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Abstract

Poly(vinyl chloride) (PVC) based membranes containing 4-tert-butylcalix[4]arene (I) as an electroactive material alongwith anion excluder
sodiumtetraphenylborate (NaTPB) and plasticizer tri-butylphosphate (TBP) have been developed to fabricate a new zinc-selective sensor. Out of
various compositions, the best performance was exhibited by the membrane having I, NaTPB, TBP and PVC in the ratio 8:5:100:200 (w/w). The
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ensor works well in the concentration range 9.8 × 10−6 to 1.0 × 10−1 mol dm−3 with a near-Nernstian slope of 28.0 ± 1.0 mV/decade of activity.
he detection limit is down to 5.0 × 10−7 mol dm−3. The working pH range of this sensor is 2.5–4.3 and it works well in partially non-aqueous
edium up to 15% (v/v) (methanol, ethanol and acetone). It exhibits a fast response time of 30 s and could be used for more than four months
ithout any considerable change in response characteristics. It has excellent selectivity for Zn(II) over other mono-, bi- and trivalent cations which
ave been reported to cause interference in the working of other sensors. It has been successfully used as an indicator electrode in the potentiometric
itration of Zn(II) against EDTA and also to estimate zinc ions in industrial waste waters.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Ion selective electrodes have continued to be an important
evelopment in the field of analytical chemistry since the end of
960s. As such they have been the subject of widespread inter-
st for analytical chemists as they provide accurate, rapid and
ow cost method of analysis. Also analysis by these electrodes
s nondestructive, adaptable to small sample volumes and on-
ine monitoring is also possible. Due to these merits, extensive
fforts have been made to develop sensors for alkali and alka-
ine earth metals, nitrates, halides etc. and sensors for a large
umber of analytes have been reported so far. However, success
ith respect to heavy metals, which are toxic beyond certain

oncentration level, is not up to the commercial standards.
Determination of zinc assumes importance as it is widely

sed in electroplating; fine chemicals, pharmaceutical and paint
ndustries. Also some biomedical and a number of process wash

∗ Corresponding author. Tel.: +91 1332285801 (O); fax: +91 1332285801.
E-mail address: vinodfcy@iitr.ernet.in (V.K. Gupta).

streams contain less activity of this metal ion. Besides, zinc
is also present in high protein foods. Human body contains
about 2 g zinc and its large doses can cause fever, chills, pul-
monary manifestation and gastroenterititis. It can also cause
vomiting, nausea, anaemia, renal failure and internal organ
damage. Therefore, a selective sensor for zinc monitoring is
required. The efforts made so far to develop a good zinc-
selective sensor have not been very successful. Most of the sen-
sors reported for zinc(II) ions have poor sensitivity, selectivity,
long response time and short life time [1–15]. A large num-
ber of ionophores have been developed and found widespread
applications in potentiometric sensors for the determination of
respective ions in actual samples. The macrocyclic compounds
are being employed as the carriers in metal selective extraction,
phase transfer catalysis and membrane transport as they bind the
metal ions selectively [16–22,31–34]. Macrocyclic compounds
are cyclic, organic molecules containing N, S, O, etc. capable of
forming electron rich interior cavities and possess the ability to
complex with metal ions of compatible dimensions. Complexa-
tion studies between macrocyclic ligands and metals provide
valuable information for construction and design of sensors.
039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2005.12.040
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Table 1
Composition and characteristics of PVC based membranes having 4-tert-butylcalix[4]arene as electroactive material

Sensor
number

(I) NaTPB DBP DOP DBBP TEP 1-CN TBP PVC Working concentration
range (mol dm−3)

Slope (±1.0 mV/
decade of activity)

Response
time (s)

1 8.0 5 – – – – – – 200 7.9 × 10−4 to 1.0 × 10−1 28.2 70
2 8.0 5 100 – – – – – 200 7.1 × 10−4 to 1.0 × 10−1 25.0 11
3 8.0 5 – 100 – – – – 200 6.3 × 10−4 to 1.0 × 10−1 24.6 14
4 8.0 5 – – 100 – – – 200 4.0 × 10−4 to 1.0 × 10−1 26.0 14
5 8.0 5 – – – 100 – – 200 4.3 × 10−4 to 1.0 × 10−1 34.2 32
6 8.0 5 – – – – 100 – 200 1.0 × 10−4 to 1.0 × 10−1 33.1 17
7 8.0 5 100 200 9.8 × 10−6 to 1.0 × 10−1 28.0 30

Calixarenes are cyclic oligomers of phenol-formaldehyde con-
densates. The phenolic group of the macrocyclic molecule can
also be converted into derivatives containing a wide range of
functional groups. These compounds have demonstrated unique
ionophoric properties towards many guest molecules [23]. 4-
tert-butylcalix[4]arene has earlier been tried to develop a Pb(II)
ions selective sensor [24] where Zn had shown considerable
interference and thus, it is expected that this material may be a
good ionophore for zinc(II) ions determination. The results on
the PVC based membranes of this ionophore as zinc selective
electrodes are presented in this paper.

2. Experimental

2.1. Reagents

All reagents were of analytical reagent grade and used
without further purification. 4-tert-butylcalix[4]arene (I) from
Aldrich (USA), sodiumtetraphenylborate (NaTPB) from BDH
(England), dibutylphthalate (DBP) and dioctylphthalate (DOP)
from Reidel (India), dibutyl(butyl)phosphonate (DBBP) from
Mobil USA and 1-chloronapthalene (CN), tris (2-ethylhexyl)
phosphate (TEP), tri-n-butylphosphate (TBP) from BDH (Eng-
land) and high molecular weight poly(vinylchloride) (PVC)
from Fluka (Switzerland) were used as obtained. Metal salt
solutions of their respective nitrates were prepared in doubly
d
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PVC in 10 ml of THF. In some compositions plasticizers, i.e.
DBP, DOP, DBBP, TEP, TBP or CN were also added to get dif-
ferent combinations. This solution was shaken vigorously with a
glass rod. When the solution gets viscous it was poured in acrylic
rings resting on a smooth glass plate. The solution was allowed to
evaporate for 24 h at room temperature. Colourless membranes
of about 0.5 mm thickness were obtain which were then cut
to size and were glued to one end of a pyrex glass tube with
Araldite (Ciba Giegy, India). The ratio of membrane ingredi-
ents, time of contact and concentration of equilibrating solution
were optimized so that the membrane could develop repro-
ducible, noiseless and stable potentials. Membrane to membrane
reproducibility was assured by carefully following the optimum
conditions of fabrication. Compositions of the best-performed
membranes are listed in Table 1 alongwith other characteristics.

2.4. Potential measurements

The prepared membranes were equilibrated for 3–4 days in
1.0 M zinc nitrate solution. All potential studies were carried out
at 25 ± 0.1 ◦C temperature by using the following cell assembly
set up.
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istilled water and standardized by appropriate methods [24].
olutions of different concentrations were prepared by diluting
.1 mol dm−3 stock solution.

.2. Equipment

A Perkin-Elmer model 3100 atomic absorption spectropho-
ometer (AAS) with a graphite furnace and a model 8440 induc-
ively coupled plasma atomic emission spectrometer (ICP-AES)
Labtam, Australia) were used. The potential measurements
ere carried out on a PH 5652 digital pH/millivoltmeter (ECIL,
yderabad, India) and CVM30 Century microvoltmeter (Cen-

ury Instruments, Chandigarh, India). pH measurements were
ade with a digital pH meter (ECIL, India, Model PH 5652 A).

.3. Preparation of membranes

Varying amounts of the electroactive material (I) and anion
xcluder NaTPB were dissolved with an appropriate amount of
Saturated calomel electrodes (SCE) were used as reference
lectrodes and the cell potentials were measured by varying
he concentration of test solutions in the range 1.0 × 10−6 to
.0 × 10−1 mol dm−3 by serial dilution. The concentration of
tandard solutions was checked by atomic absorption spectrom-
ter also. Each solution was stirred and potential was recorded
hen it became stable and then plotted against logarithm func-

ion of Zn(II) ion activity. All pH adjustments were made with
il HCl and hexamine. The response time of membrane sensors,
.e. the time required by sensor to produce stable and constant
otentials, was arrived by measuring the potentials at different
ime for every membrane.

. Results and discussion

The properties of the membranes, namely response time,
ifetime, selectivity and chemical stability depend on ratio of
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Fig. 1. Variation of potential with activity of Zn2+ ions of PVC based membranes
of (I) without plasticizer (1), with plasticizers, DBP (2), DOP (3), DBBP (4),
TEP (5), 1-CN (6), TBP (7).

electroactive phase and the binder material [8,22–34]. Plasticiz-
ers affect the dielectric constant of the membrane phase and
hence, the response characteristics. Therefore, several mem-
brane compositions were investigated by varying the amount
and nature of plasticizer (Table 1). It is clear that among the
six plasticizers used, TBP exhibited the best sensitivity. In pres-
ence of lipophilic anions in cation selective membrane electrode,
Ohmic resistance diminishes [26] while selectivity and other
response characteristics show improvement [27,28]. It is seen
in Table 1 that the addition of NaTPB increases the sensitiv-
ity of the electrode considerably. Preliminary studies showed
that the membrane having composition I and PVC in the ratio
8:200 (w/w) exhibits near-Nernstian behaviour over a concen-
tration range of 8.2 × 10−5 to 1.0 × 10−1 mol dm−3.

3.1. Working concentration range and slope

The membranes without any plasticizer as well as having dif-
ferent plasticizers such as DBP, DBBP, TEP, CN, DOP and TBP
were prepared. The potential response of all the membrane sen-
sors as a function of Zn2+ activity (Fig. 1) was studied in the
concentration range 1.0 × 10−6 to 1.0 × 10−1 M of Zn2+. Mem-

brane no. 1 exhibited a narrow working concentration range of
7.9 × 10−4 to 1.0 × 10−1 mol dm−3 with a near-Nernstian slope
of 28.2 mV/decade of activity. Further, it attains stable potential
in 60 s at higher concentrations and approximately 80 s at lower
concentration, i.e. below 1.0 × 10−4 mol dm−3. The effect of
addition of plasticizers to the membrane was studied and sig-
nificant improvement regarding working concentration range,
slope and response time was observed. However, the addition of
plasticizer DBP did not show any considerable improvement in
working concentration range or slope. DOP and DBBP improved
the response characteristics of the membrane that now shows a
relatively wider concentration range but the slope approached
a non-Nernstian value in both the cases. Addition of solvent
mediators TEP and CN also improved the working concentra-
tion range but slope values of these membranes were also far
deviated from Nernstian values. However, the best performance
is exhibited by membrane no. 7 incorporating TBP as plasticizer,
which works well over a wide working concentration range of
9.8 × 10−6 to 1.0 × 10−1 mol dm−3 with a near-Nernstian slope
of 28.0 mV/decade of activity (Table 1). The effect of the concen-
tration of internal solution on the potential response of the elec-
trode was studied. The Zn(NO3)2 concentration was changed
from 1.0 × 10−2 to 1.0 mol dm−3 and potential versus logarithm
of zinc ion activity plot was obtained. No considerable differ-
ence was found in the potential response except for a change in
intercept of resulting Nernstian plots. A 1.0 × 10−1 mol dm−3
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Table 2
Response characteristics of the PVC based membranes having different amounts of 4

Sensor number I NaTPB TBP PVC

A
B
C
D
E
F
G

5.0 5 100 200
6.0 5 100 200
7.0 5 100 200
8.0 5 100 200
8.5 5 100 200
9.0 5 100 200

10.0 5 100 200
oncentration of internal solution was found suitable for smooth
unctioning of the electrode. Many compositions of membrane
o. 7 were tried to get optimum composition by varying the
mount of electroactive material. It is clear that the best per-
orming membrane has I, NaTPB, TBP and PVC in the ratio
:5:100:200 (w/w). If the amount of (I) is increased further, there
s no considerable improvement in any of the characteristics of
he sensor (Table 2). Therefore, sensor D has been chosen for
ll further studies. Repeated monitoring of potentials (20 mea-
urements) on the same portions of the sample gave a standard
eviation of ±0.5 mV. The standard deviation of the slope was
0.8–1.0 mV that shows good reproducibility. The performance

f membranes without ionophores was also investigated and it
as seen that they generated no potential.

.2. Response and lifetime

The membranes without plasticizer required 60 s at higher
oncentrations (above 1.0 × 10−4 mol dm−3) and about 80 s at

-tert-butylcalix[4]arene as electroactive material

Working concentration
range (mol dm−3)

Slope (±1.0 mV/
decade of activity)

Response
time (s)

9.0 × 10−4 to 1.0 × 10−1 28.0 ∼120
1.4 × 10−4 to 1.0 × 10−1 28.0 ∼95
4.0 × 10−5 to 1.0 × 10−1 28.0 45
9.8 × 10−6 to 1.0 × 10−1 28.0 30
9.8 × 10−6 to 1.0 × 10−1 28.0 30
9.8 × 10−6 to 1.0 × 10−1 28.0 30
9.8 × 10−6 to 1.0 × 10−1 28.0 30
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lower concentrations to produce a potential within ±1 mV of
the final equilibrium value (Table 1). The addition of plasti-
cizers reduced the response time significantly. The best result
was exhibited by electrode no. 2 (11 s) over the whole working
concentration range. The potentials remained constant for more
than 4 min after which a very slow divergence was recorded.
Electrode no. 4, 5 and 6 also performed satisfactorily as the
response time for these electrodes were recorded as 14, 32 and
17 s, respectively. The electrode could be used over a period of
four months without observing any significant drift in work-
ing concentration range, slope and response time. After this
period a slight change was observed in response time and slope,
which could be corrected by re-equilibrating the electrode with
1.0 mol dm−3 Zn2+ solution for 2–3 days. With this treatment
the assembly could be used over a period of one more month
and then it was replaced by a fresh membrane. During usage, the
electrodes were stored in 0.1 mol dm−3 Zn2+ solution to avoid
cracking of membranes due to drying.

3.3. pH and non-aqueous effect

The pH dependence of the electrode potential for 1.0 × 10−3

and 1.0 × 10−2 mol dm−3 Zn2+ was tested over the pH range
1.0–8.0 (adjusted with HNO3 or Hexamine). It can be seen
(Fig. 2) that the potentials are independent of pH in the range
2
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Fig. 2. Effect of pH on potential of sensor 7 at (a) 1.0 × 10−2 and (b)
1.0 × 10−3 mol dm−3 Zn2+.

3.4. Potentiometric selectivity

The selectivity behaviour is one of the most important char-
acteristics of a sensor, which determines its response for primary
ion in presence of foreign ions. This parameter is measured
in terms of potentiometric selectivity coefficient (KPot

Zn2+,B). In
order to determine the selectivity coefficient of the proposed
zinc selective electrode, matched potential method (MPM) [29]
as well as a modified fixed interference method (FIM) was
used [30]. In the MPM, the primary ion activity was increased
from 5.0 × 10−5 to 8.0 × 10−5 mol dm−3 and activity of interfer-
ing ions was experimentally determined. However, in the FIM,
concentration of interfering ion was kept at 1.0 × 10−2 M. Selec-
tivity parameter data for various ions are presented in Table 4.
Selectivity coefficient values are quite low for polyvalent cations

T
P

S ade of activity) Working concentration range (mol dm−3)

9.8 × 10−6 to 1.0 × 10−1

M
9.8 × 10−6 to 1.0 × 10−1

1 9.8 × 10−6 to 1.0 × 10−1

1 2.5 × 10−5 to 1.0 × 10−1

2 4.8 × 10−4 to 1.0 × 10−1

E

1
1
2

A

1
1
2

.5–4.3 and the same can be taken as the working pH range
f the electrode. Above and below these pH values, the sharp
hange in potential may be due to the hydrolysis of Zn2+ and H+

o-transport respectively. The utility of the membrane sensor
as also investigated in partially non-aqueous medium using
ethanol–water, ethanol–water and acetone–water mixtures.
he electrode works satisfactorily in the mixtures having up to
5% (v/v) non-aqueous content without showing any consider-
ble change in working concentration range or slope. However,
bove 15% non-aqueous content the potentials show drift with
ime (Table 3).

able 3
erformance of electrode no. 7 in partially non-aqueous media

olvent composition (% (v/v)) Slope (±1.0 mV/dec

0 28.0

ethanol
5 28.0
0 28.0
5 27.5
0 24.0

thanol
5 28.0
0 27.8
5 27.4
0 24.2

cetone
5 28.0
0 28.0
5 27.6
0 24.5
9.8 × 10−6 to 1.0 × 10−1

9.8 × 10−6 to 1.0 × 10−1

3.4 × 10−5 to 1.0 × 10−1

3.9 × 10−4 to 1.0 × 10−1

9.8 × 10−6 to 1.0 × 10−1

9.8 × 10−6 to 1.0 × 10−1

2.7 × 10−5 to 1.0 × 10−1

4.0 × 10−4 to 1.0 × 10−1
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Table 4
Selectivity coefficient KPot

Zn2+,B
values of interfering ions for 4-tert-

butylcalix[4]arene as obtained by modified fixed interference method and also by
matched potential method (interfering ion concentration 1.0 × 10−2 mol dm−3)

Interfering ion Selectivity coefficient values

Fixed interference method Matched potential method

K+ 3.2 × 10−2 0.12
NH4

+ 2.8 × 10−2 0.11
Na+ 3.1 × 10−2 0.28
Tl+ 2.0 × 10−2 0.17
Ag+ 8.1 × 10−1 0.77
Cs+ 2.0 × 10−2 0.16
Ca2+ 1.9 × 10−2 0.15
Cu2+ 3.8 × 10−2 0.34
Sr2+ 2.2 × 10−2 0.20
Ba2+ 2.2 × 10−2 0.18
Mg2+ 3.5 × 10−2 0.40
Cd2+ 1.0 × 10−1 0.11
Co2+ 3.9 × 10−2 0.40
Pb2+ 8.0 × 10−1 0.78
Hg2+ 1.0 × 10−2 0.14
Fe3+ 1.3 × 10−3 0.14
Cr3+ 1.1 × 10−2 0.15
Al3+ 1.1 × 10−2 0.10
Ce3+ 1.4 × 10−2 0.10

indicating no interference. The selectivity coefficient pattern
clearly indicates that the electrode is moderately selective to
Zn2+ over a number of other cations except for Ag+ and Pb2+

as the selectivity coefficient values for these two ions are much
higher. Even these ions are likely to cause no interference if
present at low concentrations as the selectivity is a concentration
dependent property. Some mixed run studies [13,31–34] were
carried out to determine the maximum tolerable concentration
limit of these interfering ions in the determination of Zn2+. It can
be seen from Fig. 3 that Ag+ at ≤5.0 × 10−5 mol dm−3 cause no
significant deviation in the original potential versus logarithm of
zinc(II) ion activity plot. Thus it can be concluded that the sen-

sor can tolerate Ag+ at concentration up to 5.0 × 10−5 mol dm−3

over the entire concentration range. For higher concentrations
of Ag+, the sensor can be used to determine Zn2+ over a reduced
concentration range only. Fig. 3 shows that at 1.0 × 10−4 and
1.0 × 10−3 mol dm−3 Ag+ the electrode assembly can be used
to determine Zn2+ in the concentration ranges 8.2 × 10−5 to
1.0 × 10−1 and 4.5 × 10−4 to 1.0 × 10−1 mol dm−3, respec-
tively. Similarly Pb2+ can be tolerated over the entire concentra-
tion range if present at the concentration ≤5.0 × 10−5 mol dm−3

while in the presence of 1.0 × 10−4 and 1.0 × 10−3 mol dm−3

Pb2+, the proposed sensor can be used in the reduced con-
centration ranges 3.2 × 10−4 to 1.0 × 10−1 and 7.0 × 10−3 to
1.0 × 10−1 mol dm−3 Zn2+, respectively.

F
E

in presence of different concentrations of (a) Ag+ and (b) Pb2+.
Fig. 3. Variation of potential of sensor 7 with Zn2+ activity
ig. 4. Potentiometric plot for the titration of Zn2+ (1.0 × 10−3 M, 10 ml) against
DTA (1.0 × 10−2 M) using sensor 7 as indicator electrode.
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Table 5
Analytical data for Eveready Battery waste as determined by ICP-AES, AAS and electrode no. 7 after pH adjustments to 3.0 of the wastes

Sensor
number

Concentration of Zn(II) as
determined by ICP-AESa

(mg dm−3)

Concentration of Zn(II) as
determined by AASa

(mg dm−3)

Concentration of Zn(II) as
determined by sensor no. 7a

(±0.2 mg dm−3)

1 13.30 11.30 11.17
2 10.92 10.88 10.69
3 11.00 10.98 10.92

a Average value (n = 3).

Table 6
Comparison of the proposed electrode no. 7 assembly with the existing solid state electrodes

Sensor
number

Working concentration
range (M)

Slope (mV/decade
of activity)

pH range Response
time (s)

Detection
limit (M)

Interference Reference
number

1 2.8 × 10−5 to 1.0 × 10−1 30.1 2.1–6.9 20 >2.0 × 10−7 – [10]
2 9.0 × 10−5 to 1.0 × 10−1 30.0 3.0–7.0 20 >2.0 × 10−7 – [12]
3 6.2 × 10−6 to 1.0 × 10−1 29.0 3.8–7.7 – >2.0 × 10−7 – [32]
4 1.5 × 10−5 to 1.0 × 10−1 29.0 2.1–4.0 10 >2.0 × 10−7 Na+, Ca2+ [13]
5 7.0 × 10−5 to 1.0 × 10−1 30.1 2.1–6.9 – >2.0 × 10−7 Na+ [14]
6 2.9 × 10−7 to 1.0 × 10−1 29.9 2.0–9.0 10 >2.0 × 10−7 – [15]
7 9.2 × 10−5 to 1.0 × 10−1 29.0 4.8–6.2 12 >2.0 × 10−7 Na+, Ca2+ [33]
8 1.0 × 10−6 to 1.0 × 10−1 30.0 3.2–7.1 8 Cu2+ [34]
9 9.8 × 10−6 to 1.0 × 10−1 28.0 2.5–4.3 30 >5.0 × 10−7 Ag+, Pb2+ Proposed sensor

4. Analytical applications

4.1. Potentiometric titration

The analytical application of the electrode was investigated
by using it as an indicator electrode in the potentiometric titration
of Zn2+ against EDTA. Ten milliliters of 1.0 × 10−3 mol dm−3

Zn2+ solution was titrated against 1.0 × 10−2 mol dm−3 EDTA
solution at pH 3.0. The plot given in Fig. 4 does not have a stan-
dard sigmoid shape. This may be due to the interference caused
by Na+ ions as di-sodium EDTA salt has been used. However,
the sharp break point observed corresponds to the stoichiometry
of Zn2+-EDTA complex and therefore Zn2+ can be determined
potentiometrically by using this electrode.

4.2. Waste analysis

The practical utility of the sensor is tested by applying it
for the estimation of Zn2+ in an Eveready Battery waste from
Eveready Industries Ltd., Lucknow, India. The waste was dis-
solved in distilled water by adding a few drops of 16N nitric
acid. It was then filtered and analyzed by AAS and ICP-AES.
It was found that the waste contains various metals at different
concentrations besides Zn2+. The concentration of zinc was also
determined at pH 3.0 by using the sensor for the sake of compari-
son (Table 5). It is clear from the data that these are in very good
a
t
Z

5

p

superior to the existing electrodes (Table 6). The membrane
no. 7 having I, NaTPB, TBP and PVC in the ratio 8:5:100:200
(w/w) can be used to determine Zn2+ in the concentration range
9.8 × 10−6 to 1.0 × 10−1 mol dm−3 with a detection limit down
to 5.0 × 10−7 mol dm−3. The functional pH range is 2.5–4.3 and
most of the ions, commonly present with Zn2+ do not cause any
interference with this sensor. It exhibits good reproducibility,
fast response time and can be used for more than four months
in aqueous as well as partially non-aqueous medium up to 15%
(v/v). Further, the sensor has successfully been used as an indica-
tor electrode in the potentiometric titration of Zn2+ with EDTA
as well as to determine zinc(II) in real waste water samples.
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