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a b s t r a c t

In this novel, the iron(III)–PVC membrane sensor was investigated based on a new 1,1′-(iminobis(methan-
1-yl-1-ylidene))dinaphthalen-2-ol (IBMYD) synthetic ionophore as a suitable carrier. The best
performance was observed for the membrane composition including 33.0% PVC, 65.0% TEHP, 1.0% NaTPB
and 1.0% ionophore. The electrode displayed a linear potential response over a wide concentration range
from 1.0 × 10−7 to 1.0 × 10−1 mol L−1, with a detection limit of 5.0 × 10−8 mol L−1 and a good Nernstian

−1
eywords:
e(III)-selective electrode
VC membrane sensor
onophore
,1′-(Iminobis(methan-1-yl-1-
lidene))dinaphthalen-2-ol

slope of 19.9 ± 0.3 mV decade . The sensor possessed some advantages such as short conditioning time,
very fast response time (<12 s) and especially good discriminating ability towards Fe(III) ions over a wide
variety of alkali, alkaline earth, transition, and heavy metal ions. The potential response of the proposed
sensor was independent of the pH of the test solution, in the pH working range from 3.0 to 6.3. The fab-
ricated electrode was applied for at least 2 months, without any measurable divergence in the potential
characteristics. The optimized sensor was used successfully for direct and indirect determination of free
iron species in some different synthetic and real samples with satisfactory results.
. Introduction

Iron plays important roles in biological systems. With only a
ew possible exceptions in the bacterial world, there will be no
ife without iron [1]. If the iron concentration exceeds the normal
evel in the body, it may become a potential health hazard. Excess
mounts of iron ions in the body cause liver and kidney damages.
ome iron compounds are realized to be carcinogens. Hence, the
eed to iron ion determination in clinical, medicinal, environmental
nd different industrial samples has created several methods to

easure this analyte [2–7].
Among analytical available techniques, the carrier based ion-

elective electrodes are well established analytical tools that can be
sed to measure different ions with the most important properties
uch as high speed and non-destructive sample analysis, portability

∗ Corresponding author. Tel.: +98 831 7242218; fax: +98 831 7242218.
E-mail address: arash.babakhanian@gmail.com (A. Babakhanian).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.012
© 2009 Elsevier B.V. All rights reserved.

of the device, online monitoring, cost effectiveness and large mea-
suring range. Despite the urgent need to iron-selective sensors for
the potentiometric monitoring of Fe(III) ions, only limited reports
have been published related to Fe(III) ion-selective electrodes in
the literatures [8–16].

Compared to these previously mentioned sensors, the new
Fe(III)–PVC based ion-selective electrode revealed the better char-
acteristics in working activity range, Nernstian slope, response
time, stability and selectivity towards Fe(III) ions over a wide vari-
ety of alkali, alkaline earth, transition and heavy metal ions. The
recommended potentiometric sensor could also be used success-
fully for the direct and indirect determination of free iron species
in some different synthetic and real samples with satisfactory
results. We have recently reported the successful use of some PVC
based membrane sensors for the different cations such as Zn2+,

2+ 2+ 3+ 3+
Cu , Pb , Cr , Al and zirconium ion based on different neu-
tral ionospheres [17–21]. In this study, we were also motivated
to investigate the fabrication and characterization of a new ISE
based on 1,1′-(iminobis(methan-1-yl-1-ylidene))dinaphthalen-2-
ol (IBMYD) as a suitable ionophore (Fig. 1).

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:arash.babakhanian@gmail.com
dx.doi.org/10.1016/j.jhazmat.2009.12.012
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6-31G (d) basis set. The ab initio quantum-mechanical (QM) cal-
culations at HF level were checked to calculate the interaction
between ligand and iron ion in its +2 and +3 states. Interac-
tion energies for Fe(II)–IBMYD and Fe(III)–IBMYD complexes were

Table 1
Stability formation constants of different metal
ions with IBMYD.

Metal log Kf

Fe(III) 6.05 ± 0.02
Ag(I) 2.11 ± 0.03
Cu(II) 4.93 ± 0.02
Pb(II) 2.05 ± 0.03
Zn(II) 2.63 ± 0.04
Cd(II) 2.46 ± 0.03
Al(III) 4.01 ± 0.03
ig. 1. Structure formula of 1,1′-(iminobis(methan-1-yl-1-ylidene))dinaphthalen-
-ol.

. Experimental

.1. Chemicals

Analytical grade reagents such as 2-nitrophenyloctylether
O-NPOE), dibutylphethalate (DBP), dioctylphethalate (DOP),
ris(2-ethylhexyl)phosphate (TEHP), dioctylsebasate (DOS), benzy-
acetate (BA), acetophenone (AP), tetrahydrofuran (THF), sodium
etraphenylborate (NaTPB), oleic acid (OA), metal ion nitrate salts
nd high relative molecular weight poly(vinyl chloride) (PVC) were
sed as received from Merck or Fluka. Biological standard refer-
nce materials such as NIES, No. 1 pepperbush; NIES, No. 5 human
air; NIES, No. 6 mussels; and NIES, No. 2 pond sediment were pur-
hased from National Institute for Environmental Studies (NIES)
apans Company. Alloy standard reference materials such as NKK
o. 916 Aluminum Alloy; NKK No. 1021 Al, Si, Cu, Zn, Alloy and NKK
o. 920 Aluminum Alloy were also obtained from Nippon Keikin-
oku Kogyo (NKK) Japans Company. The stock solution of Fe(II) was
repared by dissolution of Fe(SO4)2(NH4)2 (reagent grade, Merck)

n 10% HCl to obtain a stable 0.01 mol L−1 of Fe(II) standard solution.
mixed buffer solution pH at 4.5, containing appropriate amount

f 0.1 mol L−1 acetic acid and 0.1 mol L−1 sodium acetate was also
sed to adjust the pH of the test solutions. Doubly distilled water
as used to prepare all the metal ion solutions throughout.

.2. Synthesis and characterization of
,1′-(iminobis(methan-1-yl-1-ylidene))dinaphthalen-2-ol

A new 1,1′-(iminobis(methan-1-yl-1-ylidene))dinaphthalen-2-
l ionophore was synthesized based on the condensation of
-naphthol with hexamethylenetetramine in acetic acid solvent
edium in accordance with Duff’s method [22]. 10 g of 2-naphthol

nd 4.9 g of hexamethylenetetramine were heated in acetic acid
olvent medium for an hour at 100 ◦C temperature. The resulting
roduct was collected and well washed in ethanol. After evapora-
ion of ethanol, a purified sharp pale yellow powder was obtained
ith a melting point of 220–222 ◦C (yield, 70%). The ligand struc-

ure was finally characterized by infrared and 1H NMR spectra. IR
KBr): 3050–3200, 1640, 1600, 1546, 1512, 1442, 1362, 1276, 1181,
020, 994, 815, 743 cm−1, 1H NMR (DMSO): 6.5–8.5 (phenyl pro-
ons, 12); 5.25 (CH2, 1); 9.35 (CH, 1); 10.29 (OH, 1); 14.2 (OH, 1);
.3–2.4 (solvent).

.3. Spectrophotometric study of the complex formation between
BMYD and some metal ions

The stoichiometry and stability constants of the resulting com-

lex formations between IBMYD and some metal ions were checked
pectrophotometrically. The spectra from a series of solutions con-
aining a constant concentration of 5.0 × 10−5 mol L−1 of ligand in
cetonitrile solution were individually recorded by changing the
oncentration of the metal ions at 25 ◦C. The typical results for
Fig. 2. Electronic absorption spectra of IBMYD ionophore in 5.0 × 10−5 mol L−1 of
acetonitrile by increasing Fe(III) ion concentration. Corresponding mole ratio plot
at 421 nm is shown in the inset.

Fe(III) target ion and IBMYD are shown in Fig. 2. As it can be seen,
the complex formation between Fe(III) and IBMYD was accompa-
nied by decreasing in the absorption band of the IBMYD at 421 nm
and by increasing in a new absorption band at about 377 nm. The
obtained mole ratio plot (absorbance vs [Fe3+]/[IBMYD]) at wave-
length of 421 nm for IBMYD–Fe(III) complex formation is shown in
the inset of Fig. 2. The stability constant results for the 1:1 complex
formations between IBMYD and other metal ions tested are listed
in Table 1. As it can be shown, the IBMYD with the most stable com-
plex with Fe(III) ion was expected to act as a selective ionophore to
prepare Fe(III)-selective membrane electrodes. The formation con-
stants of the resulting complexes between cations and IBMYD were
calculated by computer fitting of the corresponding mole ratio data
in accordance with a previously derived equation [23] and by using
a non-linear curve-fitting program, KINFIT [24].

2.4. Computational details

All calculations were carried out using Gaussian 98 program
[25]. Full geometry optimizations of the metal ion–ligand com-
plexes were performed at the Hartree-Fock (HF) level of theory.
The Hay-Wadt LANL2MB effective core potential (ECP), was used
for the iron ion (calculated in its +2 and +3 states) [26] and the
6-31G (d) basis set was used for all other atoms [27]. The struc-
ture of free IBMYD was optimized using the same method with
Ni(II) 2.82 ± 0.03
Co(II) 2.35 ± 0.04
Mn(II) 2.41 ± 0.02
Cr(II) 4.13 ± 0.03
Hg(II) 2.44 ± 0.03
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ig. 3. Full geometry optimization of the complex formation between the iron metal
ons with IBMYD ionophore using Gaussian 98 program. Optimized structures of (a)
ree and (b) iron(III)–IBMYD complexed.

0.469 and −1.412 a.u., respectively. This indicates that the IBMYD
nteracts more strongly with Fe(III) than Fe(II). The optimized
eometries of IBMYD and its Fe(III) complex is presented in
ig. 3.

.5. Electrode preparation

A polymeric casting solution was prepared by dissolving 33.0 mg
f PVC, 65.0 mg of TEHP plasticizer, 1.0 mg of NaTPB and 1.0 mg
f ionophore in 2–3 ml of THF solvent. The resulting mixture was
oured into a glass dish of about 2 cm in diameter. The solvent
as permitted to evaporate until an oily concentrated mixture was

btained. A Teflon tube (3–5 mm on top) was dipped into the oily
ixture for about 10 s to form a thin film of about 0.3 mm in thick-

ess. Then, the tube was pulled out from the mixture, kept at room
emperature for about 1 h, filled with the internal filling solution
.0 × 10−3 mol L−1 of iron(III) nitrate solution and conditioned for
4 h by its soaking in a 1.0 × 10−3 mol L−1 solution of Fe(NO3)3
efore use.

.6. Standard alloy sample preparation

The proposed method was applied to determine iron content
n some alloy standard reference materials such as NKK No. 916
luminum Alloy; NKK No. 1021 Al, Si, Cu, Zn, Alloy and NKK No.
20 Aluminum Alloy as received from Nippon Keikinzoku Kogyo
NKK) Japans Company. A 1.0 g sample of standard alloy samples

escribed in Section 3.5, were individually dissolved in 10–15 ml of
ydrochloric acid (1:1) and heated on a water-bath. Then, 2–3 ml
f 30% (v/v) hydrogen peroxide was added to them. The excess of
eroxide was decomposed by heating the samples. The solutions
ere cooled and filtered. The filtrated solutions were diluted to
us Materials 177 (2010) 159–166 161

100 ml with doubly distilled water in a standard flask. The total iron
contents of the alloy samples were measured by using the standard
addition method at pH 4.5.

2.7. Biological samples preparation

The proposed method was applied to determine iron content
in some biological standard reference materials such as NIES, No. 1
pepperbush; NIES, No. 5 human hair; NIES, No. 6 mussels; and NIES,
No. 2 pond sediment as received from Japanese National Institute
for Environmental Studies (NIES) reference materials Japans Com-
pany. A 1.0 g of biological samples described in Section 3.5, were
individually transferred into a beaker and dissolved in 5.0 ml con-
centrated nitric acid by the heating. The resulting solutions were
cooled, diluted and filtered. The filtrated solutions were diluted to
100 ml with doubly distilled water in a calibrated flask. The pH of
the test solution was kept on 4.5. The total free iron contents were
measured by using the standard addition method.

2.8. General procedure to determine free iron species in some
different synthetic samples

The proposed sensor was used successfully to determine free
iron content in some synthetic Fe(II)/Fe(III) mixture solutions at
different proportions by keeping the pH at 3.7. This pH value was
suitable for the quantitative determination of Fe(II) because at pH
higher than 4.2, Fe(II) ion species were properly converted to Fe(III)
due to its oxidation with OH− and O2 or by its hydrolysis in these
mediums [28].

Found concentration values for initial Fe(III) ion concentrations
present in the resulting mixtures and containing both target ions
were directly calculated based on the potential signals taken by the
proposed sensor at pH 3.7. Then, 5 ml of oxidizing agent (concen-
trated nitric acid) was added to the resulting mixtures to convert
the initial Fe(II) to Fe(III) ion species and the total free Fe(III) ion
concentrations were measured at pH 3.7. The initial Fe(II) ion
concentrations present in the resulting mixture solutions were
indirectly measured by subtracting the found values for the ini-
tial Fe(III) and total iron contents. In all these measurements, the
standard addition method was applied at pH 3.7.

2.9. EMF measurements

The representative electrochemical cell for the EMF mea-
surements was as follows: Ag/AgCl, KCl (3 mol L−1)|internal
solution: Fe(NO3)3 (1.0 × 10−3 mol L−1)|PVC membrane|test
solution|Hg/Hg2Cl2, KCl (satd). A Metrohm-692 pH/mV meter was
also used during the experiments at 25.0 ± 0.1 ◦C. Absorbance
spectra were recorded using a HP spectrophotometer (Agilent
8453) equipped with a thermostated bath (Huber polystat cc1). In
the complexation studies, the temperature of the cell holder was
maintained at 25 ± 0.1 ◦C.

3. Results and discussion

The structure of IBMYD as a ferric ion-selective ionophore is pre-
sented in Fig. 1. The complex formation constants between IBMYD
ionophore and some metal ions were checked spectrophotomet-
rically (Table 1). The results showed that the IBMYD synthesized
ionophore had a good discriminating ability towards Fe(III) ions

over a wide variety of alkali, alkaline earth, transition, and heavy
metal ions. The theoretical Gaussian studies showed that the
ionophore was also a three dentate ligand and formed the most
stable complex with Fe(III) as ML complex formation compared to
Fe(II) and other metal ions tested.
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ig. 4. Potential response of the Fe(III) ion-selective electrode based on IBMYD to
arious metal ions.

The existence of two donating hydroxyl atom groups as well as
ne donating nitrogen atom in the structure of IBMYD molecule
as expected to increase the stability of the complex formation

etween Fe(III) and IBMYD ionophore, and its selectivity towards
arget ions. Thus, the proposed IBMYD ionophore was understood
o be a suitable neutral carrier to prepare the Fe(III)-selective

embrane electrodes. Consequently, the potential response of the
lectrode to various metal ions was checked. A typical potential
esponse curve is presented in Fig. 4. As it can be shown, among
he different cations tested, Fe(III) with the most sensitive response
eemed suitable to be determined with the PVC membrane elec-
rode based on IBMYD. The EMF responses obtained for all other
ations were much lower than those expected by the Nernstian
quation. This was probably due to both the selective behavior of
he ionophore against Fe(III) compared to some other metal ions
nd the rapid exchange kinetics of the resulting complexes [21].
t was well known that the sensitivity and selectivity obtained for
given ion-selective electrode depends not only on the nature of

onophore used, but also significantly on the membrane composi-
ion and the properties of the plasticizer used [29,30].

Thus, the effect of different proportions of the membrane com-
onents, such as ionophore, PVC, plasticizer and additive materials
ere examined (Table 2). The best performance was observed with

he membrane electrode No. 9, comprising the percent ratio as
3:65:1:1 for PVC:TEHP:IBMYD:NaTPB constituents, respectively.

lasticizers should gather certain properties and characteristics
uch as high lipophilicity and molecular weight, low tendency to
xudation from the polymeric matrix, low vapor pressure and high
apacity to dissolve the substrate and other additives present in the

able 2
ptimization of membrane ingredients for the iron(III)-sensor (n = 5).

Membrane number Composition (%)

PVC (mg) Plasticizer (mg) Additive (mg)

1 34 65 (NPOE) 0
2 34 65 (DOS) 0
3 34 65 (AP) 0
4 34 65 (DBP) 0
5 34 65 (BA) 0
6 34 65 (DOP) 0
7 34 65 (TEHP) 0
8 33 65 (TEHP) 1.0 (OA)
9 33 65 (TEHP) 1.0 (NaTPB)
10 32 65 (TEHP) 1.0 (NaTPB)
11 32 65 (TEHP) 0.5 (NaTPB)
12 31 65 (TEHP) 0.5 (NaTPB)
13 30 65 (TEHP) 1.0 (NaTPB)
14 30 65 (TEHP) 1.5 (NaTPB)
15 34 65 (TEHP) 1.0 (NaTPB)
ous Materials 177 (2010) 159–166

polymeric membrane. Additionally, its viscosity and dielectric con-
stant should be adequate [31]. The values of the dielectric constant,
lipophilicity, viscosity and molecular weight of some plasticizers
used had been illustrated previously [32,33]. In this study, the best
results were observed when TEHP was used as a solvent mediator
(Table 2). These results seemed to indicate a synergism between
lipophilicity and polarity of TEHP to reach an intermediate value.

The lipophilic negatively charged additive salts such as NaTPB
and oleic acid are also required to add into the membrane com-
positions to decrease the ohmic resistance, response time and
anionic interference of cation-selective membrane. Moreover, the
use of additives may enhance the response behaviors, sensitivity
and selectivity in which the extraction capacity is poor or even if
insufficient amount of ionophore present improve the selectivity,
sensitivity and extraction capacity for the certain selective elec-
trodes [29,34]. Additives may also catalyze the exchange kinetic
at the sample-membrane surface and increase significant changes
in the selectivity [34]. Thus, the PVC membranes (No. 1–7) with
out additive used showed the sub-Nernstian slopes. Addition of
ionophore more than 1%, resulted in the diminished and slug-
gish response of the electrode that was most probably due to
possible saturation of the membrane [35]. The proposed elec-
trode also revealed a good wide working concentration range from
1.0 × 10−7 to 1.0 × 10−1 mol L−1 with the Nernstian compliance
slope of 19.9 ± 0.3 mV decade−1.

3.1. Effect of pH on the potential response of the electrode

The pH dependence of the electrode’s potential was investigated
over a pH range 1.0–9.0, for 1.0 × 10−3 and 1.0 × 10−5 mol L−1 of
Fe(III) ion concentrations. The results are summarized in Fig. 5. As
it can be shown, the potential was almost independent of pH within
the range 3.0–6.3. The observed drift at pH values higher than 6.3
could be due to the formation of some hydroxyl complexes of Fe(III)
ions in the test solution. At pH values lower than 3.0, the poten-
tial decreased because the protonated ionophore possessed a poor
response to Fe(III) ions in the test solution. Thus, a mixed buffer
solution pH at 4.5 was used to adjust the pH of the whole solutions
tested.

3.2. Influence of the inner filling solution concentration and
condition time
The phase boundary potential theory was more acceptable
model to explain responses in the ion-selective membrane elec-
trodes with the conventional inner filling solution [36–38]. The
proposed membrane electrode was also examined with differ-

Slope (mV decade−1) Dynamic range (mol L−1)

Ionophore (mg)

1 24.6 ± 0.5 1.0 × 10−4–1.0 × 10−1

1 10.3 ± 0.4 1.0 × 10−5–1.0 × 10−2

1 12.5 ± 0.4 1.0 × 10−4–1.0 × 10−1

1 11.4 ± 0.3 1.0 × 10−4–1.0 × 10−1

1 14.0 ± 0.5 1.0 × 10−5–1.0 × 10−1

1 15.6 ± 0.4 1.0 × 10−5–1.0 × 10−1

1 17.2 ± 0.3 1.0 × 10−6–1.0 × 10−1

1 18.8 ± 0.4 6.0 × 10−7–1.0 × 10−1

1 19.9 ± 0.3 1.0 × 10−7–1.0 × 10−1

0.5 19.1 ± 0.4 3.0 × 10−7–1.0 × 10−1

1 19.3 ± 0.5 5.0 × 10−7–1.0 × 10−1

0.5 18.0 ± 0.3 8.0 × 10−7–1.0 × 10−1

1.5 18.7 ± 0.4 6.0 × 10−7–1.0 × 10−1

1 18.4 ± 0.4 5.0 × 10−7–1.0 × 10−1

0 3.8 ± 0.5 1.0 × 10−4–1.0 × 10−2
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Fig. 5. Effect of pH on the response of the Fe(III) ion-selective electrode.

nt concentrations of the inner filling solution from 1.0 × 10−5 to
.0 × 10−2 mol L−1 of Fe(III) ion concentration. It was found that
hanging the concentration of the internal solution caused no sig-
ificant difference in the potential response, except an expected
hange in the intercept of the resulting Nernstian plots. Thus, a
.0 × 10−3 mol L−1 of Fe(NO3)3 ion concentration was quite appro-
riate to smooth functioning of the electrode with the conditioning
ime about 24 h.

.3. Response time, life time, calibration curve and
eproducibility of the proposed electrode

The average response time required for the Fe(III) ion-selective
lectrode (No. 9) to reach a potential within ±0.5 mV of the final
quilibrium value was investigated for the test solutions each
aving a 10-fold difference in concentration from 1.0 × 10−7 to
.0 × 10−1 mol L−1 after successive immersion in a series of iron(III)

on solutions. The result is given in Fig. 6. As it can be presented,
n the whole concentration range, the static response times of the

embrane electrode were obtained in the short response times
<12 s). The potentials remained constant for at least 5 min while
he potentials were recorded from low to high concentrations and

ise versa.

The PVC membrane electrode prepared, filled by conventional
nner filling solution and operated under best experimental con-
itions showed a linear response to the activity (concentration) of

ig. 6. Dynamic response time of the proposed electrode for the step changes in
he concentration (from low to high and vice versa): (A) 1.0 × 10−7 mol L−1,
B) 1.0 × 10−6 mol L−1, (C) 1.0 × 10−5 mol L−1, (D) 1.0 × 10−4 mol L−1, (E)
.0 × 10−3 mol L−1, (F) 1.0 × 10−2 mol L−1 and (G) 1.0 × 10−1 mol L−1.
Fig. 7. Calibration curve for Fe(III) ion-selective electrode based (composition No.
6), at pH 4.5.

Fe(III) ion concentration in the range 1.0 × 10−7–1.0 × 10−1 mol L−1

with a Nernstian slope of 19.9 ± 0.3 mV decade−1 of Fe(III) ion
concentration (Fig. 7). 1.0 × 10−1–1.0 × 10−1 mol L−1 with a Nern-
stian slope of 19.9 ± 0.3 mV decade−1 of Fe(III) ion concentration
(Fig. 7). The detection limits of about 5.0 × 10−8 mol L−1 was
determined by the intersection of the two extrapolated seg-
ments of the calibration graph. To evaluate the reproducibility
of this electrode, a series of membranes (seven) with the similar
composition (No. 6) were prepared and the response of these elec-
trodes to Fe(III) ion concentration was tested. The results showed
that the average of slopes, detection limits and linear dynamic
ranges were 19.9 ± 0.3 mV decade−1, 5.0(±0.4) × 10−8 mol L−1 and
1.0(±0.3) × 10−1–1.0(±0.3) × 10−7 mol L−1, respectively. The stan-
dard deviation of eight replicate measurements was ±0.3 mV.
Reproducibilities of these electrodes were also checked to recover
five replicate measurements of 2.0 × 10−3 and 3.0 × 10−5 mol L−1 of
iron(III) ion concentrations using the proposed sensor. The results
showed that there are good reproducibilities for all cases (RSDs
<5.5). The main lifetime factors of the proposed sensor were also
checked. The prepared membrane electrode was very stable and
could be used over a period of at least 2 months without observ-
ing any measurable changes in the response characteristics. This
prominent feature was properly due to the best lipophilicity of the
ionophore and plasticizer which results in potential stability and
long lifetime of the membrane electrode [39,40].

3.4. Potentiometric selectivity

One of the most important characteristic of a membrane elec-
trode was its response to the target ion to be measured over
other ions and species present in the solution. This characteristic
was expressed in terms of the potentiometric-selectivity coeffi-
cient. In this study, potentiometric-selectivity coefficients for some
cations, amino acids, sugars, vitamins and surfactants tested were
determined by the mixed-solution method (MSM) [41,42]. A fixed
concentration of iron(III) (1 × 10−3 M) and different amounts of
interfering species (x) were used to check the selectivity coefficients
in accordance with Eq. (1).

Kpot
Fe(III),x a(1/n)

x = aFe(III)

[
exp(E2 − E1)

F

RT

]
− aFe(III) (1)

where, E1 and E2 were the electrode potentials for the solution of

iron(III) alone and for the solution containing interfering species
and iron(III), respectively. The potentiometric-selectivity coeffi-
cient values (KFe(III),x

pot) could be evaluated from the slope of the

graph of aFe(III) [exp(E2 − E1) F/RT] − aFe(III) vs a(1/n)
x . The resulting

selectivity coefficients are summarized in Table 3.
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Table 3
Selectivity coefficient of various interfering ions for the proposed sensor based on the MSM method (n = 3).

Interfering K Interfering K Interfering K

Fe2+ 4.62 × 10−4 Al3+ 3.21 × 10−2 Vitamin A 1.24 × 10−5

Pb2+ 8.59 × 10−4 Mn2+ 2.65 × 10−3 l-Lysine 9.31 × 10−6

Cd2+ 5.35 × 10−4 Co2+ 1.93 × 10−3 TritonX-100 4.70 × 10−4

Ni2+ 7.16 × 10−3 Sr2+ 5.41 × 10−5 Glucose 2.94 × 10−5

Cr3+ 8.23 × 10−2 Ba2+ 6.74 × 10−5 d-Argenine 8.78 × 10−6

Cu2+ 6.45 × 10−2 Mg2+ 3.12 × 10−4 CTAB 5.33 × 10−4

Zn2+ 6.70 × 10−3 K+ 4.13 × 10−5 Vitamin E 1.53 × 10−5

Ag+ 2.18 × 10−4 Ca2+ 1.01 × 10−4 Fructose 4.04 × 10−5

Hg2+ 4.36 × 10−4 Pd2+ 3.26 × 10−4 Vitamin B6 3.19 × 10−5

Table 4
Determination of the iron(III) ion concentrations in some different samples (n = 5).

Sample Added (mol L−1) Found by ISE (mol L−1) Found by AAS (mol L−1)

Tap water 2 × 10−2 (2.03 ± 0.03) × 10−2 (2.02 ± 0.02) × 10−2

4 × 10−4 (4.13 ± 0.12) × 10−4 (4.11 ± 0.10) × 10−4

3 × 10−6 (2.79 ± 0.19) × 10−6 (3.21 ± 0.22) × 10−6

Mineral water 2 × 10−2 (2.04 ± 0.04) × 10−2 (2.05 ± 0.05) × 10−2

4 × 10−4 (3.87 ± 0.12) × 10−4 (3.85 ± 0.14) × 10−4

3 × 10−6 (2.77 ± 0.20) × 10−6 (2.79 ± 0.19) × 10−6

Waste water 2 × 10−2 (2.03 ± 0.03) × 10−2 (2.04 ± 0.04) × 10−2

4 × 10−4 (4.15 ± 0.14) × 10−4 (4.15 ± 0.13) × 10−4

3 × 10−6 (3.25 ± 0.27) × 10−6 (3.26 ± 0.27) × 10−6

Table 5
Analysis of total iron content in the standard alloy by the proposed sensor (n = 7).

Sample Composition (%) Concentration certified
value (%)

Found value (%)

NKK No. 916 Aluminum Alloy Si, 0.41; Mg, 0.10; Cr, 0.05; B, 0.0006; Ni, 0.06; Ti, 0.10; Sn,
0.05; Cu, 0.27; V, 0.02; Sb, 0.01; Zr, 0.05; Bi, 0.03; Co, 0.03;
Mn, 0.11; Zn, 0.30; Pb, 0.04

0.54 0.50 ± 0.04

NKK No. 1021 Al, Si, Cu, Zn, Alloy Si, 5.56; Mg, 0.29; Cr, 0.03; Ni, 0.14; Ti, 0.04; Sn, 0.10; Pb,
0.18; Sb, 0.01; Zr, 0.01; Bi, 0.01; V, 0.007; C
0.11; Cu, 2.72; Zn, 1.76

0.99 0.95 ± 0.06

NKK No. 920 Aluminum Alloy Si, 0.78; Mg, 0.46; Cr, 0.27; Ni, 0.29; Sb, 0.1
0.05; Ca, 0.03; Zn, 0.80; Co, 0.1; Mn, 0.20; C

Fig. 8. Potentiometric titration curve of 25 ml of a 1.0 × 10−4 mol L−1 solution of
iron(III) with 1.0 × 10−2 mol L−1 of EDTA.
a, 0.004; Mn,

0; Bi, 0.06; Ga,
u, 0.71; V, 0.15

0.72 0.76 ± 0.05

As it can be shown, all the cations, sugars, surfactants, amino
acids and vitamins tested were not expected to interfere on appli-
cability of the proposed iron(III)-selective sensor except vitamin
C. In this study, we preferred to check the real samples that con-
tained no vitamin C or properly had less amounts of vitamin C. A
typical general procedure was suggested to measure iron contents
in biological samples which included vitamin C or may be any other
interferences by the authors as follow: you may heat appropriate
amounts of real samples in a furnace to dryness using dry ashing
method at the desired temperature. The reminder is dissolved in
nitric acid and diluted to 25 ml by triply distilled water. The result-
ing solution is followed by the proposed sensor to estimate iron
contents without any side interferences.

3.5. Analytical applications

The proposed sensor was examined successfully for the poten-
tiometric titration of 25 ml of a 1.0 × 10−4 mol L−1 of Fe(III) ion
concentration with 1.0 × 10−2 mol L−1 of EDTA, at pH 4.5. As it can
be presented from Fig. 8, the end point on the graph (250 �L) closely
agreed to the calculated equivalent point (253 �L). To assess the
applicability of the proposed electrode to real samples, an attempt

was made to determine the Fe(III) ion concentration in waste and
tap water as spiked, alloy and biological samples (Tables 4–6). The
samples were pre-treated by the suitable methods described in
this paper and analyzed by the ISE at pH 4.5. The results obtained
by the proposed sensor were in accordance with the data taken
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Table 6
Analysis of total iron content in the biological samples by the proposed sensor (n = 7).

Sample Composition Certified value (�g g−1) Found value (�g g−1)

NIES, No. 1 (pepper bush) K, 1.51 ± 0.06; Mn, 0.203 ± 0.107; Mg, 0.408 ± 0.020; Cu,
12 ± 1; Co, 23 ± 3; Pb, 5.5 ± 0.8; Ni,8.7 ± 0.6; Ti(0.13); Rb,
75 ± 4; Ba,165 ± 10; Na, 106 ± 13; Sr, 36 ± 4; Hg(0.056); As,
2.3 ± 0.3; P(1100); Cr(1.3); Cs(1.2); Ca, 1.38 ± 0.07%; Cd,
6.7 ± 0.0.5; Zn, 340 ± 20

205.0 ± 17 219.0 ± 13.6

NIES, No. 5 (human hair) Pb, 6.0; Cd, 0.2; Sb, 0.07; Ni, 1.8; Al, 240; Co, 0.10; Hg, 4.4;
K, 34; Rb, 0.19; Sc, 0.05; Se, 1.4; Na, 26; Mg, 208; Sr, 23; Ti,
3.2; Ca, 728; Cr, 1.4; Ba; 2.2; Cu, 163; Zn, 169

225.0 210.7 ± 12.2

NIES, No. 6 (muscle) Na, 1.00 ± 0.03; K, 0.54 ± 0.02; Ca, 0.13 ± 0.01; As, 9.2 ± 0.5;
Mg, 0.21 ± 0.01; P(0.77%); Mn, 16.3 ± 1.2; Zn, 106 ± 6; Cu,
4.9 ± 0.3; Ni, 0.93 ± 0.06; Hg(0.05); Cr, 0.63 ± 0.07; Ag,
0.027 ± 0.003; Pb, 0.91 ± 0.04; Cd, 0.82 ± 0.03; Al(220);
Sr(17); Se(1.5); Co(0.37)

158 ± 8 168.0 ± 10.6

NIES, No. 2 (pond sediment) Al, 10.6 ± 0.5; Ca, 0.81; K, 0.68; Cu, 210; Zn, 0.82 ± 0.03; Cr,
75; Ni, 40; Cd, 0.82; Co, 27; Pb, 105; AS, 12

6.53 ± 0.03 7.07 ± 0.56

Table 7
Analysis of synthetic Fe(II)–Fe(III) mixture solutions at different proportions by the proposed sensor, (n = 7)a.

Certified values (mol L−1) Fe(II)/Fe(III) Found values (mol L−1) Fe(II)/Fe(III) Recovery (%) Fe(II)/Fe(III)

1.0 × 10−5/1.0 × 10−5 (1.07 ± 0.08) × 10−5/(1.06 ± 0.07) × 10−5 107.0/106.0
1.0 × 10−5/1.0 × 10−4 (1.08 ± 0.02) × 10−5/(0.96 ± 0.04) × 10−4 108.0/96.0
1.0 × 10−4/1.0 × 10−5 (1.03 ± 0.02) × 10−4/(1.06 ± 0.06) × 10−5 103.0/106.0
1.0 × 10−3/1.0 × 10−5 (0.98 ± 0.03) × 10−3/(1.06 ± 0.05) × 10−5 98.0/106.0
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a Initial concentration of Fe(II)/Fe(III) in the synthetic mixture with the pH 3.7.

y flame atomic absorption spectrometry (FAAS). Finally, the pro-
osed sensor was used for direct and indirect determination of free

ron concentrations in some different synthetic sample solutions
ontaining both target ions at different concentration ratios. The
esults obtained by the proposed sensor are listed in Table 7. As it
an be shown, the proposed electrode was also quite precise and
ccurate.

. Conclusion

The PVC-based membrane electrodes incorporating 1,1′-
iminobis(methan-1-yl-1-ylidene))dinaphthalen-2-ol carrier
evealed some inherent advantages including easy preparation,
ow cost, wide dynamic range, low detection limit, suitable pH
ange, Nernstian behavior and good reproducibility. The sensors
ere used successfully for the titration of iron(III) ion concen-

ration with EDTA and could also be used to estimate free iron
on concentrations in some real and synthetic samples with
atisfactory results.
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