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Two conventional Zn(II) polyvinyl chloride (PVC) membrane electrodes have been prepared and charac-
terized. They were based on dibenzo-24-crown-8 (DBC) as a neutral carrier, dioctyl phthalate (DOP) as
a plasticizer, and potassium tetrakis (p-chlorophenyl) borate, KTpCIPB or the halogen-free ionic liquid,
tetraoctylammonium dodecylbenzene sulfonate [TOA][DBS] as an additive. The use of ionic liquid has
been found to enhance the selectivity of the sensor. For each electrode, the surfaces of two membranes
were investigated using X-ray photoelectron, ion-scattering spectroscopy and atomic force microscopy.
One of the two membranes was conditioned by soaking it for 24h in a 1.0 x 10~3 M Zn(NO3); solution
and the second was soaked in bi-distilled water for the same interval (24 h). Comparing the two surfaces
indicated the following: (a) the high selectivity in case of using [TOA][DBS] as an additive is due to the
extra mediation caused by the ionic liquid and (b) the working mechanism of the electrode is based on
phase equilibrium at the surface of the membrane associated with ion transport through the bulk of the
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membrane.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Zinc ion is an important divalent cation in biological systems;
it influences DNA synthesis, microtubule polymerization, gene
expression, apoptosis, immune system function, and the activity of
enzymes such as carbonic anhydrase and matrix metalloproteinase
[1]. Moreover, chelatable Zn(II) ions are present at especially high
concentrations in the brain [2], pancreas [3], and spermatozoa
[4].

Several techniques have been reported for the determination of
zinc(Il) cation including flame atomic absorption spectrometry [5],
fluoremetry [6], UV-visible spectrophotometry [7], inductively-
coupled plasma atomic emission spectrometry [8], potentiometry
[9-21], and voltammetry [22]. Among these techniques, poten-
tiometry using ion-selective electrodes is relatively simple, fast,
accurate and inexpensive; further, it is applicable to both in-field
and in-line analyses.

With the discovery of crown ethers, the focus on complexa-
tion through covalent interactions shifted to that of non-covalent
interactions. The later suits the establishment of phase equilib-
rium systems; therefore, many ion selective electrodes for various

* Corresponding author. Tel.: +965 24987374; fax: +965 24816482.
E-mail addresses: M.alasousi@ku.edu.kw (M.F. Al-Asousi),
adelshoukry@gmail.com, a.shoukry@ku.edu.kw (A.F. Shoukry),
buolayan@yahoo.com (A.H. Bu-Olayan).

0039-9140/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2012.03.016

cations have been developed based on crown ethers and their
derivatives as neutral carriers [23-26]. The function of a crown
ether as an electro-active material for ion-selective electrodes is
based on such diverse parameters as the structure and cavity size of
the cyclic ether, the stability and selectivity of its metal ion complex,
and the solubility and ability of the crown ether to extract the metal
ioninto the membrane phase. Dibenzo-24-crown-8 (DBC) has been
used previously as a neutral carrier for Zn(II) plastic membrane ion
selective electrodes containing sodium tetraphenyl borate (NaTPB)
as an additive [27]. The electrode exhibited Nernstian response to
Zn(II); however, its selectivity was relatively poor towards many
divalent cations.

Room-temperature ionic liquids are a novel class of salts that, in
recent years, have engaged exponential attention as green chemi-
cals. Imidazolium (C4mim)-based ILs with tetrafluoroborate (BF4~)
and hexafluorophosphate (PFg~) anions have, so far, been the focus
of numerous applications including their use in ion selective elec-
trodes [28,29]. Nevertheless, the classification of these compounds
as green chemicals has not taken into account their entire life
cycle. The fluorine-based anions of these ILs have been the subject
of extensive debates about the possible eventual decomposition,
under certain circumstances, into the toxic hydrofluoric acid [30].
Further, studies using single-crystal X-ray diffraction [31] proved
the formation of 1-butyl-3-methylimidazolium fluoride monohy-
drate complex, [C4smim]F-H,O, during the preparation and drying
of [C4mim][PFg]. It has also been reported [32] that in drastic acid
medium, [PFs]~ may be converted to [PO4]3~.
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This raised the importance of the use of halogen-free ionic lig-
uid as a truly green chemical for different applications including
ion-selective electrodes. In this paper a halogen-free ionic liquid
is used as an additive to enhance the selectivity of the electrode.
Moreover, the electrode surface was analysed by X-ray photoelec-
tron and ion-scattering spectroscopy, and atomic force microscopy
to throw light to the working mechanism of the electrode.

2. Experimental
2.1. Reagents and materials

All reagents used were of analytical grade and doubly-distilled
water was used throughout. Tetraoctylammonium bromide (TOAB)
(Sigma-Aldrich), sodium dodecylbenzene sulfonate (NaDBS)
(Sigma-Aldrich), dibenzo-24-crown-8 (DBC) (Sigma-Aldrich),
polyvinyl chloride (PVC) of high molecular weight (Fluka),
dioctyl phthalate (DOP) 99% (Sigma-Aldrich), potassium tetrakis
(p-chlorophenyl) borate, KTpCIPB (Sigma-Aldrich), tetrahydro-
furan (Fluka), lead(Il) nitrate (Sigma-Aldrich), and potassium
nitrate (Sigma-Aldrich) were used. The method of synthesis of
the ionic liquid, tetraoctylammonium-dodecylbenzene sulfonate
[TOA][DBS] was similar to that described elsewhere [33]. Briefly,
equimolar amounts of TOAB and NaDBS were mixed in a 1:1
water-acetone solvent. The mixture was stirred, while heated until
the acetone evaporated completely. The mixture was then sepa-
rated into an oil and aqueous phase. The mixture was transferred
to a separating funnel and the aqueous phase was removed. The
resultant crude [TOA][DBS] oil was purified by shaking with water
several times. The ionic liquid was then dried with anhydrous
sodium sulfate.

2.2. Construction of the electrode

The membrane was prepared by dissolving appropriate
amounts of PVC, DOP, carrier DBC, and KTpCIPB or [TOA][DBS] in
about 25 ml of tetrahydrofuran. The solution was poured into a
10 cm diameter glass Petri dish and left to dry overnight. A 10 mm
diameter disc was cut out from the prepared membrane and glued
to the polished end of a PVC cap attached to a glass tube. The elec-
trode body was filled with a solution that is 1.0 x 10! M in NaCl
and 1.0 x 10~3 M in Zn(NOs),, in which the tip of a Ag/AgCl wire
was immersed.

2.3. Measurement and electrochemical system

The measurements were carried out with an Orion, model 420A
pH/mV meter. A caron circulator thermostat was used to control
the temperature of the test solution. The following electrochemical
system was used:

Ag|AgCl|KClsa||[Pb%* testsolutionjmembrane|NaCl10~! M
+Zn(11)10~3 M|AgCl|Ag
2.4. The calibration curve
Suitable increments of the standard Zn(NOs3), solution were
added to 50 ml of bi-distilled water in which the prepared sensor
and the reference electrode were immersed and the e.m.f. value
obtained for each addition was recorded at 25 °C.

2.5. Effect of foreign ions

The selectivity coefficients of the Zn(Il) electrode were deter-
mined by the matched potential method (MPM) [34].

2.6. X-ray photoelectron spectroscopy

Spectra were recorded on a Thermo ESCALAB 250 Xi using
mono-chromatized Al Ko radiation (1486.6eV) with a spot size
of 320 wm. Spectra acquisition and processing employed Thermo
Avantage Version 4.58 software. For each experiment, the plas-
tic membrane of the electrode was carefully removed, placed in
the preparation chamber (via the sample holder), and degassed
until about a 10-% mBar vacuum was obtained. It was then trans-
ferred into the analysis chamber where a vacuum was maintained
at 10-9-1010 mBar. The analyses were performed using the fol-
lowing parameters: pass energy =20eV, Dwell time=50ms, and
step size=0.1eV. A flood gun was used in standard charge com-
pensation mode to neutralize the charge build-up on the surface
of insulating samples. Depth profiling was accomplished using an
argon ion gun with a 2 kV energy source and 2 A current. Etching
times of 0, 30, and 60 s were applied. Surface images were obtained
using the following parameters: CAE=80eV, step=0.250eV, and
scan amplitude =950.08 eV.

2.7. lon scattering spectroscopy

An Escalab model 250 Xi probe system was used. The incident
ions were He* with a primary beam energy of about 1000 eV and
a scattering angle (®) of 130°. From a gold standard, the primary
beam energy E, was determined as 910eV.

2.8. Atomic force microscopy

Atomic force measurements were obtained using a scanning
probe microscope (model RTESP, from Veeco Instruments, USA),
provided with tapping mode tips. Elasticity measurements were
obtained with a phosphorus-doped Si tip (pyramidal shape) using a
tip curvature radius of 3.5-4.5 pm, a spring constant of 20-80 N/m,
and a resonant frequency nominal of 278-311 KHz (Nano Devices,
Veeco Metrology, Santa Barbra, California). The lateral scan range
was 115-135 pwm, pertaining to 30-40 pm z-scans.

3. Results and discussion
3.1. Composition of the membranes

The electrode was made from a membrane containing 64.08,
32.08, 3.2, and 0.64% (w/w) of PVC, DOP, DBC, and KTpCIPB
or [TOA][DBS], respectively. DBC was chosen as neutral carrier
because its cavity size (1.05A) is well suited for the uptake of zinc
ion (ionic radius 0.88 A) [27]. When using KTpCIPB as an additive,
the calibration curve slope was 29.2 mV/pZn over a concentra-
tion range of 1.7 x 10> to 1.3 x 10~2 M with a detection limit of
0.87 g Zn(Il)/mL. The latter was estimated according to IUPAC rec-
ommendation [33]. The practical response time of the electrode
was always <15s. When using [TOA][DBS] as an additive, a calibra-
tion graph slope of 31.4 mV/pZn was obtained over a concentration
range of 3.4 x 10> t0 3.8 x 10-2 M with a detection limit of 1.53 pg
Zn(1I)/mL.

3.2. Effect of pH

The stability of sensor’s potential reading was investigated
over the acidic pH range in order to determine the working
pH range of the electrode. The pH value of the test solution,
1.0 x 10-3 M Zn(NO3),, was adjusted with solutions of HNO3 and
NaOH (0.1-1.0 M). No significant variation of the potential reading
was observed within the average pH range of 4.6-6.5 in both cases
of using KTpCIPB or [TOA][DBS] as an additive. In this range, the
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Fig. 1. X-ray photoelectron images and spectra of Zn 2p core electrons: (a) at the surface of the membrane, (b) after etching for 30's, and (c) after etching for 60s.

electrode can be safely used for Zn(II) determination without using
pH buffering solutions.

3.3. Interference of foreign ions

The matched potential method, proposed in 1984 by Gadzekpo
and Christian [34] and recommended in 1995 by IUPAC [35], was
applied to determine the selectivity coefficient values of the elec-
trodes (Table 1). Comparing to both the separate solution and fixed
interference methods [36], this technique has the advantage of

Table 1
Selectivity coefficients K;:jz . of Zn(II)-selective electrode.
pot pot b pot

lon ZnJz+ ¢ KZn,]zJr ZnJz+ ¢
Na* 1.6 x 1072 1.2x10°2 3.0x 10!
K* 8.8x 1073 1.1x10°3 1.7 x 107!
Ag* 1.8x 1072 1.1x 1071 2.0x 10!
Mg?* 3.5x 1072 58x1073 2.0x 10!
Ca* 2.4x 1072 6.8x 1073 1.5x 10!
Ba?* 2.4 x107! 3.0x1073 1.0x 107!
Co?* 5.8 x 102 49x1073 1.0x 107!
Ni2* 2.7 x 1072 39x103 -
Cu?* 8.4x1073 2.0x1073 20x 107!
Pb2* 34x1072 52x1073 1.3x10!
cdz 1.8x10°2 6.5x 1073 35x10!
Hg?* 1.1x 1072 1.4x 1072 1.3x 10!
AR+ 2.1x1072 2.0x 102 1.9x 10!
Fe3* 42x107! 2.2x102 1.6x 10!

2 Using membrane containing KpCIPB as the additive.
b Using membrane containing [TOA][DBS] as the additive.
¢ Literature values (MPM) [27].

being independent of Nickolsky-Eisenman equation. So, Nernstian
portions of the response of the primary and interfering ions are not
required.

Bothinvestigated electrodes showed higher selectivity than that
ofanelectrode containing NaTPB as an additive (Table 1)[27]. This is
probably due to the greater lipophilicity of KTpCIPB and [TOA|[DBS]
compared to NaTPB. Moreover, the ionic liquids have proved abil-
ity to extract Zn(II) from the aqueous solution into the membrane
side [37], thus increasing the rate of formation of the ionophore at
both the internal and external gel layers of the membrane. This also
explains the better selectivity of [TOA][DBS] versus KTpCIPB.

3.4. X-ray photoelectron spectroscopy of Zn 2p core electrons

In this technique, the spectrum is a combination of an overall
trend due to resonance structures that derive from core electronic
states of the elements under analysis, transmission characteristics
of the spectrometer, and the energy loss process within the sam-
ple. The resonance (intrinsic) peaks together with the background
features of the spectrum offer information about the chemical com-
position of the sample (electrode’s membrane) surface.

The high resolution Zn 2p spectrum, in addition to the corre-
sponding chemical image of the surface, of conditioned membranes
containing KTpCIPB as additive at different depths are shown in
Fig. 1a. The spectrum and image were scanned again after sput-
tering the surface with a 2 keV beam of argon ions for 30 and 60s
(Fig. 1b and c). All spectra are characterized with a Zn 2p3,, peak at
about 1022 eV with almost the same counts/second. This indicates
the transport mechanism of the electrode’s response. This is con-
firmed by comparing chemical images (b) and (c) with image (a).
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Table 2
Roughness parameters of Zn(II)-responsive membranes as determined by atomic force microscopy.
Membrane’s additive Soaking medium RMS? (nm) Ra® (nm) Rq¢ (nm) Rmax? (nm)
KTpCIPB Distilled water 12.7 0.803 0.989 0.363
1.0 x 10-3 M Zn(II) solution 38.6 1.34 2.36 245
[TOA][DBS] Distilled water 26.2 1.04 1.04 0.460
1.0 x 10-3 M Zn(II) solution 146 11.7 19.8 2.89
4 Root mean square.
b Roughness average.
¢ Root mean roughness.
d

The maximum roughness depth.

350
* b) 4%
300 @3z CE @
5 An i
250 v % . £
* . N o %
H PP
[N
o~ 200 [
@ P P
£ 150 - N
3 N N AT °
8,0 & M
© 100 & N g
. it R .
ot A o o A 0o
0 ot S . et
* e, o 12 AR N”ﬁ%@ﬁ.
0 ) “Banst.
700 750 800 850 900 950 1000

850 900 950 1000

800 850 900 950 1000

Kinetic Energy (eV)

Fig. 2. lon scattering spectra of Ar ions back-scattered from surface Zn(II) at the
surface of the membrane (a), after etching for 30s (b), and after etching for 60s (c).

Similar results were obtained for membranes containing the ionic
liquid as an additive.

3.5. lon scattering spectroscopy

The ion scattering spectroscopy (ISS) involved firing a beam of
mono-energetic He ions at the surface of the electrode and measur-
ing the kinetic energies of the ions that were scattered back. The
ISS spectrum (Fig. 2) is obtained by recording the number of scat-
tered ions collected per second as a function of their kinetic energy.

200.0 nm

0.0 nm

200.0 nm_

The technique is uniquely sensitive to the outermost layer of the
surface. In the present study, the analysis was accomplished at dif-
ferent depths inside a conditioned membrane containing KTpCIPB
(Fig. 2). The results revealed the existence of Zn(II) inside the bulk
of the membrane. This confirms the ionic transport of the primary
ion during the conditioning process of the electrode.

3.6. Atomic force microscopy

Atomic force microscopy (AFM) is a direct descendant of scan-
ning tunneling microscopy. The cause for its design was the desire
to use scanning probe microscopy on poorly conductive materials.
For electron microscopy techniques, the low density and insulating
nature of most polymers dictate that the sample must be treated
prior to image acquisition. Commonly, this necessitates the expo-
sure of the polymeric sample to a vacuum environment. With the
AFM, the sample can be imaged in its natural state; hence the poten-
tial incidence of sample preparation induced artifacts is reduced.
Moreover, AFM can measure, in numerical values, the roughness of
the surface.

3.6.1. Atomic force microscopy of membrane containing KTpCIPB
Membranes containing KTpCIPB, as an additive, was conditioned
by soaking them in 1.0 x 10-3M Zn(NOs3), solution for 24 h. For
comparison, another membrane was soaked in distilled water for
the same period, 24 h. The AFM images of the two membranes are
shown in (Fig. 3a and b) and their roughness parameters are given
in Table 2. The results indicate that the surface of the membrane
soaked in Zn(II) solution is more rough than that of the membrane
soaked in water (Table 2). This distinct difference in the morphology

0.0 nm

Fig. 3. 3D AFM (5 pm x 5 um x 200 nm) images of Zn(Il)-responsive membranes containing KTpCIPB (a and b) or [TOA][DBS] (c and d) as additive. (a and c) Membranes
soaked in bidistilled water for 24 h. (b and d) Membranes soaked in 1.0 x 103 M Zn(II) solution for 24 h.
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of the two surfaces is most plausibly due to the complexation of
Zn(Il) with DBC at the surface of the membrane.

3.6.2. Atomic force microscopy of membrane containing
[TOA][DBS]

Fig. 3cand d shows the AFM images of the surfaces of two mem-
branes containing [TOA][DBS] as an additive. The image in (c) is
of a membrane soaked for 24 h in bi-distilled water while that in
(d) is a membrane soaked for 24h in 1.0 x 103 M Zn(NOs), solu-
tion. Comparing Fig. 3c with Fig. 3d, it is evident that the surface
of the membrane soaked in Zn(II) solution is rougher than that of
the membrane soaked in water. This is confirmed by the results
of roughness parameters given in Table 2. The cause of this differ-
ence in the morphology of the two membranes is the formation
of Zn(II)-DBC complex in the gel layer covering the membrane
surface.

It is evident that the surface of the membrane containing the
ionic liquid is, in general, rougher than the membrane containing
KpCIPB (Table 2). This is likely due to the oily nature of the ionic
liquid, which adds to the plasticization of the membrane.

4. Conclusion

A highly selective plastic membrane Zn(II)-ion selective elec-
trode can be constructed based on dibenzo-24-crown-8 as a neutral
carrier and KTpCIPB or the halogen-free ionic liquid [TOA][DBS] as
an additive. The electrode containing [TOA][DBS] exhibited higher
selectivity for Zn(II) than the electrode containing KTpCIPB. Com-
parative surface analyses of membranes soaked in Zn(II) solution
and in distilled water indicated that the origin of the electrode
potential is a phase boundary exchange equilibrium at the inter-
facial junction separating the membrane from the test solution.
This equilibrium is associated with ion transport through the mem-
brane. The atomic force microscopy revealed that the formation of
an ion-ionophore complex during the conditioning process of the
electrode substantially changes the morphology of the membrane’s
surface.
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