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Abstract

A new polyvinylchloride membrane sensor for Cd** ions based on N,N'-(4-methyl-1,2-phenylene)diquinoline-2-carboxamide (Mebgb) as a
new and excellent neutral ionophore has been prepared. The sensor shows a Nernestian response for cadmium ions over a wide concentration
range (1.0 x 107° to 1.0 x 107! M) with the determination coefficient of 0.9964 and slope of 29.9 £ 0.5 mV decade™'. The limit of detection is
8 x 1077 M. It has a fast response time of 3-8 s and can be used for at least 8 weeks without any divergence in potential. The electrode can be
used in the pH range from 4.0 to 9.0. The proposed sensor shows a very good discriminating ability towards Cd** ion in comparison to some
alkali, alkaline earth, transition and heavy metal ions. It was successfully applied for the direct determination of Cd**in standard and real sample

solutions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There is a challenge for analytical chemists to develop new
sensors for the fast, accurate, reproducible, and selective deter-
mination of various species in the fields of environmental,
agricultural and medicinal analysis. During the past two decades,
many efforts has been done in the synthesis and characteri-
zation of neutral ionophore with high selectivity for specific
metal ions to develop new potentiometric and optical sensors
for the determination of the respective metal ions in real sam-
ples [1-3]. In modern world, the pollution of heavy metal ions
is becoming more and more severe. Cadmium is a toxic heavy
metal that appears in the environment mainly due to industrial
processes. Besides natural exposure from soils or earth crust
with high content of cadmium, anthropogenic processes like
combustion of coal and mineral oil, smelting, mining, alloy pro-
cessing, paint industries, etc. are the major sources of lead and
cadmium to the people in the vicinity of the industrial areas.
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Human uptake of cadmium takes place mainly through food.
Foodstuffs that are rich in cadmium can greatly increase the
cadmium concentration in human bodies. Examples are liver,
mushrooms, shellfish, mussels, cocoa powder and dried sea-
weed. Another important source of cadmium emission is the
production of artificial phosphate fertilizers. Cadmium strongly
adsorbs to organic matter in soils. United States Environmen-
tal Protection Agency (EPA) has found cadmium to potentially
cause the following health effects when people are exposed to it
at levels above the minimum concentration level (MCL) for rela-
tively short periods of time: nausea, vomiting, diarrhea, muscle
cramps, salivation, sensory disturbances, liver injury, convul-
sions, shock and renal failure and in long-term cadmium has the
potential to cause the following effects from a lifetime exposure
at levels above the MCL: kidney, liver, bone and blood dam-
age [4]. Recently, several techniques including; flame atomic
absorption spectrometry (FAAS), electrothermal atomic absorp-
tion spectrometry (ETAAS), inductively coupled plasma mass
spectrometry (ICP-MS) and atomic fluorescence spectrometry
(AFS) [5-12] have been used for the determination of trace ele-
ments in different samples, but the wide utilization of these
methods is limited by the expensive equipment. At the same
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Scheme 1. The Mebgb structure.

time, numerous voltammetric methods especially using chemi-
cally modified electrodes (CME) have been developed [13,14].
Because of some imperfectness of these methods for applica-
tion to routine analysis, considerable efforts have been directed
towards the design and synthesis of highly selective ionophore
[15]. Since less than three decades ago the solid-state ISE
based on a mixed CdS/Ag,S membrane has been commercially
available [16]. Polymeric carrier-based ion-selective electrodes
(ISEs) for determining the alkali metal cations such as sodium
[17,18], potassium and lithium [19] have been studied numer-
ously. The efforts are needed to make ion-selective electrodes
for heavy metal ions in very low concentration [20,21], so we
were interested in preparation of a new solvent polymeric mem-
brane electrode for selective and fast monitoring of cadmium
ion in solutions. The most important advantages of proposed
polymeric carrier-based ISE over solid-state ISE based on a
mixed CdS/Ag,S membrane are their required fine condition-
ing, near-Nernestian slope and short response time [16]. In the
present work, we use Mebgb, synthesized recently in our labora-
tories, as an excellent neutral ion carrier in construction of novel
cadmium(II)-PVC membrane electrode [22]. The ionophore is
shown in Scheme 1.

2. Materials and methods
2.1. Reagents

Reagent grade dibutyl phthalate (DBP), dioctyl phthalate
(DOP), sodium tetraphenyl borate (NaTPB), tetrahydrofuran
(THF) were purchased from Merck and polyvinylchloride
(PVC) with high molecular weight from Fluka were used as
received.

A 0.1 M stock solution of cadmium nitrate was prepared by
dissolving an appropriate, accurate amount of Cd(NO3)2-4H>0
(Merck). A 1.0x107° to 1.0x 10"'M solution of cad-
mium ion was prepared daily by sequential dilution of
the appropriate stock solution with doubly distilled water.
Nitrate salts of cations (all from Merck) were of the high-

est purity available. All other reagents used were of analytical
reagent grade, and doubly distilled water was used through-
out. Mebgb as an ionophore was synthesized recently in our
laboratories.

2.2. Construction and calibration of electrodes

Membranes with different PVC/plasticizer ratios were stud-
ied for finding the most suitable membrane composition. The
optimum composition was 31% of powdered PVC, 59% of a
plasticizer (DOP), 4% of an additive (NaTPB) and 6% of the
corresponding ionophore. These were mixed in 5 mL THF. The
resulting clear mixture was evaporated at room temperature
slowly until an oily concentrated mixture was obtained. A Pyrex
tube (3 mm o.d.) was dipped into the mixture for about 10, so
that a non-transparent membrane of about 0.3 mm thickness was
formed. The tube was then pulled out from the mixture and kept
atroom temperature for about 24 h. The tube was then filled with
aninternal filling solution (1.0 x 103 M Cd(NO3),-4H,0). The
electrode was finally conditioned by soaking for 24 hina 0.01 M
solution of cadmium nitrate. An SCE electrode was used as the
reference internal electrode. The compositions of the membrane
electrode are summarized in Table 1.

2.3. Apparatus and emf measurements

A cadmium-selective PVC electrode and a saturated calomel
electrode (SCE) were used as an indicating electrode and a
reference electrode, respectively. The emf measurements were
carried out at room temperature with a Fanavary Tajhizat Sanjesh
pH meter Model 162, a double junction SCE reference elec-
trode. The electrode cell assembly of the following type was
used: (SCE) internal solution (1.0 x 1073 M Cd(NO3),-4H,0)
sensor membrane (sample solution) (SCE).

The potential reading of each solution was recorded when
it became stable, and then plotted as a logarithmic function of
Cd(II) cation activity. The activities of metal ions were based
on the activity coefficient g, data calculated from the modified
form of the Eq. (1) (Debye—-Huckel Eq.), which is applicable to
any ion:

Logy = —0.511Z%[u'? /(1 + 1.511%) — 0.2 1)

where p is the ionic strength and Z is the valency. All measure-
ments were carried out at 25 + 0.1 °C.

2.4. Procedure for the determination of Cd Ion in the real
samples

Spiked and real water and waste water samples containing
different cadmium concentrations for standard addition method
were prepared by adding known amounts of cadmium to the
samples. The cadmium selective and reference electrodes were
immersed in the samples and the cadmium concentrations were
determined by direct potentiometry and using the standard addi-
tion technique.
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Table 1

Composition and optimization of membranes ingredients

No. PVC (%) Plasticizer (%) Ionophore (%) NaTPB (%) Slope (mV decade™!) Linear range (mol L~!) R?
1 29.7 DOP, 61.3 5 4 —27.6 1.0x 1073 t0 1.0 x 107! 0.9999
2 29 DOP, 62 5 4 —20.7 1.0x 1072 t0 1.0 x 107! 0.9963
3 28.5 DOP, 62.5 5 4 -19.3 1.0x 100 t0 1.0 x 107! 0.9752
4 30.7 DOP, 61.7 5 3 —26 50x107%t0 1.0 x 107! 0.9979
5 30 DOP, 61 6 3 —28.7 1.0x 107 to 1.0 x 10! 0.9956
6 30 DOP, 59 7 4 —36.2 1.0x 1070 t0 1.0 x 1072 0.9959
7 30 DOP, 31 DBP, 31 5 3 -213 1.0x 107 t0 1.0 x 107! 0.9743
8 31 DBP, 59 6 4 —29.9 1.0x 100 t0 1.0 x 107! 0.9964
9 30 DOP, 60 6 4 —28.6 1.0x 100 t0 1.0 x 107! 0.9991

10 29 DOP, 60 7 4 —32.7 1.0x 107% t0 5.0 x 1072 0.9944

11 33 64 - 3 —-10.5 1.0x10*t0 1.0 x 107! 0.8153

12 32 DOP, 63 5 - —13.2 1.0x 107* t0 1.0 x 10! 0.8327

3. Results and discussion
3.1. Preliminary potentiometric studies

In preliminary experiments, the proposed ligand was used,
in the preliminary experiments, as a neutral carrier to prepare
polymeric membrane electrodes for a variety of metal ions. As
it can be seen from Fig. 1, among different tested cation, cdz+
with the most sensitive response seems to be suitably determined
with the PVC membrane based on the proposed ligand and the
emf responses obtained for all other cation-selective electrodes
are much lower than the predicted by the Nernst equation. The
results might indicate that the selectivity towards these ions is
masked by the low detection limit of the electrode, which is most
probably due to the transport of Cd** ions from the measuring
solution to the boundary between membrane and the solution
as discussed by Bakker and co-workers [23,24]. Among the
properties of the zinc group metal ions is their unique ability
to adopt various coordination geometries and to form different
chelates ring size with chelating ligands bearing strong 3-donor
atoms [25,26]. The interaction between the metal ion and the
donor atoms of the ligand is in part electrostatic leading to the
complexes that can participate in reversible reactions. Mebqpb is
Ny tetradendate ligand that provides the optimum structure for
selective interaction with Cd>*.
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Fig. 1. Potential response of various ion-selective electrodes based on Mebgb.

3.2. Influence of membrane composition

Besides the critical role of the nature of ion carriers in prepar-
ing membrane-selective sensors, some other important features
of the PVC membrane are known to significantly influence the
sensitivity, linearity range and selectivity of ion-selective elec-
trodes. These include the amount of ionophore, the nature of
solvent mediators, the plasticizer/PVC ratio, and especially the
amount and nature of the additives used [27]. Thus, different
aspects of membrane preparation based on Mebgb for Cd**ions
were optimized and the results are summarized in Table 1.
Ligands used as ionophore in a Cd(II) ion-selective electrode
should be selective for Cd**ion over other metal cations due
to its ring structure size and distance between electron donor
group, and be sufficiently lipophilic to prevent leaching of the
ligand into the aqueous solution surrounding the membrane elec-
trode and have fast exchange capabilities [28,29]. Due to its
sufficient insolubility in water and the presence of two oxygen
and several nitrogen-donating atoms in its structure, this lig-
and was expected to act as a suitable ion carrier in the PVC
membrane-based sensors. For the proposed membrane the pres-
ence of the ionophore has highly considerable effect on the
slope and electrode response, as demonstrated on membrane
No. 11.

By increasing the amount of the additives the electrode repre-
sents acceptable response and slope is getting close to Nernestian
slope. So the polymeric membranes were investigated to mea-
sure the ability of the ionophore to act as an ion carrier in the
absence and presence of the lipophilic additive. The response of
the membrane without additive gave poor sensitivity and resulted
in diminished slope (membrane No. 12).

If the plasticizer percentage arises in mixture, the hydrophilic
characteristics and so the electrode response increase to a spe-
cific limit and after that the interfering ions have negative effects
on membrane selectivity and sensitivity (membrane No. 3).

The results obtained with different membrane composi-
tions show that membrane number 8 with composition of
DOP:PVC:Mbqgb:NaTPB and the percent ratio of 59:31:6:4 has
the optimum composition, slope and dynamic range for detect-
ing cadmium ions, so it was selected for preparation of the
polymeric membrane electrode.
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Fig. 2. Effect of the concentration of an internal reference solution on electrode
response at various concentrations of 1.0 x 10~ M (¢), 1.0 x 1073 M (W), and
1.0 x 107> M (A).

3.3. Effect of internal reference solution

Effect of the internal standard solution concentration
(Cd(NO3);2-4H,0) of the membrane-selective electrode on the
emf-p(Cd**) signal was studied in concentrations 1.0 x 107!,
1.0x 1073 and 1.0 x 1079 M of Cd** (Fig. 2). The results
showed that the variation of the internal Cd(NO3); concentration
did not cause any significant difference in potential response. In
fact, the main factor for not changing of potential slope and
response is the membrane enough thickness and decrease of
trans-membrane flux [30]. Thus, the Cd(NO3), concentration
of 1.0 x 1073 M, that was quite appropriate for smooth func-
tioning of the electrode system, was selected for the internal
standard solution.

3.4. Influence of pH

The effect of pH on the electrode potential at various cad-
mium concentrations was studied by adding diluted solutions
of HCl (0.1 M) or NaOH (0.1 M) and adjusting the pH by a
pH meter in the range of 1.0-11.0. The pH dependence of
the electrode potential was listed over the range of 1-11 for
1.0 x 1073 M Cd(II) ions. The results showed that the useful
range is 4.0-9.0 because the potential remain almost constant in
this range (Fig. 3). The sharp change in potential at higher pH
values may be due to the formation of some hydroxy complexes
of Cd**, while at lower pH values H3O" ions start to contribute to
the charge transport process by the membrane, thereby causing
interference.

3.5. Response characteristics

ISE characterization performed with a mathematical and
computational program has been shown to be very useful
for determination of detection limits and selectivity constants
among others [31]. Linear curve fitting using [UPAC method
has been used for the determination of ISE characteristics. The
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Fig. 3. Influence of pH on the potential response of the cadmium-selective
electrode to 1.0 x 1073 M Cd?*.
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Fig. 4. Calibration graph for the proposed Cd**ion-selective electrode.

electrode shows a linear response (R? = 0.9964) to the activity of
Cd?* ion in the range about 1.0 x 10~! to 1.0 x 107° M (Fig. 4).
The calibration parameters obtained are included in Table 2.

It is evident that the lifetime of electrodes depends on the
components of the working solution and the measured spec-
imens with electrodes. The lifetime of the electrodes was
found out by performing calibrations periodically with stan-
dard solutions and calculating the response, slope over the
range 1.0 x 107%t0 1.0 x 10~ M cadmium nitrate solution. The
experimental results show that the lifetime of the present elec-
trode was over 2 months. During this period, the electrode was

Table 2
Response characteristics of the proposed cadmium-selective electrode
Slope (mV decade™ 1y —29.94+0.5
Linear range (mol L b 1.0x10°t0 1.0 x 107!
Detection limit (mol L™!) 8x 1077
Response time (s) 1 x 1070 to <8s
1.0 x 10~ mol L™!
Working pH range 4-9
Life time (months) 2
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Table 3
Conditioning time of optimized Cd~ ISE

Time (day) Slope (mV decade™!) Linear range (mol L~1)
1 —29.9 4+ 0.5 1.0x 100 t0 1.0 x 107!
2 —29.9 £ 0.5 1.0x 1070 t0 1.0 x 107!
5 —29.9 4 0.5 1.0x 100 t0 1.0 x 107!
9 —299 + 0.5 1.0 x 107°-1.0 x 10!
15 —29.9 £ 0.5 1.0x 1070 t0 1.0 x 10!
23 —29.54 0.5 1.0x 100 t0 1.0 x 107!
35 —295+0.5 50x107%t0 1.0 x 107!
45 —29.5 £ 0.5 50x107%t0 1.0 x 107!
60 —29.5 £ 0.5 50x107%t0 1.0 x 107!

in a cadmium nitrate solution and the detection limit and the
slope of the electrode remained almost constant. Subsequently
the electrochemical behavior of the electrode gradually dete-
riorated which may be due to ageing of the polymer (PVC),
plasticizers and ionophore (Table 3).

The response time of the electrode was tested by measur-
ing the time required to achieve a steady potential within 1 mV
fluctuation by increasing in the Cd(II) ion concentration. The
response time of the electrode based on the proposed ligand
yielded a steady potential within 8 s (Fig. 5). (The response time
for lower concentrations range elevates fairly compare to the
higher concentrations range.)

In Table 4, the response characteristics of the proposed elec-
trode are compared with those of several recently reported
selective electrodes for Cd?* ions [16,32-46]. As it shows, the
proposed electrode represents wider dynamic range compare to
most of the sensors (except for [36,40]) and near-Nernestian
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Fig.5. The response time of the cadmium-selective electrode during step by step
changing of cadmium ions concentration of: (1) 1.0 x 10~! M, (2) 5.0 x 1072 M,
(3) 1.0x 1072M, (4) 5.0 x 1073 M, (5) 1.0 x 1073 M, (6) 5.0 x 107* M, (7)
1.0x107*M, (8) 5.0 x 107°M, (9) 1.0 x 1075 M, (10) 5.0 x 10~°M, (11)
1.0 x 107 M, and (12) 5.0 x 1077 M.

slope compare to sensors referred as [32,43]; also it has a very
short response time in comparison to some of them (except for
[35,41]).

3.6. Selectivity

The most important characteristics of membrane sensors are
the selectivity behavior confirming whether a reliable mea-

Table 4
Comparison of some characteristics of the proposed electrode with previous Cd** ISEs
Interfering ion with DL (molL™1) Linear range (mol L b Working Slope (mV decade™) Response Ref.
Kpot > 1.0 x 1072 pH range time (s)
Na*, K*, Pb?*, Fe**, 8x 1077 1.0x 107 t0 1.0 x 107! 4.0-9.0 —29.9 <8 Proposed electrode
TI*, Ag*, Zn?*,
Cu2+
None 1.0 x 1077 1.0x 1070 t0 1.0 x 107! 1.0-7.0 —28.0 NM [16]
None 9.0x 107 1.0x 107 to 1.0 x 107! 4.0-7.0 —27.8 <15 [32]
Most of the cations NM 39x10°t01.0x 107! 3.2-7.5 —30.0 <25 [33]
Most of the cations NM 3.0%x 1075 to 1.0 x 107! 2.0-54 —30.0 <23 [34]
Co?*, Ca®*, Ba*, 5.9x 1070 1.0x 105 t0 1.0 x 107! 43-85 —28.5 <5 [35]
Zn2+, Mn2+, Fez+’
Cu2+
Most of the cations NM 2.1%x 1072 t01.0x 107! 1.9-7.0 —29.0 <17 [36]
NM 9.9 x 107 1.0x 1072 to 1.0 x 107! 5.0-7.7 —29.0 <10 [37]
NM NM 1.0x 1076 t0 1.0 x 1072 3.0-7.0 —29.8 <60 [38]
NH4* 5.0x 1078 79%x 10780 1.0 x 107! 2.0-8.0 -30.0 10 [39]
Pb2*, Cu?*, Ag*, TI* 1.0x 1077 40x 1077 t0 1.0 x 107! 25-85 —29.0 <10 [40]
Pb%*, Cu?*, Ag*, 6x 1077 1.5%x10%t01x 107! 2.0-8.0 —29.0 3 [41]
Hg2+, Fe3+
Hg>* 8 x 1077 1.0x107%to 1 x 107! 2.0-8.0 —25.1 7 [41]
Cu?*, EtyN* 10710,10-8 1075 t0 107 5.7-6.8 —32.0 NM [42]
Pb%*, Cu?*, Ag*, 5.0x 1076 44x107*t0 1.0 x 107! 2.5-6.5 —29.0 12 [43]
Mg2+, Ni2+
NM NM 20x 1077 t05.0 x 1072 2.5-7.0 —29.0 <20 [44]
None 7.3 x 1077 1.0x 10 %t01x 107! 2.8-8.6 —29.4 <10 [45]
None 1.5%x 10710 50x 10700 1 x 1073 Just 7 NM NM [46]

NM, not mentioned.
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Table 5
Potentiometric selectivity coefficient values for various interfering ions at con-
centration of 1.0 x 1072 M

M K2 e Ko
Fe?* 6.92 x 1072 Cr* 3.91x 1074
Cett 3.16 x 1074 TI* 8.3 x 1072
Mg?* 4.46 x 1073 Agt 9.1 x 1072
Ni2+ 3.16 x 1073 Zn2+ 1.58 x 1072
Co?t 2.69 x 1073 Cu?t 2.11 x 1071
Mn?* 1.65x 1073 Zr+t 4.7 %1073
Pb* 2.34 x 1072 APt 7.08 x 10~4

surement in the target sample is possible. In order to assess
the selectivity of the proposed cadmium ion-selective electrode
over other cations (M), the method of fixed interference was
employed [47]. According to this method, the potentiometric
selectivity coefficients, K E‘:{M, can be evaluated from the poten-
tial measurements of solutions containing a fixed concentration
of interfering ion, M™* (aM™, 0.01 M) and titration with Cd>*
solution. The potential values obtained were then plotted against
the activity of the cadmium ion. The intersection of the extrap-
olated linear portions of this curve will indicate the activity of
Cd?* (a cq), which is to be used to calculate KE?;M values from
the equation:

pot acd(DL)
2/n
am

The resulting KE?{M values are summarized in Table 5. For
most of the polyvalent cations used, the selectivity coefficients
show low values, indicating negligible interference in the per-
formance of the membrane electrode assembly. On the other
hand, in the case of univalent cations used, the selectivity coef-
ficients seem to be somehow large. It is noteworthy that such
deceptively larger KE(ZIEM values arise from the term a? in Eq.
(2); the smaller the charge of interfering ion, n, the larger the
selectivity coefficient, Kg(()it,M.

4. Applications of method

The new cadmium-selective electrode was applied to obtain
recoveries of cadmium in tap water, river water, an electroplating
factory and mobarekeh steel complex waste water samples by
proposed electrode with satisfactory results. The analysis was
performed by using the standard addition technique. The results
are summarized in Table 6. Good recoveries were obtained in
all samples. The electrode was also successfully applied to the
direct determination of cadmium in waste water samples from
a near Isfahan Electroplating Factory. The cadmium content
obtained from three replicate measurements in two different
samples was 2.8 + 0.1 and 4.3 0.1 pg mL~! which was found
to be in agreement with that obtained by atomic absorption spec-
trometry (2.9 and 4.5 pg mL ™!, respectively) which the results
are represented in Table 7.

Table 6
Determination of Cd(II) recovery by the proposed electrode in the real samples
Sample Added cadmium Found cadmium Recovery
(ngmL~") (ngmL~") (%)
2.19 2.17 £ 0.01 99.0
Tap water 3.51 3.48 + 0.02 99.1
5.60 5.57 £ 0.04 99.5
2.65 2.62 + 0.02 98.9
River water 3.65 3.59 £ 0.03 98.9
5.64 5.56 + 0.04 98.6
2.26 2.21 +0.03 97.7
Waste water 4.49 4.56 + 0.05 101.5
5.68 5.56 £ 0.06 97.8
Table 7

Determination of Cd(II) by the proposed electrode in the real samples

Sample Added Found cadmium by ~ Found cadmium
cadmium proposed method by AAS method
(pgmL~)  (pgmL~") (pgmL~")

0.0 2.8 £0.1 2.9
Electroplating waste 11.2 13.7 £ 04 14.2
water (1) 225 247 £ 0.5 25.1
33.7 374 £ 04 36.6
Electroplating 0.0 43+01 45
waste water 11.2 151 £03 15.3
@) 22.5 26.4 + 0.3 26.6
33.7 377 £ 04 38.3

5. Conclusions

The proposed ionophore demonstrates good results as a neu-
tral carrier in developing a new cadmium-selective electrode.
The electrode shows better selectivity and response time than
most of the previous cadmium determining techniques. A major
advantage of the present electrode concerns its direct measure-
ment of cadmium in real samples without prior separation steps,
thus considerably simplifying the determination procedure com-
pared with other analytical methods.
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