
electroreduction of ferricyanideions.

r I r r . , r
400 4

—

AN

TEE
= =

IluA

-400 4 .

T T T T T T
0 5 10 15 20

f/s

Figure3: Doublestep potential chronoamper ogramsof 5
mmol L*K [Fe(CN) ] in0.1mol L™ KCl obtained on bare(a)
and modified GCEwith Pt at T=10sat 298K, with differ-
entloadsof Pt ; 1.79x10°(b), 221 x 10°(c) and 2.51 x 10r
Sgem2(d).

Electrochemical impedance spectroscopic (EIS)
characterization

ElSisan effectiveand very sensitive method for
probing thefeatures of the surface of modified el ec-
trodes, and to further investigatetheimpedance changes
of thed ectrode surface onthemodified € ectrodes. To
investigate the electrical propertiesof thee ectrodes/
solution interfaces, theRandle’s equivalent circuit can
be chosen to represent the system under investigation.

Asshownin Figure4, the EIS spectrapresented
asNyquist plot for the bare GCE and for themodified
electrode having different loading of Pt Nanoparticles
for 5mmol L ferricyanidein 0.1 mol L1 KCl at the
cathodic peak potential at 298 K. Itisclear from the
Fgurethat, chargetransfer resistance(R,) hasthegrest-
est value~ 2100 Q for the bare GCE in the test solu-
tion. The R, decreased dramatically to ~ 200 Q2 as the
el ectode being modified with Pt nanoparticles. It can
be concluded from the Figurethat, when the Pt loading
isincreased (large particle size), the R, increased.
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Moreover, at modified e ectrodes, the datademonstrate
that at low measured frequenciesalinear impedance
locus with an angle of ~45* to thereal axis. At high
measured frequencies, thereapartidly small resolved
semicircle is observed. This implies that the Pt
nanoparticlesplay animportant rolein the kinetics of
chargetransfer process. At dectrode (b), linear imped-
ance (Warburg impedance, Z, ) with an angleof ~45°
tothered axisat al measured frequenciesisobserved.
Thiscan beattributed to the relaxation occurring at the
€l ectrode/sol ution interface and supportsthediffusion
controlled chargetransfer process. Thesedata showed
that the Pt nanoparti cleshave been successfully attached
to the GCE el ectrode surface, and the el ectrode gets
workingwith high efficiency. Thisisalso in agreement
withtheresultsof cyclic voltammetric measurements.
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Figure4: Compleximpendenceplaneplotsfor 5.0 mmol L
Fe(CN).> in 1.0mol L*KCl, on bare(a), and modified GCE
with Pt with different loadsof; 2.21x10° gcm? (b) 2.51 x
10°gcm?(c) and 1.79 x 105 gcm2(d).

Electrochemical responseof di-carboxylicacidson
the Pt nanoparticles

Cyclicvoltammetry (CV)

TheCV invedtigationsindicatethat thenanoparticles
have cleary improved the € ectroreduction behavior of
theseacidsandled to largeincreasein the current and
enhanced behavior is obtained compared to the bare
GCE. Thevoltammogramsfor al acidsisstableduring
20 cydesscanning. Cydicvoltammogramsaof 1.25 mmol
L*oxdic, succinic, mdicandtartaricecidsina0.1mol
L* KCl at 298 K with scan rate of 100 mV s are
Research & Reotews On

showninHgure5and Hgure6. Thefirg voltammograms
whichisnot defined and appeared absol utdly not sepa-
rated from that of the decomposition of the solventis
taken on thebare GCE (Figure5). Theother plotsin
Figure 6 arethe CV responsestaken on modified GCE
with Pt nanoparticles. The small broad pre-cathodic
peaks are appeared on the modified GCE with
nanoparticlesinthecaseof succinic, malicandtartaric
acids. These small pre-cathodic peaksare concluded
to be dueto the reduction of the dissociated protons of
these acidsthat can be adsorbed on the surface of the
el ectrode and then exploited in thefollowing discharge
process. Sincein the acidic medium, the reaction be-
ginseady with thereduction of thedissociated protons.
Thesevoltammogramsexhibit reversibleand enhanced
behavior for all acidscompared with the behavior at
thebare GCE. Thereversbility of theelectroreduction
processon the Pt-nanoparticles/ GCE istested through
thepeak current ratio (i pa/i pc) peak potentia separation
(“Ep =B, -E.OrE -E ,) and the current function
@i p/v”z) cfl agnostic criteria. All the parameters of the
electroreduction of theacidsunder investigation on GCE
modified with Pt nanoparticles are summarized in
TABLES2-5.

These dataconfirm that the process occurring on
the GCE modified with Pt-nanoparticlesisnearly re-
versible one e ectron transfer process at themain ca-
thodic peak according to the cal culations of Nicholson
and Shain®.

_Ep/2|= Z.iET =$ mV (6)

Both of thelinear responsesobtained for i p—v”2 re-
lation (Figure 7) and for the relation resulting from the
increaseinthe peak height with theincreasein concen-
tration of theacids (Figure8) at milimolar levels(i.e. 1,
2,3, ....to 8 mmol L?) revedl that the el ectron transfer
process onthemodified e ectrodeiscontrolled viadif-
fusion phenomena. Furthermorethecriterion of thecur-
rent function (i p/v”z) which decreasesdightly within-
creasing the scan rate asshownin TABLES 2-5, en-
suresthe presence of achemical reaction following the
dectron transfer process (EC mechanism) inthat casg®l.
Thedectroredction of theacidsdiffer inthelocation of
their cathodic peaks. Thecathodic pesk of succinicacid
isshifted to more negative direction morethan that of
oxdic, maicandtartaric acids. Thisdifferencecan be

E,
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explained onthebas sof the presenceof themethelene e ectroreduction of succinic acid, the samereasonin
- (CH,),- donating groups, that delaysthe processof  malicandtartaric acids.
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Figure5: CVsof 1.25mmol L oxalic, succinic, malicand tartaricacidin 0.1 mol LK Cl at 298K, at v=100mV s, on bare
GCE.
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Figure6: CVsof 1.25 mmol L oxalic, succinic,malicand  Figure 7 : Correlation between i vs. v*? for the

tartaricacidin 0.1 mol L*KCl at 298K, at v=100mV s%,on  electroreduction of 1.25 mmol L oxalic, succinic, malicand

modified GCE with Pt at loadsof 1.79 x 10°gcm™. tartaricina0.1 mol L *KCl at modified GCE with Pt .
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Figure8: Correlation betweeni_ vs.concentrationsfor the
electr oreduction of oxalic, succinic, malicand tartaric acids
ina0.1mol L*KCl at modified GCEwith Pt .

TABLE 2: CV datafor thedectroreduction of 1.25mmol L*
oxalicacidain 0.1 mol L*KCl onthe GCE/ Pt _at 298K.

12

Scanrate -E,° ip. iaic AEp ip/v
Vsh (V) @A) P mv)  @Amvis?
0.05 0438 4150 0.78 83.30 5.87
0.10 0441 5739 099 97.30 5.74
0.20 0454 70.74 1.32 115.30 5.00
0.30 0464 8400 1.35 125.30 4.84
0.40 0469 9410 1.39 130.80 470
0.50 0476 103.80 1.40 146.80 4.64

TABLE 3: CV datafor thedectroreduction of 1.25mmol L*
succinicacid onthe GCE/ Pt ina0.1mol L-*KCl at 298K.

12

Scanrate -Epy ipc g AEp ip/v
vs) (V) @A) " (mv)  uamvis?)
0.05 0.493 27.10 0.99 157.00 3.833
0.10 0500 3530 1.05 179.66 3.530
0.20 0507 46.40 1.03 195.95 3.281
0.30 0523 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 22252 2.826

TABLE 4: CV datafor thedectroreduction of 1.25mmol L*
malicacid onthe GCE/ Pt .ina0.1 mol L*KCl at 298K.
12

Scanrate -E,° i . . AEp ip/v
Vsh V) @d) " (mv)  pAmVis)
005 0476 17.21 1.96 10887 2430
010 0494 2222 169 13310 2220
020 0516 3096 203 177.40  2.198
030 0522 3800 1.99 19834 2190
040 0539 4207 214 21007  2.100
050 0559 4640 206 22037  2.075
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TABLE5: CV datafor thedectroreduction of 1.25mmol L*
tartaricacid onthe GCE/ Pt ina0.1 mol L*KCl at 298K.

Scanrate -Epe  ipe . AEp i/’
vsh (V) @A) P (mv)  (uamvis?)
0.05 0473 2535 093 73.90 3.585
0.10 0483 2855 0.85 80.90 2.855
0.20 0496 36.35 091 90.60 2.570
0.30 0504 4380 094 108.22 2.528
0.40 0510 50.00 0.92 11550 2.500
0.50 0515 56.65 094 120.32 2.469

Heterogeneous chargetransfer rate constant (k) for
thedectroreduction, canbeeasily obtained withtheaid
of theequation (3)1*%. Thevaue of thed ectron transfer
coefficient isassumedtobeH” 0.5 for this system. The
valueof k for theelectroreduction of oxalic, succinic,
malic and tartaric acidsunder these conditionsamounts
t00.59, 0.20,0.225and 0.27 cms*on Pt electrode
respectively. Thisissupporting thefact that thereaction
onthe GCE/PY, . isfacileonthesurfaceof themodified
electrodefor these acidsunder those modified condi-
tionsuder thefollowing sequence; oxdic>tartaric>madic
> succinic. It can be concluded that, the possibleroute
for thed ectroreduction mechanism of theacidsonthe
glassy carbon electrode modified with platinum
nanoparticlesisthat theacid receivesonedectronfrom
thedectrodetoformtheradica anion. Thisradicd anion
ispassing though achemical reection, dimerization, (EC
mechanism). Thedimerization of dicarboxylicacidscan
be achieved by applying anegative potentid inacidic
medium viaattachment of thecarboxylic group??. The
resultant dimer radica anion can beprotonated with one
proton. The expected route for the electroreduction
mechanismisassumed asfollow;

Ate — A" 2, jaar Y
WhereA andA ‘istheneutra oxaicanditsradical an-
ion, respectively and [A-A] isthedimer radical anion
of theacid.

Electrochemical impedance spectroscopic mea-

surements(EIS)

Figure9 showsthe Nyquist plotsof theimpedance
spectroscopic diagram onthe Pt nanoparticleeectrode
of oxalic, succinic, malic and tartaric acidsare mea-
sured at frequenciesof 5Hzto 100 kHz at the cathodic
pesk potentid of theacidsunder investigation. Theway
of Nyquist plotsat low frequenciesresembleWarburg
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impedancedueto diffusional control of AC response
for al acids. TheRandlesequivaent circuit isnot suffi-
cient for thedescription of theprocessin thiscase, thus
it should be assumed the presence of an additiona im-
pedance contribution dueto the coupled chemica re-
action following the electron transfer process. The
Ohmicresistanceof thesolution (R), thechargetrans-
ferresstance(R ) a thedectrode surfaceand thedouble
layer capacitanée(C ), were cal culated using the Bode
plots (Figure 10) the listed in TABLE 6. TheR, inthe
caseof oxalicacidisconsderably smal; thisisdueto
thecatalyzing effect of the Pthsand thereareno effect-
inggroupsasintherest of theacids. Therdatively high
C, vaueisconsistent with theforegoing concept. Also
the chargetransfer processin case of theacidsissome-
what dower than that of the corresponding oxdic acid.
TheR, inthecaseof tartaric acid isfound to be higher
than the corresponding of oxalic acid at themodified
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electrode, whereasthe C, isclearly lessthan that of
oxalic acid but morethan that of malic and succinic
acidsconfirmingtheforgoing results.

TheEISisalso used for the cal cul ation of the het-
erogeneous rate of el ectron transfer, by theaid of the
reduced equationi®>27;

&

cot ¢ =1+ 2K 8

where ¢ isshift of the phaseangle, D thediffusion co-
efficient of species, assumingthat bothredox formshave
thesame D, k the heterogeneousrate constant of the
electron transfer and w the angular frequency of the
sinusoidal current and assuming a = =0.5. Thede-
pendence of the cotangent of ¢ with w'?; indicatesthat
deviationfromthelinearity at low frequencies can be
detected, indicating the presence of achemical reac-
tionfollowing the chargetransfer process (EC).
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Figure9: Compleximpendenceplaneplots, for 1.25 mmol L* oxalic, succinic, malic, tartaricacid ina0.1 mol L*KCI,AC
amplitudeat 0.005V, frequenciesfrom 100KHzto5Hz at 298 K, on GCE modified with Pt .
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Figure10: Bodeplotsobtained for Pt ina0.1mol L*KCland 1.25 mmol L * of oxalic, succinic, malicand tartaric acid

at E,vs.Ag/AgCI.

TABLE 6: El Sdatawasobtained for theelectroreduction of
1.25 mmol L oxalic, succinic, malic and tartaric acids at
GCE modified with Pt nanoparticles.

Acid R,Q R4Q Cyufx10° ange, ¢
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 heterogeneousrate constant values of theelec-
trontransfer reaction for the el ectroreduction of oxalic,
succinic, malic and tartaric acidsare obtained by this
method, havingthevaue0.57,0.25,0.24 and 0.29 cm
s respectivily. Thesevalues are consistent with that
obtained from CV measurements, and it fallswithinthe
range of thediffusion controlled processval ues con-
firmed by CV measurements.

Dependenceof the peak potential (Ep) onthepK
of theacids

Sncethed ectroreductionmechaniamof thecarboxylic

Research & Reotews On

acidsonthemodified e ectrode under investigationin-
volvestheuptakeof protonsin most cases, the Ep iscor-
related with pK_; valuesin aqueousmedia. So, thisrela-
tion canbeusedtoestimatethepK  of new acid derivar
tivesfrom the corresponding E . Itturnsout to be pos-
sibleto usethe main reduction processto ssmplify the
gtuaionfor thepractica goplication proposadinthisstudy.

Figure 11 shows the plots of E, against thefirst
dissociation constant of the acids (pK ) obtained in
aqueous medid?®. Aslong asthe acidshavethe same
functiona group, thereisalinear relationship between
cathodic E, andthepK_ obtainedin agueous media.
But the acids having different groupsexhibit different
slopes. When the cathodic E, dataare plotted against
pK_, incorresponding media, good straight linewith
correlation coefficient (R) of 0.996isobtanedirrespec-
tive of thefunctional groups of theacids. Thedopeis
about 0.046 V per pK  unit and with different inter-
ceptsasby thedatainserted in the Figure.
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Figurell: Linear correlation between pK  of 1.25mmol L
of theacidsin 0.1 mol L*KCl for theselected acidsand their
cathodic peak potential valuesat v=100mV stat 298K on
themodified GCE with Pt .

CONCLUSIONS

1. Themodified GC electrodewith Pt nanoparticles
were prepared and characterized with the avail -
able methods, for the el ectroreduction sensing of
theinvestigated carboxylic acidsthat have signifi-
cant biological andindustrid importance.

2. Thedectroreduction of thecarboxylic acidsunder
investigation on the modified electrode with Pt
nanoparticlesismuch moreimproved than that on
thebare GCE.

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

4. Themagnitudeof the potential shift caused by the
presence of the acids showed agood linear rela-
tionship with theacid dissociation constants, pK_,
inthecorresponding media
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