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Abgtract : Thedectrochemica behavior of aNafion-
1,10-phenanthroline-modified carbon paste e ectrode
(CMCPE: Chemically Modified Carbon Paste Elec-
trode) immersedinasupporting e ectrolyte0.1 mol.L*
acetate buffer solution (pH 4.5) containingiron(ll) metal
ion hasbeen studied, using cyclic voltammetry, differ-
entid-pulsevoltammetry and i mpedance spectroscopy.
Optima andytical parameters (preconcentration poten-
tial andtime, pH, eectroderotation) for iron(l) metal
ion determinati on have been established and correl ated
with the surface morphol ogy of the CM CPE surface,
the chemical composition anaysis of the surface and
theimpedance measurementsof the CMCPE immersed
inthe supporting e ectrolyte. Assuming asimple ap-
proach based on aredox polymer-modified electrode,

the experimenta impedance valueswerefitted to an
equivaent circuit modd. It was shownthat among vari-
ous potentials used for iron(I1) accumulation in the
Nafion-film, thepotentid of +1.3V vs AG/AgCl/3moal.
L1 KCl dlowed abetter differentia -pul se determina-
tion of theexaminediron(ll) meta ioninthesupporting
electrolyte. Thework was expanded to real applica
tions with the determination of iron(I1) metal ionin
groundwater samplescollectedin avillagelocated at
the outskirts of Ouagadougou, the Capitd of Burkina
Faso. © Global Scientificlnc.

Keywords : Iron(ll) metal ion; Nafion-1,10-
phenanthroline-modified carbon paste e ectrode; Dif-
ferentid-pul sevoltammetry; Impedance measurements.
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INTRODUCTION

Stripping Voltammetric methods have been applied
to the determination of many elementssuch asmeta
ions because of their low cost, easy operation, good
sengitivity, high sdectivity and very low limitsof detec-
tion™. Numerous advantagesthat have been reached
insuch measurementsincludethefollowing: needless
of preliminary separations, low level of contamination,
and possibility of distinction between different redox
and or binding states* ™. Different techniquesof strip-
ping voltammetry consist in apreconcentration step
onto the el ectrode and afurther voltammetric mea-
surement. As aconsequence, voltammetric determi-
nations can be greatly improved with respect to sens-
tivity and selectivity?.

Themost current approaches based on stripping
procedures include anodic or cathodic stripping
voltammetry (ASV or CSV) at both ahanging mer-
cury drop el ectrode (HMDE) and athin mercury film
electrode (MFE)®*3, However, dueto thetoxicity of
mercury and difficultiesrel ated to the determination of
metal ionsthat do not form amalgam with mercury,
techniques using mercury free-el ectrode have been
developed. Thesetechniquesincluded not only ordi-
nary solid electrodes such as glassy carbon, carbon
paste, gold, bismuth film, carbon film but al so chemi-
cally modified electrodesd >3, Chemically modified
electrodes (CME) generated agreat interest sincethe
mid-1970s3%2, and have been employed by several
groups to enhance sensitivity and selectivity of
voltammetric measurementsfor the determination of
metal ions, organic and bio-organic species. Among
these, chemically modified carbon paste el ectrodes
(CMCPESs) have shown well-recognized advantages
because they are very easy to make and can be pre-
pared with avariety of modifier loadinglevels, and they
show a low background current23333%1, Moreover,
fresh modified-€el ectrode surface can be generated rap-
idly and reproduciblyt?3. Many groups have reported
theuseof CMCPEsinthefield of eectroanalysis.

Baldwin and co-workers used carbon paste el ec-
trodemodified by 2,9-dimethyl-1,10-phenanthrolinefor
the detection of copper and nickel?24, The 2-methyl-
8-hydroxyquinone has been used asamodifier agent
for the detection of copper®®. Incorporation of poly

(1,8-diaminonaphtal ene) in carbon paste e ectrodel ead-
ing to aconducting polymer has been demonstrated
and used for the determination of lead®". Silver%3I
and gold“*4 have been determined using ion-ex-
changer-and chelating resn-modified carbon pasted ec-
trodes. Determination of meta ions by ion-exchange
using typical resins in carbon paste has been re-
ported“243. Lead (I1) and Cadmium (II) have been
determined at adiaceyldioximemodified carbon paste
electrodeby differentid pul sestripping voltammetryt4.
Monomeric and polymeric cycl odextrinsmodified car-
bon paste e ectrodes have been investigated for the
determination of carcinogenic polycyclic aromatic
amines*!. Electrochemical determination of ironmetd
ions has been the subject of several studieg?391029.30,
Zhao and co-workers described anew concept for the
differential pulsevoltammetric determination of iron(11),
based on complexation of themetal ion by amodifier
reagent, 1,10-phenanthroline, and then accumulationin
anion-exchanger (Nafion) incorporatedin the carbon
paste electrode’d. They also reported the differential
pulsevoltammetric determinetion of iron(11) at aNafion-
film-coated carbon paste € ectrode, based on thefor-
mation of the 2,2’-bipyridyl complex of the metal ion
anditsaccumulaionintheNafionfilmat thed ectrode3.
However, al thepreviousstudiesdidn’t report the use
of impedancetechniquesfor the characterization of the
as-prepared el ectrochemical sensor implemented for
traceiron determination. Asdectrochemicd impedance
techni ques have becomean important tool wheninves-
tigating the e ectrochemica propertiesof modified el ec-
troded“&>1, the present work also included this study
in the case of iron incorporated in a Nafion-1,10-
phenanthroline-modified carbon paste e ectrode. Tothe
best of our knowledge, impedancetechniqueshavenot
been used to characterizetraceironincorporated inthe
Nafion-1,10-phenanthroline-modified carbon paste.
M oreover, any correl ations have not yet been estab-
lished between the preconcentration potential used for
the metal ion incorporation into the Nafion-1,10-
phenanthroline-modified carbon paste el ectrode, the
surface morphol ogy and theimpedance measurements.
Itisclear that such correlations may appear important,
both from afundamental and applied standpoint, when
Investi gating compl exation and adsorption processeson
electrode surfaces, electron transfer and reaction
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mechanism, kinetics of electron transfer processes.
Sincethe performance of the electrochemical sensor
dependsgreetly onthe parameters of these surface pro-
cesses, one must be careful to understand fully their
roleinthewhol e process before using the sensor for
andyticd determinationindifferent environmenta ma-
trices. Although theNafion-1,10-phenanthroline-modi-
fied carbon paste e ectrode has al ready been used for
iron(l1) determination at thelaboratory scale, wethink
that more dataare needed in devel oping country to as-
sesstheir analytical utility by applicationto real-life
groundwater samplesinrural environment where con-
centrationsof iron(I) meta ions, whicharehigher than
theguiddinevauesindrinkingwater given by theWorld
Health Organization (WHO), are detected.

The present work was prompted by a desire to
revigt thefield of Nafion-film-coated carbon pasted ec-
trodein voltammetric determination of iron(Il) with two
objectives. Thefirst onewasto characterize the sensor
by e ectrochemica impedance spectroscopy aswell as
by cydicvoltammetry and differentid -pul sevoltammetry
inorder to obtain mechanigticinformationrel ated tothe
oxidation and reduction of ferroin (Fe(phen)*/
Fe(phen) ) systeminto themodified carbon paste el ec-
trode. The sensor is prepared by using the compl ex-
ation of iron(ll) with a reagent modifier, 1,10-
phenanthroline, and then accumulation by anion-ex-
changer (Nafion) incorporated in the carbon paste el ec-
trode. However, in our context the previous procedure
described by Zhao and co-workers? was combined
with the spin-coating techni que’®%3. We expected that
better and enhanced peak currents could also be
achieved with thesetwo combined procedures. Great
effortswere madeto understand i mpedance measure-
mentsat theinterface, and to correl atethem with the
preconcentration potential applied for iron incorpora:
tioninto the Nafion-1,10-phenanthroline-modified car-
bon paste el ectrode. Data obtained from impedance
anaysisallowed the proposal of aschemedescribing
chargetransfersat the Nafion-1,10-phenanthroline-
modified electrode. The surface morphology of the
chemically modified carbon paste el ectrode was also
investigated and linked to the optimal analytical condi-
tionsfor iron(l) determination. The second objective
of thiswork wasto demonstrate the performance of
the sensor by gpplicationto thedetermination of iron(11)

contentsinvariousrea groundwater samplescollected
inavillagelocated at the outskirts of Ouagadougou,
the Capita of BurkinaFaso. Theresults obtained con-
ditutethefirst sudy of iron(Il) determination a ground-
water sitesin BurkinaFaso and will provideabasdine
of gpatial and temporal changesof iron(11) pollutionin
thecountry.

EXPERIMENTAL

Reagentsand solutions

All chemicaswereof analytica grade. Aniron(ll)
stock sol ution was prepared by dissolving therequired
amount of ammonium iron(l1) sulphate (99.999 %,
SigmaAldrich) in 0.01 mol.L* sulphuricacid (96.3 %
VWR). Diluted working solutionsfor optimization stud-
ieswere prepared by diluting the stock solution with
Milliporewater.

1,10-phenanthroline (99 %), paraffin oil and Nafion
solution 5wt % (d =0.924) werepurchased from Sigma
Aldrich. Graphite powder (99.9995%) was purchased
fromAlfaAesar.

Apparatus, cell and electrodes

The electrochemical experiments (cyclic and
voltammetric measurements) werecarried out usnga
Voltalab 50 PGstat potentiostat (Radiometer,
Copenhague) running with the VoltaM aster software
(verson4.0). Thevoltammetriccdl (25mL) consisted
inaMDE 150 stand (Radiometer Model) with an EDI
101 rotating disk modified carbon paste el ectrode, an
Ag/AgCl, 3mol.LtKCI reference electrode (Eref =
0.205V / NHE; Radiometer model TR020) and a
platinum wire asthe counter el ectrode (radiometer
model TM020).

Impedance measurements were obtained with a
LAUTOLABIII/FRA (Eco Chemie, Netherlands)
driven by the FRA software. All experimentswere car-
ried out at room temperature (25°C). Measurements
have been carried out at thefree potential of theinter-
face, in afrequency range between 50 mHz and 50
kHz and with the perturbation amplitude of 10 mV.

The chemically modified carbon paste €l ectrode
(CMCPE) was made by thoroughly mixing appropri-
ated amountsof 1,10-phenanthroline 10 wt % (Sigma
Aldrich) and Nafion solution 5wt % (d =0.924, Sigma
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Aldrich) with 1 g of graphite powder (99.9995 %, Alfa
Aesar) inafirgt step, and then mixing with 0.360 mL of
paraffin oil inasecond step using amortar and pestle
until auniformly wetted pastewas obtained. The paste
wasinserted into the cavity of theelectrode (EDI Tip).
The chemically modified carbon paste surface was
smoothed on atransparent paper until the surfacetook
ashiny appearance. Then the electrode surface was
coated with the Nafion by aspin-coating technique us-
ing amethanolic solution of Nafion (400 uL of Nafion
in 300 uL of pure methanol). Using a micro syringe,
about 4 pL of the methanolic was placed on the elec-
trode surface. Theelectrode was spun at arotation of
1000 rpm after deposition of the Nafion coating solu-
tion, maintaining the EDI discin an upward position.
The surface was then kept ten minutes at room tem-
peratureto let the solvent evaporate. Thisspin-coating
procedure allows abetter surface preparation®2%3, The
electrode surface could berenewed by smply extrud-
ingasmall amount from thetip of the el ectrode.

Surfacemorphology andys sof thed ectrodes(bare
carbon paste electrode, modified carbon paste el ec-
trodeand iron(l1)-modified carbon paste e ectrode) was
carried out using ascanning e ectron microscopy (SEM
HITACHI computer-controlled with the software TM-
100) coupled withan EDX (software SwiftED-TM)
for chemica analysisof eectrode surfaces.

Recommended analytical method

The supporting electrolyte solution (20 mL ), con-
taining the acetate buffer (pH 4.5) and the examined
iron(l1) ion at agiven concentration, was pipetted into
themicro-voltammetric cell. A fresh e ectrode surface
wasimmersedin the supporting € ectrol ytesolution and
adefined preconcentration (accumul ation) potentia was
gopliedtothe CM CPE for asdected timeperiod, while
therotating disk eectrode (RDE) wasunder rotation at
1000 rpm. At theend of the preconcentration time, the
rotation of the electrode was stopped and the solution
wasleft toequilibratefor 30 s. Thevoltammogramwas
then recorded by scanning the potentia inthe cathodic
directionusing cydicand differentiad pulsevoltammetry.
The parametersused for the differentia voltammetry
wereapotentid step height of 1 mV, pulseamplitude of
60 mV and duration of 20 ms. Recovery of Fe(ll) in
the anayzed sampleswas estimated using the standard

addition methodsby introducing aiquots of iron stan-
dard solution and recording the corresponding differ-
entia -pul sevoltammograms. After each e ectrochemi-
cal determination, the cleaning procedure of the elec-
trodesurfacewasthefollowing: transferring of theelec-
trodein 1.0 mol.L* sodium hydroxide sol ution under
dtirring for several minutesand thenrinsing thoroughly
with water and immersing in astirred blank acetate
buffer solution of pH 4.5 (NaOAc/AcOH).,

All themesasurementswerecarried out & roomtem-
perature (25°C) and without solution deoxygenating.
M easurementswere automated and controlled through
the software parameters. Inthiswork, theanodic con-
tribution of current istaken aspositiveandthe cathodic
oneasnhegative.

RESULTSAND DISCUSSION

Electrochemical behavior of iron(l 1) on thechemi-
cally modified carbon pasteelectrode

Thefirst step of our investigationswasto assess
whether the spin-coating procedure’®% combined with
theonedescribedintheliterature? could lead to sig-
nificant resultsin differentia -pul se peak current mea-
surements of traceiron(l1) in asample solution. We
first set the experimental conditionsasprevioudly de-
scribed: 1 g of graphite powder was mixed with the
desired weightsof 1,10-phenanthrolineand Nafion so-
lution, and then mixingwith paraffin oil'?. By varying
theamount of reagentsin the carbon paste, we found
that the optimum conditionswere thefollowing: 1,10-
phenanthroline 10 wt % and Nafion solution 5wt %.
Theas-prepared Nafion-1,10-phenanthroline-modified
carbon paste el ectrode was cleaned and the differen-
tial-pulsevoltammogram wasrecorded between 1.3V
and 0.5V (Figure 1a), after immersingtheelectrodein
asolution containing theacetate buffer (pH 4.5) andthe
examined 10°mol.L*iron(I) ionand following apre-
treatment of theelectrodeat apotential of 1.3V gpplied
for 4 minutes. Thedifferentia-pulsevoltammogramin
Figure 1b was recorded in the same conditionsasin
Figure 1a, except that in this case the surface of the
Nafion-1,10-phenanthroline-modified carbon paste
electrodewas coated with the Nafion by aspin-coating
techniqueus ngamethanolic solution of Nafion (400 uL
of Nafionin 300 uL of pure methanol). The spin-coating
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rotation wasfixed at 1000 rpm.AscanbeseeninFig-
ure 1, abetter and enhanced peak current (Figure1b) is
obtai ned when the Nafion coating sol ution was spin-
coated ontheinitia Nafion-1,10-phenanthroline-modi-
fied modified carbon paste e ectrode surface. Thispro-
cedure allowed abetter surface preparation. Asacon-
sequence, eectrodes (CMCPE) prepared with this
method were usedin al subsequent work.

Inasecond step, thevoltammogram of the Nafion-
1,10-phenanthroline-modified carbon paste e ectrode
(CMCPE) immersedin 0.1 mol.L* acetate buffer (pH
4.5) wasrecorded. Thedectrode potentia wasscanned
between 1.3V and 0.5V (Figure2a, b, cand d). The
voltammogramsobtained without pre-dectrolysisat 1.3
V (Figure2a) or following apretreatment at apotential
of 1.3V applied for 4 minutes (Figure 2b) exhibit no
voltammetric peaks. The same previous experiences
wererepeated for asol ution contai ning the acetate buffer
(pH 4.5) and the examined 10° mol.L 2 iron(ll) ion.
Whilethevoltammogram in Figure 2c, recorded with-
out apreconcentration potentia, showsnowell defined

25 T
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voltammetric signals, theonein Figure 2d, recorded
foll owing apreconcentration potentid, displaysthecdlas-
siccurveof an eectrochemica system. Figure2edis-
playsthevoltammogram inthe sameconditionsasin
Figure 2d, except that after the preconcentration po-
tential of 1.3V applied at the CM CPE, the electrode
potential was scanned between 0.5V and 1.3V. As
can be seen the same d ectrochemical system of Figure
2disdetected in Figure 2e. These preliminary results
suggest that an applied preconcentration potential is
necessary for incorporation of the iron ion into the
Nafion-coated carbon paste electrode. Thisis sup-
ported by thefact that avoltammogram (not shown),
recorded following apreconcentration at open circuit
potentia inthe acetate buffer (pH 4.5) containing the
examined 10° moal.L*iron (1) ion, exhibitsno redox
waves, neither inthe cathodic direction (1.3V t0 0.5
V) nor intheanodicone(0.5V to 1.3V). Takinginto
account the potentia sof the cathodic and anodic peaks,
the redox potential is evaluated E° = (Ep

cathodic +

Ep, .;.)/2=0.85V. Inagreement with theliterature!?

15

il uAlem’

10 -

0 | 1 |

0.4 0.5 0.6 0.7

0.8 0.9 1 1.1 1.2

E/V

Figurel: Differential-pulsevoltammetry in 0.1 mol.L * acetatebuffer (pH 4.5) containing 10°mol.Ltiron(I1) of Nafion-1,10-
phenanthroline-modified car bon pasteelectr ode: a) themodified carbon pastedectrodewaspr epared by mixing 1 g of graphite
powder with 1,10-phenanthroline 10 wt % and Nafion solution 5wt %, and then mixing the powder with par affin oil; b) same
prepar ation asin a) and a Nafion coating solution waspin-coated on the ectr odesur face (pin-coating r otation of 1000 pm).
In both casesthevoltammogramswer er ecor ded following a pr etr eatment of theelectr odeat apotential of 1.3V applied for 4

minutes, theelectrodebeing under rotation at 1000 rpm.
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and the redox potential of ferroin (Fe(phen) "/
Fe(phen),*), E°=1.06 V/NHE=0.86V / Eref), the
electrochemica system observed in Figures2d and 2e
isassignedto thetrig(phen)iron couple(ferroin couple).
Usingasmplemodd of aredox polymer-modified dec-
trode>2, one may suggest that during preconcentration,
Fe?* diffusesthrough the Nafion polymer and is oxi-
dized into Fe(phen)_.* inthe carbon paste €l ectrode.
The potentia scan givesthe evidence of thereversible
eectrontransfer:

Fe(phen)3* + eZeciroae . Fe(phen)3™
Nafionisaperfluorosul phonate cation-exchange

resinwith RSO, sites. Theiron Fe** can beexchanged

and accumul ated by Nafion by forming complexeswith

i

15 pA/em’

RSO, sitesinthe Nafion-modified electrode filmf.
Through the Nafion-film, theiron Fe?* can diffusg®?
and be complexed by phenanthrolinein the carbon
paste el ectrode. That iswhy in Figure 2c, theferroin
system can be guessed in theresidual current. Fur-
thermore, by applying an anodic preconcentration
potential of 1.3V at the CMCPE, theiron Fe**which
is complexed into Fe(phen).* is oxidized into
Fe(phen),* inthe carbon paste €l ectrode. This pro-
cessinducesthe accumulation of Fe(phen),* and an
iron Fe** flow through the Nafion film. Then scanning
the electrode potential inthe (1.3V t00.5V) domain
showsthe reduction of the accumul ated Fe(phen)_**
anditsreoxidation.

) —
" 4 »
&
Y A =y
(d) ol
_/
(c)
7
(b) - -
(a)
02 04 06 08 1 12 E/V

Figure2: Cyclicvoltammetry CV and differential-pulsevoltammetry DPV in 0.1 mol.L * acetatebuffer (pH 4.5) of Nafion-
1,10-phenanthroline-modified car bon pastedectrode (CM CPE): a) CV without preconcentration potential; b) CV following
preconcentration potential; ¢) CV without preconcentration potential and [Fe?*] =50 pmol.L%; d) CV following preconcentration
potential with [Fe*] =50 umol.L'%; €) CV following the preconcentr ation potential with [Fe?*] =50 pmol.L%, thevoltammogram
was recorded between 0.5V and 1.3 V; (f) DPV following the preconcentration potential with [Fe?*] = 50 pmol.L?,
(preconcentration potential: 1.3 V; preconcentration time: 4 min; electrode rotation: 1000 rpm).
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Figure2f showsthedifferentid-pul sevoltammetric
response of thereduction processfollowing apotential
preconcentration of 1.3V at the CMCPE for 4 min-
utes. We obtain abetter resolved voltammetric peak
whichissuitablefor quantitative determination of the
examinediron(ll) intheagueous sol ution.

Figure 3 displaysthe cyclic voltammetry of the
CM CPE following apreconcentration potential of 1.3
V for 4 minutes, at various scan rates (from 5to 100
mV.s?) in the supporting el ectrolyte 0.1 mol.L* ac-
etate buffer (pH 4.5) containing theexamined iron(l1)
ion. Theelectrochemical datalistedin TABLE 1in-
cI ude the anodic and cathodic peak currents, L ,and

. respectively, the anodic and cathodic peak poten-
tlals E .and E, . respectively, theratio of anodicto
cathodlc peak currents (|I J I ), the peak to peak
potential separations (AEp) Wefound that thevalues
of E , and E  were independent of the scan rate,

ORIGINAL ARTICLE

with amean value of theredox potential calculated to
be 851 mV vsEref, in agreement with the redox po-
tential of ferroin (Fe(phen),*/Fe(phen) >, E°=1.06
V /NHE=0.86V / Eref) and theformation constants
of the complexes. For all scan ratesthevauesof | o J
|, were closeto unity asfor areversibleeectrochemi-
cal system. The dlfferenceAEp inanodic (E ) and
cathodic (E .) pesk potentidshad ameanva uearound
125mv, suggstl ng charge-transfer limitationsat the
carbon pasteinterface®. By contrast to surface elec-
trochemical processwherethecurrentislinearly re-
lated to the potential scan rate, wefound that there-
duction peak current increased linearly with the square
root of the potential scan rate between 5 and 100
mV.s? (inserted graph in Figure 3) asfor aprocess
controlled by diffusion. It can beattributed to thefree
motion of theaccumulated complex in the microenvi-
ronment of the CMCPE.

TABLE 1: Cyclicvoltammetricdatain 0.1 mol.L * acetatebuffer (pH 4.5) of CM CPE following apreconcentration potential
([Fe**] = 50 umol.L*; preconcentration potential: 1.3 V; preconcentration time: 4 min; electrode rotation: 1000 rpm).

v(mV/ie  lyc(mAlem®)  Epc(mV)  lpa(pA/em®)  Epa(mV)  AEp(MV)  E°(MV)  lpdlpe  lpdlpa
5 0.98 790 0.92 917 127 853 0.94 1.06
15 3.00 789 2.59 907 118 848 0.86 1.15
25 4.60 788 3.80 914 126 851 0.81 1.20
50 8.20 788 8.37 916 128 852 1.02 0.97
100 11.90 788 11.92 914 126 851 1.00 0.99
AEp=|E,_-E_ |;E°=%(E,+E)).
30 T T T T
5 mV/s
20 - | —=15mvrss . =
----- 25 mV/s T e
1 O L === 50 mV/s .‘.' _________________ '-:. |
------- 100 mV/s , I e
- .p-.—.:. I .
~_ O — T i
5 e e
%1 0~ .-.-:-..-- T e I';'-' :ﬁ —y=--2169+1392x R?-09943 | |
S e ———— _-'. )
20 L "= _
-30 - |
-40 — 12 1 —
| | | |
04 0.6 0.8 1 1.2 1.4
E/V

Figure3: Cyclicvoltammetry in thesupporting eectrolyte0.1 mol.L * acetatebuffer (pH 4.5) of CM CPE at variousscan rates
following a preconcentration potential, scan ratevarying from 5to 100mV.s?; inserted graph in lower right cor ner showsthe
relation between thepeak current valuesobtained from thevoltammogramsand the squar er oot of thescanrates ([Fe?] =
umol.L; preconcentration potential: 1.3 V; preconcentration time: 4 min; electrode rotation: 1000 rpm).
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Optimum conditionsfor el ectrochemical deter mi-
nation of iron(l1)

(@) Influenceof thesupporting electrolyteand pH
dependence

Differentid-pul sevoltammogramsof asol ution con-
taining5 x 10°mol.L* of theexaminediron(ll) were
recorded in various supporting €l ectrolytesfollowing a
preconcentration potentia applied at the CMCPE. The
resultsobtained arelisted in TABLE 2. Themost in-
tense peak current was obtained in the acetate buffer
of pH 4.5 (NaOAc/AcOH). We investigated the pH
dependence onthe acetate buffer (Figure4). The peak
current increased from pH 2 to pH 4, amaximum peak
current height being observed with apH val ue between
4 and 4.5, then the peak current decreased at higher
pH vaues. Thisdecrease at higher pH valuesmay be
attributed to the precipitation of iron(I1) hydroxide.
Therefore, apH value of 4.5 hasbeen chosen for the

(c) Influence of the preconcentration conditions
(potential and time)

Differentid-pul sevoltammogramsof asol ution con-
taining 5 x 10-° mol.L of theexaminediron(ll) inthe
acetate buffer (pH 4.5) wererecorded, under the opti-
mized pulse-parameters, at vari ous preconcentration
potentials (Figure 5). Asshown in Figure 5, a better
and enhanced peak current was achieved at +1.3 V.
Therefore, apreconcentration potential of +1.3V vs
Eref was used throughout the present work.

Various preconcentrationtimeswereasotestedin
our study. Asshown in Figure 6, the peak current in-
creased linearly with preconcentration time over the
range 0-1 minute. In therange 1-6 minutes, the peak
current was no longer linear, but a maximum was

TABLE 2: Influenceof thesupporting eectrolyteon thedif-
ferential-pulse deter mination DPV of iron(l1) ([Fe?*] =50
umol.LY; preconcentration potential: 1.3 V; precon-
centration time: 4 min; electrode rotation: 1000 rpm).

rest of our investigations. Peak Potential
; ; Supporting Electrolyte current of the peak
(b) Differential-pulse parameters hel
ght (nA) current (V)
Differential-pulse parameters(scanincrement AE ~ HCIO, (0.1 mol.L™) 2,61 0.94
and pulseamplitudea, duration ) wereoptimizedto  H,SO, (0.01 mol.L™) 1.04 0.91
obtainintense and well-defined peaks. Wefoundthat ~ HNO; (0.1 mol.L™) 1.90 0.92
thefollowing parametersweresuitablefor differentid- ~ KCl (0.2 mol.L™) 0.75 0.90
pulseiron(ll) determination: AE=60mV;a=1mV,0  NaOAc/AcOH 0.1 mol.L™ (pH 4.5) 5.23 0.90
=20ms. NaOH (0.1 mol.L™) 0 0
10 : :
8 + i
o 6 | _
§ * e
= 4 & - .
:'-'_\. I~ .’ - . m
e
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Figure4 : Influence of the pH on thedifferential-pulse deter mination of iron(l1) ([Fe?*] = 50 umol.L*; preconcentration
potential: 1.3 V; preconcentration time: 4 min; electrode rotation: 1000 rpm).



ChemXpress 6(3), 2014 79

ORIGINAL ARTICLE

800 1000 1200 1400 1600

E/ mV

Figure5: Influenceof thepreconcentration potential onthepeak currentin 0.1 mol.L* acetate buffer (pH 4.5), ((Fe*] =5
umol.L; preconcentration time: 4 min; electrode rotation: 1000 rpm).
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Figure6: Influence of the preconcentration timeon the peak current in 0.1 mol.L* acetate buffer (pH 4.5), ((Fe**] =5
umol.L; preconcentration potential: 1.3 V; electrode rotation: 1000 rpm).

achieved at a3 minute preconcentrationtime. There-  stand themorphol ogy of the chemically modified car-
fore, wekeep thispreconcentrationtimefor therest of  bon paste el ectrode surfaceand to correlateit with the
our analytica applications. optimal analytical parametersfor differentia iron(ll) de-
(d) Surfacestudies termination. Thiscorrelation may be of great interest

_ when establishing the performance of thee ectrochemi-
Surfaces studieswere undertaken better tounder- 4 sensor.
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TM-1000_2917 2013/06/14 18:39L D36 x200 500um

TM-1000_3060 2013/06/25 14:18 D3.0 x200 500um

TM-1000_3081 2013/06/25 16:35 D34 x3.0k 30um
Figure7: Scanning electr on micr oscopicimagesof (&) bar ecarbon pasteelectr ode, (b) 1,10-phenanthr oline-modified carbon
pastedectrode, (c) Nafion -1,10-phenanthr oline-modified car bon pasteelectr ode (Nafion was coated at the electr ode surface
by a spin-coating technique).
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Figure 7 showsthe SEM image of abare carbon
paste electrode (Figure 7a), the 1,10-phenanthroline-
modified carbon paste el ectrode (Figure 7b) and the
Nafion -1,10-phenanthroline-modified carbon paste
electrode (Figure 7c).

Thebare carbon pastein Figure 7a, beforethein-
corporation of 1,10-phenanthroline, exhibitsaporous
surface. Resultsof chemica composition analysisper-
formed by EDX show neither trace of iron nor any for-
elgn meta e ements(TABLE 3). After incorporation of
1,10-phenanthroline, the surface becomesrough with
the presenceof smal platesranging from 7.6t0 91 um
indiameter (Figure 7b). Chemica compositionanaysis
doesnot reved the presenceof iron or any foreign meta
elements(TABLE 3). In contrast, the surface morphol-
ogy of theNafion -1,10-phenanthroline-modified car-
bon paste electrode (Figure 7¢) revealsagreat differ-
ence compared withthebare or 1,10-phenanthroline-
modified carbon paste el ectrode (Figure 7aand 7b).
Thesurfacein Figure 7c gppearssmoother andthesmal
plateswhichwereobservedin Figure 7b areno longer
vighle. Onceagain, chemica composition andyssdoes
not reveal the presence of iron or any foreign metal
elements(TABLE 3).

In the recommended analytical procedure, after
immersing the el ectrode surface into the measuring
electrochemical cell, apotential isapplied tothe eec-
trode under rotation of the rotating disk electrode.
Selecting apreconcentration timeof 3 minutes, vari-
ouspotential (+1.0V, 1.3V and 1.5V vsEref) were
applied at the CM CPE immersed in the supporting
electrolyte 0.1 mol.L* acetate buffer (pH 4.5) con-
taining theexaminediron(ll). Weinvestigated first low
concentrations of iron(ll), varying from 10— 10
mol.L. Inall cases, thelevel of incorporatedironin

the CMCPE was under the EDX detection level. In
the case of aniron(ll) concentration of 103 mol.L?,
we obtain the SEM images Figures 8a, 8b and 8c
corresponding to the applied potentials 1.0V, 1.3V
and 1.5V respectively. While the surfaces remain
smoother (with the presence of dark marks) for ap-
plied potentialsof 1.0V (Figure8a) and 1.3V (Fig-
ure 8b), the surface becomes rougher with alot of
crackles and surface defectsfor an applied potential
of 1.5V (Figure 8c). Moreover, chemical composi-
tion anaysis(TABLE 3) showsthat theiron content
increases from 21.6 % to 61.3 %, with increasing
applied potentialsfrom 1.0V to 1.3 V. Noting that
the maximum current was achieved for an applied
preconcentration potential of 1.3V (Figureb), this
potential could be understood as the optimal
preconcentration potentia which allowsamaximum
iron complex incorporation into the Nafion-coated
electrode. For higher applied preconcentration po-
tentials, we notice adecrease of iron content at the
electrode surface. At an applied potential of 1.5V,
we even noticealack of iron at some portion of the
chemically modified carbon paste electrode. The pro-
cess of accumulationinto the Nafion-coated surface
does not occur properly, dueto higher residual cur-
rent and surface processes at the carbon paste that
induces arougher and acrackled surface. At 1.5V
on acarbon electrode, it isthe beginning of the sol-
vent dischargewhich modifiesthe structure of the car-
bon paste. Thisissupported by the voltammogramin
Figure 2, which showsastableand low residual cur-
rent over therange 0.0to +1.3 V. For potential sgreater
than 1.3V, the background current increases. This
maly explainwhy the peak current decreases at higher
potentialsasseenin Figure5.

TABLE 3: Resultsof chemical composition analysisof variousCM CPE surfaces.

Elements (%)

System Fe F S
Bare carbon paste electrode
1,10-phenanthroline-modified carbon paste electrode -
Nafion -1,10-phenanthroline-modified carbon paste el ectrode - - 100
Nafion -1,10-phenanthroline-modified carbon paste electrode after an applied potential of 1.0V vsEref*  21.6 49.7 287
Nafion -1,10-phenanthroline-modified carbon paste electrode after an applied potential of 1.3V vsEref*  61.3 38.7
Nafion -1,10-phenanthroline-modified carbon paste electrode after an applied potential of 1.5V vs Eref* - 70 30

*Preconcentration time: 3 minutes, electrolyte 0.1 mol.L-acetate buffer (pH 4.5) containing 10 mol.L* Fe (I1), electrode rotation:

1000rpm.
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TM-1000_3072 2013/06/25 15:23 D36 x400 200um
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oLt 3
TM-1000_3074 2013/06/25 1544 D4.7 x600 100 um

TM-1000_3078 2013/06/25 16:02 D29 x800 100um

Figure8: Scanning electr on micr oscopicimagesof a Nafion -1,10-phenanthr oline-modified car bon pasteelectr odeafter an
applied potential of (a) 1.0V, (b) 1.3V and (c) 1.5 V. ([Fe**] =1 mmol.L*; supporting electrolyte 0.1 mol.L* acetate buffer (pH
4.5); preconcentration time: 3 min; electrode rotation: 1000 rpm).
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| mpedance measur ements

To better understand the features of the CM CPE
corresponding to various preconcentration potentials
goplied a thedectrodeimmersedinthe supporting eec-
trolyte (10°mol.L* Fe?* in 0.1 mol.L* of an acetate
buffer pH 4.5), electrochemical impedance spectros-
copy experimentswere carried out at open circuit po-
tential under apurediffusonregime. TheNyquist plots
aredisplayedin Figure9.

Atfirst, according to asmple Randlesscheme, the
Nyquist plot of the CM CPE showsastraight line (Fig-
ure 9a), which isaconstant phase element behavior
with ahugeresistor. The high resistance reflectsthat
with noiron(Il) thereisno chargetransfer at theelec-
trodes. After the preconcentration process, therecorded
Nyquist plots (Figure9b, c and d) areno morelinear,
but include at higher frequenciesasemicircleportion
lying onthereal-axisfollowed by astraight line. Itis
seenfrom Figure 9 that thesmallest semicircleportion
was achieved in the case where the applied
preconcentration potential was 1.3 V. A chargetrans-
fer resistance (Figure 9c) of around 3000 Q isevalu-
ated by theestimated diameter of thesemicircle; thisis
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in agreement with ahigh concentration of the redox
couple. A preconcentration potential of 1V leadstoa
chargetransfer resistance (Figure 9b) of around 1.1
10° Q; thispotentid isinsufficient toyield aconvenient
concentration of theredox couple. Thelargest semi-
circleregion wasobtai ned for apreconconcentration
potentia of 1.5V, theevauated chargetransfer resis-
tance (Figure 9d) is around 2 10* Q. While the
preconcentration should accumul atethe redox couple,
thedestructuration effect observed by the SEM images
preventsthe chargetransfer to proceed: although the
iron complex concentration should increase, thecharge
transfer res stanceincresses.

Infact, the Randlesmodel wasfound inappropri-
atewhen simulationswere carried out on theimped-
anceresults. For high frequencies, two overlappingtime
constantscould bededuced for chargetransfer andionic
conduction (see Figure 9d); for low frequencies, mass
transfer controlled the quasi-linear part of thediagram.
For the dataanalysis of impedance spectra, we used
themode of Figure 10a, previoudy reported™, which
isamodified model of painted metal electrode. R isas
usua the ohmic resistance of the el ectrolyte between

2 10* . .

T ! !

b) v o ® d)

-t
[8)]
-
o
=S
I

5000

110*

0 5000

1.5 10°

210* 2510* 310°

Z'/Ohm
Figure9: Nyquist plotsof the CM CPE in thesupporting e ectrolyte (10°mol.L 2 Fe?* in 0.1 mol.L * acetatebuffer pH 4.5).
Variouspreconcentr ation potentialswereapplied at the CM CPE immer sed in the solution beforerecor dingthe Nyquist plots
at open cir cuit potential: @) CM CPE without prior preconcentration potential and immersedin 0.1 mol.L * acetatebuffer pH
4.5; b) CM CPE after a preconcentration potential of 1V; c) CM CPE after a preconcentration potential of 1.3V; d) CM CPE

after apreconcentration potential of 1.5V.
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theworking and reference electrodes; R and Q, char-
acterizetheohmic red stance and theimperfect capaci-
tance of thefilm, adielectric component; Q isanim-
perfect capacitance of thedoublelayer of theelectrode
interface: carbon graing/solute; the masstransport of
theredox coupletowardsthe electrodeisrepresented
by aconstant phase e ement Q and amasstransfer re-
sistance Z which replace the classic Warburg imped-
ance®, Theexperimental datawerethenfitted tothis
electronic equivaent circuit shownin Figure 10a. Se-
lected data are listed in TABLE 4. As expected the
éectrolyteresstance R isof thesameorder of magni-
tude around 45-50 Q. It can be noticed that thefilm
resistance R dependsonthe potential preconcentration:
R increasesasthepotentid. Thefilmisanionexchange
polymer, sulfonateionsRSO,” condtitutethe skeleton,
and the conductivity of thefilmisrelated to themobile
ionsNa" or Fe**. Under apotentia of 1V, thereisno
accumulation and Na* ions control the conductivity.

(@)

Under apotential of 1.3V, Na hasbeen exchanged by
Fe?* and the conductivity decreases or R, increases.
Finaly, under apotentid of 1.5V, thehugeincrease of
R may be explained by the destruction of thefilm. As
concerns the electrochemical process, under the
preconcentration potential of 1.3V corresponding to
thehighest redox couple concentration, thedoublelayer
capacitanceismaximum and thechargetransfer ress-
tanceisminimum. Concerning the masstransport, the
product Q xZ correspondsto atime constant for the
mass transport; it can be noticed that thistime con-
stant isthelowest under 1.3V because a high con-
centration of iron complex is present. Figure 10b rep-
resents ascheme of chargetransfersat the Nafion -
1,10-phenanthroline-modified carbon paste e ectrode.
During accumulation, thefilm behaves asanion ex-
change resin between Fe** and Na'; then Fe** is
complexed by 1,10-phenanthroline and readily oxi-
dizedinto Fe'", Na* ionsmigratetowardsthe solution.

—
R, QO
B O | I
e Q
R
| s | :
W
()
)
®e® & | ©
Felll w Fe’'| «—1 Fe™
eze ® &5:l°
graphite 1. 4 o 9 \Fe:+(:_>
@ Na +——»
=]
R(‘ta le ‘
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Figure10: a) Electronic equivalent circuit of the CM CPE immer sed in the supporting electrolyte: solution resistanceR,,
resstanceand imper fect capacitanceof thefilm R, and Q,, chargetransfer resistanceand imper fect double-layer capacitance
R, and Q,, masstransport parameter sQ and Z; b) Schemeof chargestransfer at theNafion -1,10-phenanthr oline-modified

carbon pasteelectrode © representsthe chargeof the Nafion RSO, skeleton, Fe'' =

Fe(phen),”, Fe'"' = Fe(phen) *.
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TABLE 4: Sdlected fitted data of e ectrochemical impedance
valuesobtained from Figure9

Sample R () Ri(Q)
+1V 485 111

+13V 434 354

+15V 504 6830

Qu(F)/n Rt () Q(MF)/n Z(Q)

30.6/066 9570 1.03/0.9 5.6x10*
54.2/055 4260 0.57/0.85 9.2 x10*
21.8/0.82 9789 0.95/0.89 9.7 x10*

Once the accumul ation process has taken place, the
electrochemical process occurred at the carbongrain
boundaries on the Fe'"/Fe' redox couple. According
to the proposed scheme, the masstransport occurred
inthe carbon paste: diffusion of theiron complex with
themigration of Na" ions. Under apotentia of 1.3V,
the high concentration of iron explainsthel ow timecon-
stant and theincrease of Z becauseNa'" concentration
decreases. Under apotential of 1.5V, theelectrodeis
denatured.

Theimpedanceresultsarein good agreement with
the previous results in this work: in the case of a
preconcentration potential of +1.3V, abetter and en-
hanced peak current for the differential-pulse
voltammetric determination of iron(l1) was achieved
(Figure5) and asshownin TABLE 3theiron content

ORIGINAL ARTICLE

at the el ectrode surface was maximum; SEM images
revedled that at potentialsgreater than 1.3V arougher
and crackled surface appeared (Figure 8).

Analytical applications

Before applying an analytical procedureto real
samples, onemust be careful to assessthe performance
of thed ectrochemical sensor. The sensor linear response
wasVverified usingthecalibration plot of iron(ll) inac-
etate buffer solution (pH 4.5). Figure 11 showsdiffer-
entia-pul se stripping voltammogramsfor sol utions of
increasing iron(ll) concentration, 107 — 1.6 x 10®
mol.L L. Well-defined pesks, whichincreaselinearly with
theiron(ll) concentration, are observed. Thecalibra-
tion plotisaso shownin Figure 11 (inserted graph). A
linear dependenceof stripping signa onincreasing con-
centration of iron(l1) isobtained with acorrelation co-
efficient R? equals0.9989.

Thefollowing rdaionwasusedto cdculaethelimit
of detection (LOD)™:

LOD:kS—Y/X

where§, isthestandard deviation, and aisthe slope

20 | | | | |
—y=0.9177 + 4.718e+06x R’=0.9989
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Figure11: Differential-pulsestripping DPV voltammogramsfor solutionsof increasingiron(l1) concentration, 107 —1.6 x
10° mol.L L. Inserted graph in upper right corner shows the calibration plot over the range 107 — 1.6 x 10 mol.L™,
(preconcentration potential: 1.3V for 3 minutes, electrode rotation: 1000 rpm, 0.1 mol.L* acetate buffer pH 4.5)
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of thecalibration plot, and kisaconstant equa to 3 as
recommended by [UPAC®®, The standard deviation
wasS, =0. 056 and a=4.7 x 105, leading to thelimit
of detectlon of 3.6 x 108 mol.L*(0.00202 mg/L).

We estimated the accuracy by anayzing acertified
solution of iron(11) (0.1 mg/L) using the standard addi-
tion method. A recovery of 99.01 % wasobtained. The
relative standard deviation (precision of the method)
for fivedeterminationsof 1 x 10°mol.L*iron(ll) was
1.5%. Theresultsare very satisfactory and indicate
that the proposed method can beused for iron(I1) de-
termination inagueous samples.

Theanaytica utility of the sensor hasbeen assessed
by applicationto thedetermination of iron(l1) metal ion
inreal groundwater samples. Theinvestigated ground-
water sampleswerecallectedinavillagecdled Yamtenga
(UTM coordinates: X = 669126 and Y = 1363944)
located at the outskirtsof Ougadougou (Figure 1 given

TABLE5: Location of groundwater samplessitesin thevil-
lage of Yamtenga.

Groundwater

. XUTM
samples sites

YUTM

Longitude

Latitude

1 668608

668700
3 668914
4 663124
5 667573
6 667562
7 667770
8 667926
9 667804
668403
669023

1364016
1364264
1364466
1389698
1364658
1364135
1364890
1364370
1365541
1365389
1365095

1°26' 57.74"
1°26' 54.64"
1°26' 47.52"
1°26' 28.40"
1°27'31.78"
1°27'32.33"
1°27'25.31"
1°27' 20.40"
1°27' 24.06"
1°27'4.26"
1°26'43.79"

12°20'3.753"
12°20'11.80"
12°20'18.33"
12°34'5.61"
12°20' 24.83"
12°20'7.82"
12°20'32.35"
12°20' 15.40"
12°20' 53.53"
12°20'48.47"
12°20'38.78"

insupplementary information). The sampleswere col-
lected at 11 groundwater sites(TABLEDS).

Usually, thewater coming from groundwaterscan
bedrunk by locd people, anditisfull of micro-amount
of elementswhich are needed for human health. Some-
timesthiswater cannot be drunk becauseitisbrown
and grey, andit smdls. Thiscolor isgeneraly connected
tothepresenceof iron(I1) and manganese(ll) metd ions
in groundwater. Peoplethen complain about thequality
of thegroundwatersthey drink. Theresultsof real de-
terminationof iron(Il) metd ionsingroundwater samples
fromthisvillagearegivenin TABLE 6. Theiron(ll)
meta ion concentration profiles obtained fromthecol -
lected groundwater samples sites of TABLE 5 are
showninFigure12. Theresultsindicatethat theiron
contentsof thesitesare higher than the admitted guide-
linevalue (0.3 mg/L) in drinking water given by the
WHO for human consumption. Groundwater iswater
whichissituated in underground aquifers. It isknown
that inthe aquifer zone, which can consist of severa
hydraulically separated zones, thefina composition of
thegroundwater isinfluenced through contact withthe
solidrock matrix. Thereforeafirst sourceof heavy metd
ionsin groundwater could betheir releaseinthe aquifer
when water comesinto contact with areasof the solid
rock matrix. Another source can bethere ease of heavy
metal ionsfrom anthropogenic activitiesandtheir trans-
portation through riversand streams aseither dissolved
speciesin water or as an integral part of suspended
sediments; they may then be stored inriver bed sedi-
mentsor seep into the underground water thereby con-
taminating water from underground sources, particu-
larly wells. Inthe present case, only the second source
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2

=
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] !

o
1

Samples
Figurel12: Iron(l1) metal ion profilesconcentration obtained from thecollected sitesof TABLE 5.
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of pollution will be used to explain the high content of
iron(I1) meta ions. Thefirst oneisimprobable because
the geol ogical map (Figure 2 givenin supplementary
information) has shown that iron isnot amajor con-
stituent of theareaand could not enter the aquifer by
dissolution of rock and soil.

TABLE 6: Determination of iron(I1) fromreal groundwaters
samplesby thestandard addition method. Theiron(l1) con-
tentsareexpressed inmg/L.

1%samples  2"samples 3%samples 4™ samples
Groundwater  collection collection  collection  collection
samples (06 November (06 February (30July (22 October
2010) 2011) 2011) 2011)
1 0.576 1.068 0.594 0.98
2 - 1.276 - -
3 0.586 1.046 0.606 1.142
4 0.948 0.672 1.006 0.276
5 2.06 0.132 1.244 0.514
6 0.606 0.736 0.582 111
7 - 0.976 1.002 0.718
8 1.002 0.848 0.748 0.99
9 - 0.47 1.13 1.052
10 0.88 1.792 0.876 0.73
11 0.634 0.722 0.662 -
CONCLUSION

Differentia pul sevoltammetric determination of
iron(I1) using Nafion-1,10-phenanthroline-modified
€l ectrode has been studied. Optimal anaytica param-
etersforiron(I1) determination have been ascertained.
SEM image corresponding to amaximum recovery of
theexaminediron(ll) ion, chemica composition analy-
s sand impedance measurementswerein good agree-
ment with the preconcentration potential of +1.3V vs
Eref used for the accumulation/differential pulse
voltammetric determination of iron(l1) at the Nafion-
1,10-phenanthroline-modified carbon paste e ectrode.
Assuming asimple model based on aredox polymer-
modified electrode, the impedance measurements
showed that thelowest chargetransfer resistance could
be achieved for apreconcentration potentia of +1.3V
vsEref applied at the CM CPE immersed in asupport-
ing eectrol yte contai ning the acetate buffer pH 4.5 and
theexaminediron(ll) ion.

The performance of the e ectrochemica sensor was
verified by analyzing areference standard sol ution of
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iron(I1). Theresults, estimated asrecovery and stan-
dard deviation, were satisfactory. Real groundwaters
sampleswerea so analyzedin avillageby the slandard
addition method. Determination of other heavy metd's
ionsareunder investigationin our laboratory. The present
datacondtitutethefirst study oniron(ll) contaminated
groundwatersin BurkinaFaso and will beextended to
othersrurd environment where heavy metasionspol-
lution (Cu®, TI*, Mn?* and Fe**) has been detected.
Thenext step of our work will betheimplementation of
anadsorption columnfor theremovd of theseionsfrom
groundwatersinrura environment.
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