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ABSTRACT KEYWORDS
A sensor based on conducting polymer paraphenylenediamine was devel- Paraphenylenediamineg;
oped for the voltammetric determination of Pb(l1) and Cd(l1). The Electropolymerization;

el ectropolymerization of theincorporated phenylendiamine was carried out
in acidic medium by cyclic voltammetry between -0.40 V and 0.90 V and
under constant potential. The conducting polymerfor exfoliated graphite
doped cpeexhibited a significantly increased sensitivity and selectivity
towards Pb(I1) and Cd(l1)compared with carbon paste electrode. Cadmium
and lead were preconcentrated at — 1.1 V on the modified electrode. The
measurements were carried out using a square wave voltammetry in an
acidic medium. Under the optimum conditions, alinear range was obtained
in the concentration range 0.6-15nmol/L with a correlation coefficient of
0.998. The detection limit were 0.5 and 0.52nmol/L and relative standard
deviation for 9 successive determinations of 10.5nmol/L were 2.5% and
2.78% for Pb(11) and Cd(l1) respectively. Interference from metal ionswas
also studied, and the method was applied to the direct determination of

Exfoliated graphite;
Carbon paste electrode;
Lead;
Cadmium.

lead and cadmium in tap water.

INTRODUCTION

Pargphenylenediamine(p-PD) (Figurel.) isanaro-
meatic diaminecompound derived of theanilineusedin
the manufacture of dyestuffs, ashair dyeand asadju-
vant of henna, aswell asthat of wood and leather.
Paraphenylenediamineiscommonly usedin severd in-
dustries, dyeing furs, photochemical processes, cos-
metic and fabrication of household goodg?®. Recently,
theelectrochemical propertiesof phenylenediamines
(PDs) have beeninvestigated in biocatal yst“®.. (Liu et
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al., 2012; Yuqing et a., 2006), and in adsorption(®.
Thesynthes's, characterization and the polymerization
werereported by severd groups™Y. Poly (phenylene-
diamine) and itsderivativesrepresent animportant class
of conducting polymersand have been attracted great
attention Sncetheir discovery, owingtotheir molecular
electrical, optical and magnetica properties’>*4. Poly-
PDshaveadso variety of potential applicationsinthe
fields of sensors!'>18, corrosion protection*®,
nanocomposite, composite?2 and in the e ectroana
lytical purposesi??. At the same time, several
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voltammetry methods especially coupled with chemi-
caly modified € ectrodes (CME) havebeen devel oped.
Our group employed carbon paste e ectrode modified
by poly pargphenylenediaminefor the detection of some
heavy metal §%.

Nowadays, considerable interest is focused on
chemically modified d ectrodesfor different sensor ap-
plicationsdueto their inherent advantages over con-
ventiona e ectrodes. Electrochemical sensorsbased on
graphene, carbon nanotube, carbon black and exfoli-
ated graphiterepresentsanew and interesting aterna-
tivefor different analytes. Sincetheir discovery, exfoli-
ated graphite“‘graphene” has been used beneficially in
electrochemica sensor?+29, and determination of met-
als as a copper and alead? -, because it iseasy to
manufacture at lower costs. Eventualy, agraphite de-
rivativecalledexpanded graphite, or “exfoliated” graph-
itecould be abeneficid filler for producing conductive
polymers. Exfoliatedgraphiteisusudly obtained by repid
hesting of agraphiteinterca ation compound (GIC), and
has agood affinity for both organiccompounds and
polymers, therefore somemonomersandpolymerscan
be absorbed into the pores and galleries of exfoliated
graphite®, Thispaper describesanovel eectrochemi-
cal sensor that was fabricated with exfoliated graphite
doped p-PD modified carbon paste e ectrode (EX-G
doped pPD modified CPE), and the electrochemical
property of the sensor wasinvestigated. It can beused
for ultrasengtivedetermination of lead and cadmiumin
tap water usng square-wavevoltammetry (SWV) tech-
nique. Theresultsshow that anexfoliated graphite doped
p-PD modified CPE exhibitsexcellent performancefor
detecting lead and cadmium.

EXPERIMENTAL

Apparatus

Electrochemicd experimentswerecarried out with
an autolab (M etrohm-Autol ab, Utrecht Netherlands)
PGSTAT302N potentiostat/gal vanostat controlled by
GPES4.9 software. A three-el ectrode e ectrochemical
cdll wasemployedfor al dectrochemica measurements
Carbon pastedectrode (4 mm diameter) served asthe
working el ectrode, aplatinum plate as counter el ec-
trode, and saturated electrode cdomel (SEC) asrefer-
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Figurel: Chemical structureof paraphenylenediamine.
enceelectrode.
Reagents

Graphite and all chemicals were of analytical
reagentgrade. O-phenylenediamine, p-phenylenedi-
amine and m-phenylendiamine were from
Sigma,exfoliated graphite was prepared in house™!.
L ead and cadmium sulfate were obtained from Riedd -
dehéen, Solution were prepared with distilled water.
Standard Pb(l11) and Cd(I1) stock solution were pre-
pared by dissolving Pb(NO,), and Cd(NO,), in water.
Acidic solution served asthe supporting el ectrol yte.
Tape water sample were collected from our |abora-

tory.
Preparation of theelectrodes

The modified carbon paste el ectrodes were pre-
pared by thoroughly mixing weighed amountsof mono-
mer 5mg of p-PD, dissolvedinasmall quantity of ac-
etonitrile, with 0.5mg of exfoliated graphite, themixture
wasthen mixedwith 0.5 g of graphite powder and 0.15
mL of paraffinoil until auniformly wetted pastewas
obtained.

Electropolymerization at monomer modified elec-
trode

Theé ectropolymerization for p-PD modified CPE
and exfoliated grgphite doped p-PD modified CPEwere
carried out in 0.1 mol/L HCI solutions by cyclic
voltammetry. For preparative purposes,
electropolymerization wasa so performed at aconstant
potentia of 0.7V for 1 min and cycling voltammetry
for 5 scans between -0.4and 0.9 V.

Cadmium and lead deter mination
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After theformation of thefilms, theelectrodewas
removed from the sol ution, rinsed withwater and placed
inthemeasurement cell containing asd ected concen-
tration of Pb(NQ,), and Cd(NO,), in 0.1 MHCI. An
initia potentid of-1.1V (vs. ECS) wasapplied for 120s.
Following the preconcentrati on step, therotation of the
€lectrodewas stopped and the sol utionwasl eft to equiili-
bratefor 30 s. The electrode potential is stepped re-
versibly between-1.1V t0-0.3V vs. Ag/AgCl at 50
mV s'using square wavevoltammetry. Theparameters
used wereapotentia step height of 5mV, pulseampli-
tude of 50 mV and frequency of 10 Hz.

RESULTSAND DISCUSSION

Characterization of CPE and exfoliated graphite
doped CPE

Preliminary studies consist of studying both elec-
trodesby cyclicvoltammetry in 0.1 M HCI, at apoten-
tial scanrateof 50mV s?. Thefird resultsindicatethat
eectrodemodified withexfoliated graphitebehavesimi-
lar to carbon paste € ectrode and the background cur-
rentsarevery low asshowninFigure2. Neverthelessa
smal shift in reduction current wasobserved.

0,4-
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0,0-

-0,2 -

Il pA
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I
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-06 -04 -02 00 02 04 06 08 1,0
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Figure2: CVsof theCPE and exfoliated graphitedoped CPE,
in0.1M HCI at ascan rateof 50 mV.s?, between -0.4and 0.9

V.

Electropolymerization of paraphenylenediamine

After characterization of thed ectrodes, the mono-
mer p-PD wasadded to CPE and to exfoliated graph-
ite doped CPE as described in paragraph 2.3. The
polymerization of p-PD film was conducted onthesur-
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face of electrode by cycling apotentia between -0.4
and 0.9V vs. Ag/AgCI eectrodeat asweep rate of 50
mV/sfor 120 scansin 0.1 mol/ L HCI. Figure 3 shows
typica cyclic voltammogramsrecorded during theelec-
trochemica growth of the polymer onexfoliated graphite
doped CPE and CPE. During thefirst scan, at CPEan
anodic peak wasobserved at 0.6 V, thispeak was at-
tributed to the oxidation of monomer, and two reduc-
tion peakswere observed, thefirst oneat 0.45V and
the second at 0.25 V asreported by adraoui?¥, with
the currents of anodic was5 pA and cathodic were 3
and 4 pA. At EX-G doped CPE the same peaks are
observed but the anodic peak was about 0.6 V and
cathodic peaksare 0.4V and 0.2V, with the currents
anodic and cathodic were 22, 10 and 11 pA respec-
tively. At the one hundred twenty scans, and upon fur-
ther cycling, both cathodic and anodic currentsincresse,
indi cating continuous polymerization but for CPE, sable
voltammograms were observed while permanent in-
crease for EX-Gdoped CPE was observed. The oxi-
dation current of polymersrecorded on CPE and EX-
G doped CPEwere 50 and 150 pA after 120 scans
respectively. Thisindicatesthat thefilm formed by EX-
G doped CPE has good properties®,

Electrochemical characterization of exfoliated
graphite

A comparative study was conducted using 1 mM
[F&(CN),]** asan electrochemical probeinHCl at a
potential scanrateof 50 mV's?. Figure4 showsthe CV
curves of the CPE, exfoliated graphite doped carbon
paste el ectrode, poly (p-PD) modified cpeand exfoli-
ated graphitedopedpoly (p-PD) modified CPEin pres-
enceof ImM [Fe(CN) ]***. A pair of poor redox pesks
was observed at polymer of CPE which might beas-
cribed to thelow conductivity of graphite (b). While
the EX-GdopedCPE exhibited well-defined peskswith
apeak potential separation (AE) of 0.12V, suggesting
the dramaticincreasein theeectron transfer rate due
tothehigh conductivity of exfoliated graphite (b).

Electrochemical impedance spectr oscopy

Electrochemica impedance spectroscopy(EIS) is
further used for theinvestigation onthemodified elec-
trode, which can exhibit theimpedance changesof the
modiification processesusingl mM [Fe(CN),]**. The
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Figure3: CVsof theconducting polymer safter polymerization for (a) exfoliated graphitedoped p-PD modified CPE and (b) p-

PD modified CPE, in 0.1 M HCI at ascan rateof 50 mV.s.
160 =
120 ~

804

I/ pA

-120+

-160+

0.2 0,4 0.6 08
E/V
Figure4: CVsfor 1mM [Fe(CN)J** ondifferent electrodes,
(a) exfoliated graphite doped Paly (p-PD) modified CPE, (b)
Poly (p-PD) modified CPE, (c) exfoliated gr aphitedoped p-PD
modified CPE and (d) p-PD modified CPE scanrate50mV s?.
ElSspectraarerecorded at the potentia applied of the
0.6V inthefrequency rangeof 10 kHzto 50 mHz. As
can be seen in Figure. 5 an almost semicircleis ob-
served at the polymer modified CPE (a) and asmall
circleat the polymer doped EX-Gmodified CPE (b).
Ontheother hand the e ectrochemica impedance spec-
trum at polymer doped exfoliated graphite modified
CPE hasalow resistanceindicating that the EX-G on
the electrode surfacefacilitated the el ectron transfer
kinetics offering very lessimpedanceto the electron
transfer processcompared to that at the polymer modi-
fied CPE (TABLE 1). The observationsmadein the
ElSstudy arein good agreement withthoseof CV stud-
ies. Thesameresult was observed using graphenewith
polyaniline modified glassy carbont® and graphene
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Figure5: ElSfor (a) Poly (p-PD) modified CPE and (b) exfali-
ated graphite doped Poly (p-PD) modified CPE in 1 mM

[Fe(CN)J".
modified carbonionicliquid®.
Electropolymerization by afixed potential

Sinceour amisto develop asensor for detection
of lead and cadmium the parameter timeisvery impor-
tant. Thetime of polymerization and analyssmust be
reduced, so the polymerization of EX-G doped p-PD
modified CPEwas investigate at fixed potential
topreparethe polymer film on € ectrode. The polymer
synthesized at afixed potential of 0.7 V during 1 min
and cycling voltammetry for 5 scanswas compared with
therepetitive40 cycles. Thebest result was obtained
with afixed potentia. Thedifference observedin cur-
rents, show theefficiency of fixed potentia and the ad-
vantageto reducethetime.

Deter mination of cadmium and lead
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TABLE 1: Polymer resistanceof two electrodes

Rs/ ohm Rp/ Kohm CPE/ nF
Exfoliated graphite doped poly (p-PD) modified CPE 29.89 18.08 248.70
poly(p-PD) modified CPE 44.03 27.90 413.85
Rs. solution resistance; Rp. electrontransfer resistance; CPE.Constant-phase element
500 - 250 -
Pb(Il) 200 4
400 - 2
o 150 4
300 + 100 4
< 200+ < 50+
— \ a = 0
100 e S o=
/ \ o T 0
0 __\_ﬁ:____'_! e — — — = _\t_ 7"__C 1004
-100 4 150 4
-200

07 06 05
E/V
Figure6: Comparison between theresultsobtained by SWV
for determination of 6 nM of lead and cadmium after 120
scansused (a) exfoliated graphitedoped poly (p-PD) modified
CPE and (c) paly (p-PD) modified CPE (b), and by fixed poten-
tial used exfoliated gr aphitedoped poly (p-PD) modified CPE
(a),E =-11V,t 60s, pH=12.

10 -09 -08

deposition

Inthefirst step, preliminary studiesof lead and cad-
mium accumul ation were performed with themonomer
after polymerization by repetitive cycles, on carbon
paste el ectrode and on exfoliatedgraphite doped car-
bon paste electrode. Figure 6 shows square wave
voltammetry for 6nM of Cd(I1) and Pb(ll)ina0.1 M
HCI. The peaks currents were observed at the EX-
Gdopedpoly (p-PD) modified CPE (b) of 20and 8 pA
and at poly (p-PD) modified graphite(c) of 6and 3 pA
for lead and cadmium respectively. Thisindicatesthat
exfoliated graphite playsanimportant rolein theaccu-
mulation processof Cd(l1) and Pb(I1) onthe dectrode
surfaceand significantly increasesthe sengtivity of de-
termining Pb(I1) and Cd(ll).

Inthe second step, and in order to reducethetime
of anays's, the polymer wastested inthe samesolution
of lead and cadmium. The polymer synthesized at a
fixed potential of 0.7 V during 1 mn and cycling
voltammetry for 5 scansto the EX-G doped poly (p-
PD) modified CPE (a) wastested for itsefficiency to
preconcentrate 6 nM Pb(I1) and Cd(11). Anincrease
anodic peakscurrentsobserved at lead (284 nA) and

deposition=

06 04 -02 00 02 04 06 08 10
E/V

Figure7: Polymer synthesized at afixed potential of 0.7V for
1mnand 5scans, (a) p-PD, (b) o-PD and (c) m-PD.

cadmium (44uA). For the remaining study the polymer
was synthes zed using fixed potentid.

Electr opolymerization of phenylenediaminescom-
pounds

Comparison of phenylenediaminescompounds

The polymerization of EX-G doped phenylenedi-
amine (p-PD, o-PD and m-PD) modifiedCPE were
studied by fixed potential at ascanrate of 50mV/sin
0.1mol/L HCI (Figure7). Thecurrent of oxidationand
reduction peaks of p-PD (a) increased after 5 scans
compared with o-PD (b) and m-PD (c). Thisindicates
that thefilm obtained withp-PD are good benefit for
continuousinour working.

Deter mination of lead and cadmium

The phenylenediaminesafter polymerization were
tested for its efficiency to preconcentratePb(l1) and
Cd(1l) on EX-G doped CPE. The square wave
voltammetry for Cd(I1) and Pb(I1) of polymerssynthe-
Szed a afixed potentia of 0.7V totheexfoliated graph-
itedoped PDsmodified CPEina0.1 M HCl wasused
(Figure not shown). Two well-defined peakswere ob-
served at the p-PD (@), whileasmall peaks appear at
the o-PD (b) and no response were observed to m-PD
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Figure8: Theeffect of fixed potential (P), 6nM of Cd(l1) and
Pb(Il),a) 0.5; b) 0.7and ¢) 0.6 V,t=1mn; V=50 mV/s, Eoe™"
11 V,tdep= 60s, pH=12.
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Figure9: Theeffect of thetimefor fixed potential, 6 nM of
Cd(I1)and Pb(I1),a) 5mn; b) Lmnand c) 2mn, P=0.6V, V=50
mV/s, P11Vt = 60s pH=12.

(©). Thefilmformed by poly (p-PD) wasused for fur-
ther work.

Optimization of parameters
Potential of polymerization

Figure 8 showstheeffect of fixed potential onthe
peaks currents determinationat 0.6V, 0.5V and 0.7
V. The best response was obtained with 0.6 V. There-
fore, thispotentia was selected for further investiga-
tions.

Potential timeof polymerization

Theeffect of time onthe peak current of fixed po-
tentia wasexamined. Figure 9 showstheeffect of time
onthe peak current. The better response of peak cur-
Research & Reotews On
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Figure10: Effect of accumulation timeon the peak cur rent of
6nmol/L of Cd(l1) and Pb(I1),t=1mn,P=06V,E, =-11V,V=
50mV/s, pH=12.
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Figurell: Calibration plot 0. 6- - - - - 15nM, of Pb(Il) and
Cd(1),t=1mn,P=0.6V, P, =-11V,t, =120 V=50mVJs,
pH=12.

rent was60 sand 120s. So, for further experiments, a
time of 60 swill beusedto reducetimeof andysis.

Accumulation time

Figure: 10 showsthe effect of the accumulation
timeon thepeak current of 6nmol/L. The peak current
increaseswiththeincreasing of accumulaiontimeupto
120 sand become stable. The better response of peak
current was 120 s. So, for further experiments, an ac-
cumulation timeof 120 swill be used to reducetime of
andyss.

Calibration plot

Under the parameters optimization studiesacai-
bration graphfor the determination of Cd(11) and Pb(l1)
was congructed for aconcentration range 0.3-15nmol/

A Tudéan Journal
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TABLE 2: Interferenceof other smetal ionswith thedeter mi-
nation of .5nmoal/L of Cd(I1) and Pb(I1)

Cations, changein peak currents, % Pb Cd
Pb 100 - 119
Cd 54.33 100
Fe -58.82 -247.82
Cu 24.26 -65.86
Hg 72.05 38.80
Zn NF NF

TABLE 3: Recovery analysisof Cd(11) and Pb(l1) intap water
sample.

Cations Added, nmol/L  Found, nmol/L Recovery (%)

Pb 3 2.08 104
6 3.79 94.75

Cd 3 194 97
6 3.64 91

L.Alinear rangewasobtainedintheconcentrationrange
0.6-15nmol/L with thefollowing regress onsequations
|, (uA) =-19.08 + 65.80 C (uM) (R?= 0.998) for
leedand|  (nA)=-9.20+68.15 C (uM) (R*=0.998)
for cadmium (Figure 11.). Thedetection limit were 0.5
and 0.52nmol/L for Pb(I1) and Cd(l1) respectively and
rel ative standard deviation for 9 successve determina
tionsof 10.5nmol/L were 2.5% and 2.78% for Pb(l1)
and Cd(ll) respectively.

Interference

Thepossibleinfluence of severd ionsonthereduc-
tion signal of 1.5nM lead and cadmium was consid-
ered. Voltammetric responsesresulting from the pres-
ence of someinterfering ions such asZn(ll), Cu(ll),
Fe(Il), Hg(Ihwerecarried out under the optimized con-
ditions. In TABLE 2, the results obtained show that
10.5nM of interfering ion of Fe (11) affect on Cd(I1)
and Pb(Il), dsointerferingion of Cu(ll) affect only the
Cd(11) determinations. Can be explained by the com-
petition of interferingionswith Cd(I1) and Pb(ll) for
complexesformation with poly (p-PD). Toavoid pos-
gbleinterferencewith othersmetds, thechoice of depo-
gtion potentid isvery important.

Analytical application

Themethod for the determination of |ead and cad-
mium was applied to tap water sample. The standard
addition method was applied, the Recovery andysisof

= Pyl Paper

Pb(11) and Cd(I1) in tap water sample showed good
recovery. Consequently, that is agood accuracy for
Po(I1) and Cd(11) determinationsin the samplesmatrix
studies. Theresultsweresummarized inTABLE 3.

CONCLUSION

The carbon paste  ectrode (CPE) modified with
exfoliated graphitedoped p-phenylenediamine showed
asensitive, precise and accurate response for Pb(I1)
and Cd(I1). The electropolymerization could be per-
formed in acidic medium, and thedevel oped e ectrode
can be easily prepared. Under optimized conditions,
the el ectrode showed excellent performancein terms
of detection limit, linearity range, selectivity, repesatabil-
ity and recovery values. The devel oped method was
applied for the determination of Pb(I1) and Cd(l1) in
red sampleandysis.
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