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A highly selective membrane electrode based on dified zeolite is presented. The
proposed electrode shows very good select i i0hs over a wide variety of common
i i g ernstian slope of —58.9 £ 0.9 mV per
ig 1.00x10°- 1.10x10" M with a detection

ct determlnatlon of thiocyanate in water samples and
locyanate ions with AgNOs solution.

of electrodes Jthat can chemically recognize specific anions (chemo selectivity) and offer
potentiometric responses that differ from the conventional anion-exchanger-based membranes. The
quick determination of trace quantities of ionic species by simple methods is of special interest in
analytical chemistry. Construction and application of ion-selective electrode as a potentiometric sensor
offers interesting advantages such as simplicity, relatively fast response, low cost, wide linear dynamic
range and ease of preparation and procedures. These characteristics have inevitably led to the
preparation of numerous sensors for several ionic species, and the list of available electrodes has
grown substantially over the past years [1].
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Thiocyanate finds many industrial applications and though not as toxic as cyanide, it is harmful
to aquatic life. Its determination at low levels in water and industrial effluents is therefore important.
Thiocyanate sensors are potentially useful for detecting this compound in biological samples (e.g.
urine and saliva), where elevated levels of thiocyanate correlate with excessive cigarette smoking. If
the content of thiocyanate ion is a little higher in the body than normal, the protein dialysis will be
affected and it may even result in coma. Due to the urgent need for selective potentiometric
determination of trace amounts thiocyanate ion, especially in food, biological and water samples, many
coordination compounds have been employed as an ionophore in the constructio s thiocyanate
ion [2-10].

Recent decade scientific researches introduced several PVC based sense
such as I [11-13], SCN [3, 4, 9], SO4? [14-19], ClO4 [20], NO;™ [2

anions,

other thiocyanate-selective electrodes.

2. EXPERIMENTAL

2.1. Reagents and chemicals

Sodium silicate used was tf i€rck anghts composition is SiOz (25.2-28.5%), Na2O
(7.5-8.5%), H.O (63%). Ch a sulfuric acid (98%), sodium hydroxide (98%),
tetrapropylammonium bro AF 0 inum sulfate eighteen hydrate (>99.3%), sodium

from high relative molecular weight polyvinyl chloride
(PVC). ioctylphthalate (DOP), tetrahydrofuran (THF) and

hexadecyltri i e (HDTMABFr) were purchased from Aldrich or Fluka and used
as received. So nd potassium salts of all anions were of the highest purity available (all from
Merc further purification. The pH of solutions was adjusted with sodium
hydfo acid solution as appropriate. All other reagents used were of analytical
reagent ed water was used throughout the experiments. A 0.1M stock solution of

1.0x1077-1.0x10"'M solutions of thiocyanate were prepared daily by sequential dilution of the
appropriate stock solution with doubly distilled water.

2.2. Synthesis and modification of ZSM-5 zeolite

2.4984 g (0.0427 mol) of sodium chloride and 0.5931 g (0.00089 mol) of hydrated aluminum
sulfate, were dissolved in 10.1200 g (0.5622 mol) of distilled water. 1.8945 g (0.00712 mol)
tetrapropylammonium bromide, 7.1200 g (0.3955 mol) of distilled water and 1.0883 g (0.01088 mol)
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sulfuric acid were added with vigorous stirring. 15.0000 g (0.07125 mol SiO,) of sodium silicate
solution was subsequently added and the mixture was stirred for 60 min. The pH of the mixture was
9.38. The mixture was transferred into the autoclave. The autoclave was kept into an oven at 110 °C
for about 2 h. Then, the temperature was increased to 230 °C and kept at that level for another 5 h. The
solid phase obtained was filtered out, washed with water several times, dried at 110 °C for about 12-14
h and subsequently calcined at 540 °C for 3 h [23].

For preparation of surfactant modified zeolite (SMZ), the Na-ZSM-5 zeolite (2 g) was mixed
with 100 mL of 50 mM HDTMA solutions, and stirred for 24 h on a magnetic stir mixture was
then centrifuged at 5000 rpm for 20 min and the resulting SMZ was dried in ai

2.3. Characterization of the synthesized zeolite and the SMZ

ered sample was mixed with 100
mg KBr, followed by compressing the mixt diameter and investigating by the

FT-IR spectrometer.

2.4. Electrode preparation

mbrane was to mix thoroughly 25.5 mg of powdered
mg of plasticizer DOP. Then the mixture was dissolved

2.5. Potentiometric measurements

The potentiometric measurements were performed with a Metronm pH meter 691 pH/lon
Meter (Metrohm) at 25.0 + 1°C. A SMZ-membrane thiocyanate-selective PVC electrode and a
standard Ag/AgCl electrode shielded by an intermediate salt-bridge compartment, containing the
background electrolyte in order to prevent any transfer of potassium ions into the measuring solution,
were used as an indicator electrode and an external reference electrode, respectively. All potentials
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were reported versus this reference electrode. The cells for millivolt measurements were of the
following type:

Ag/AgCl, KCI (3M) | internal solution KSCN (1.0 x 10 M) |electrode membrane | test solution
| Ag/AgCl, KCI (3M)

The potential reading of each solution was recorded when it became stable, and then plotted as
a logarithmic function of SCN- anion concentration. The activities of anions were based on the
activity-coefficient data (y) calculated from the modified form of Debye-Huckel Equation [24], which
is applicable to any ion and is as follows:

1%
_ 2 W
logy = —0.511Z [(1+L5uﬂ}—u.zp:|

where p is the ionic strength and Z is the valency. All me
temperature. The pH measurements were performed using a
with a combined electrode.

3. RESULTS AND DISCUSSION

3.1. Synthesized zeolite and SMZ characteriz

3.1.1. X-ray diffraction studies

Synthesized ZSM-5 zeg by X-ray diffraction.

6000

I
J

2000

Figure 1. XRD patterns synthesized zeolite ZSM-5.
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Figure 1 shows representative XRD patterns of sample synthesized. The measurements were
conducted in continuous 6/26 scan refraction mode. The anode was operated at 30 KV and 15 mA the
20 angles were measured 5°—60° at the rate of 2°.min™. The characteristic lines at 20 of 7.9, 8.8, 23.1,
23.8 and 24.5 are observed from XRD pattern that show a good agreement with the data of Na- ZSM-5
zeolite [25]. The crystallinity of the prepared sample was calculated using the ratio of the sum of the
areas of the most intense peaks for zeolite ZSM-5 sample (in above mentioned 260 values) to the same

peaks for the standard (zeolite ZSM-5) and multiplying by 100. This analysis shows that the product
has a typical zeolite ZSM-5 structure with no amorphous material.

3.1.2. FT-IR studies

FT-IR lattice vibration spectra were used to investigate lue of s nt on the
zeolite framework.
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Figure 2. FT-IR patterns for (a) HDTMA (b) synthesized ZSM-5 and (c) SMZ.
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Representative spectra of zeolite HDTMA, ZSM-5 and SMZ in the range of 400-4000cm* are
shown in Fig. 2. According to Fig. 2b, the observed frequencies at 3436, 1623, 1098 and 551cm™
agrees with the infrared spectral data, which has been obtained for zeolite ZSM-5 by Flanigen et al.
[26]. The IR pattern of SMZ-ZSM-5 shows characteristic peaks at 2919, 2856, 1478 and 687 cm™ in
fig. 3c, which indicate the incorporation of HDTMA into the zeolite structure. There is a slight shift in
peaks at each wavenumber, however, both of the patterns are nearly the same. Specially, the prescence
of peaks at 2919, 2856 and 1478 cm™ in SMZ spectrum (related to C-H, C-C and N-C vibrations in the
surfactants, respectively), that are absent in the Na- ZSM-5 spectrum, confirm loagi HDTMA on
zeolite surface.

3.2. Theoretical considerations of SMZ and electrode behavior

As previously mentioned, the SMZ can be used for sorpti
the conceptual model which was illustrated graphical
concentrations, HDTMA forms a monolayer on the zeo
molecules turned toward the solution. With incre
formed. This bilayer structure causes arrangement
solution, which can serve as sorption sites for anio
means that sorbed HDTMA concentration is\wice of th

SMZ is mixed with a solution containing
fmaining solution is decreased. Therefore,

anions were carried out. Except with SCN™ ion, the E versus pM plots is nonlinear within the
concentration range of 1.0x10°! to 1.0x1077 M, and exhibit hypo-Nernstian slopes (table 1). Our
preliminary experiments showed that the membrane prepared by using the zeolite ZSM-5 as ion
sensing proved to be suitable one, and all of optimizations were done on SMZ-PVC electrode. First,
the amount of SMZ modifier was optimized. The responses of the electrodes to several SMZ
compositions are presented in Table 2. As can be seen, only the electrode containing 10% SMZ which
was prepared from Na-ZSM-5 at 50 mM HDTMA, as described in section 2.2, showed Nernstian
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behavior. Electrodes which were prepared at 100 and 200 mM HDTMA solution do not show a
Nernstian behavior.

Table 1. Potentiometric response of the electrode toward different anions (n=4).

5 ] r

ClO« 46.7+0.8 0.9809 + 0.08
ClOs 36.1+0.9 0.9903 + 0.08
SO4* 192+11 0.9393 + 0.04
SO3* 20.2+0.9 0.9807 = 0.07
C204? 17.1+0.9 0.9866 + 0.04
I 41.2+0.8 0.9791 +£0.08
NOs- 18.1+0.8 0.9870 + 0.008
HPOs>  30.4+1.4 0.9678 + 0.009
SCN- 60.7 +1.6 0.9933 + 0.005 4%
Br 34.3+0.9 0.9661+0.004

Table 2. Optimization the modifier amount.

Electrode  Modifier percentage

A

B

C 1+0.
D -42.5+0.8
E -53.1+0.5
F -56.1+0.8
G -40.1+1.1
*H -58.7+ 0.3
[ -41.1+0.8

PVC% SMZ% DOP%  Avrage Slope r?
(mV.decad™?)

Linear
range(-log

1 29 4.0 67 53.4+1.2 0.9910 + 0.0030 5.5-1.0 3.2
*2 255 10.0 64.5 58.6+0.9 0.9960 + 0.0190 6.0-1.1 1.7
3 23.5 15.0 61.5 44.3+1.3 0.9711 + 0.0200 4.4-1.1 4.3
4 21 20.0 59 39.2+0.8 0.9701 +£0.0141 3.9-1.2 2.9

In this case, a partially formed bilayer may be loaded on the zeolite surface. Consequently, the
obtained SMZ does not respond appropriately to SCN™. This completely agrees with the results which
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were obtained by Wingenfelder et al. [29] for antimonate sorption studies. They found that, in the
treatments about two times of the ECEC, the zeolite took up over 98% of the initial HDTMA in
solution. When the applied HDTMA concentrations were over two times as high as the ECEC, the
zeolite took up 84% of the initial HDTMA concentration.

The potential response of a sensor is greatly related to the membrane ingredients [30-34]. The
ratio of membrane ingredients were optimized so that the membranes develop reproducible, noiseless
and stable potentials. Composition of the membranes, which resulted in the best performance, is shown
in Table 3 along with their potentiometric characteristics. As it can be seen, elgetr@des made from

were found to be the optimum one in the development of this sensor (me
this membrane composition was used for subsequent works.

3.4. Effect of internal reference solution

The concentration of the internal solution (KSCN)in‘the e nged from 1.0x1072
to 1.0 x10~* M and the emf-pSCN" plots were obtaingfl and the results hown in Fig. 3.
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Figure 3. Effect of concentration of internal reference solution on the electrode response at various
thiocyanate concentrations in the range of 1.0x10! M-1.0x103 M.

It was found that the variation of the concentration of the internal KSCN solution did not cause
any significant difference in potential response except for an expected change in the intercept of the
resulting plots. A 1.0x1072 M concentration of internal reference solution is quite appropriate for
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smooth functioning of the electrode system. Then conditioning time was studied by changing the time
of being electrode in conditioning situation (Table 4). The obtained results showed the best Nernstian
behavior was for 16 h.

Table 4. Conditioning time results for SMZ-PVC membrane electrode (10% modifier; -logC =6 - 2; (
n=5).

t(h) | Slope (mV.decade?)
4 38.0x0.9 0.9893 £ 0.0377
6 399+1.6 0.9877 +£0.0438
8 409+0.9 0.9699 + 0,006

10 46.7+0.4
12 499+09
*16 59.3+0.9
18 524 +0.9
24 538+1.2
48 555+0.9

3.5. Effect of pH

The influence of pH of the test soluti
the SMZ-membrane sensor was tested in the
and the results are shown in Fig,

cyanate) on the potential response of
3.1 (adjusted with either HCI or NaOH)

200
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Figure 4. Influence of pH on the potential response of the thiocyanate-selective electrode to 1.0x102
M SCN'.
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As seen, the membrane electrode can be suitably used in the pH range 2.0-10.1. A pH of 6.0
was adjusted with 0.1 mol L™! acetic acid-acetate buffer was used for further studies. However, drastic
potential changes are observed at higher and lower pH values. This is most probably due to the
simultaneous response of the electrode to SCN™ and OH™, at pH > 10.1, and some ionophore
protonation and consequent diminished responsivity to SCN™ and/or simultaneous response to
thiocyanate and chloride ions, at pH < 2.0.

3.6. Effect of ionic strength on the response of the electrode

Concentration of Slope= (n=6) texp Linear range of thiocyanate Intercept
NaNOsz (M) (mV.decade™?) (M) (mV)

1.0x10* -59.1+0.56 0.0.40 236
3.0x10* -59.5+0.76 1.18 235
4.9x10* -59.3+0.61 .10x101 233
1.0x103 -59.5+0.6 106-1.10x101! 232
2.0x103 1.00x107%-8.97x102 197
3.4x103 1.00x106-8.94x102 190

occupied by NOz™ ions. As the result it causes a decrease in electrode response compare to the higher
concentrations of the thiocyanate anions. The difference in the intercept values at nitrate
concentrations lower than 1 mM is not significant. The small differences indicate that the sensor is free
from nitrate interference at concentrations of nitrate lower than 1 mM. But, the intercept values at
nitrate concentrations higher than 1 mM are more different and nitrate has much more interference.
The validity of obtained results was performed by statistical methods. By comparing of texp and to.os5 =
2.57 at 95% confidence interval it is concluded that there is a random error in experiments [35].
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3.7. Effect of temperature

To investigate the thermal stability of the electrode, calibration curves (Ecell versus log ascn)
were constructed at different temperatures covering the range 25-60 “C. The electrode exhibited good
Nernstian behavior in the range of 25-45 “C. The results are shown in Table 6.

Table 6. Effect of temperature on optimized SMZ-PVC electrode behavior.

Temperature ( ) Nernstian slope Mean of exp. slope texp

(mV.decade?) (n=10), mV.decade™)

25 -59.2
30 -60.2
35 -61.2
40 -62.2
45 -63.2
50 -64.2
55 -65.0
60 -66.0

Note: t 0.05,9 =2.26 (Ref. 35)

ope values at each temperature were compared statistically,
10 replicates. The results prove the validation of the obtained

The response time of the sensor was defined as tes for the slope of the calibration curve of
thiocyanate solution when the thiocyanate concentration was increased from 1.0x10~7 to 1.0x10~! mol
L' (Fig. 5), where tos is the time required for the sensor to reach 95% of the steady state (final signal
that does not change during 60 s) potentiometric value. From the results, the best response time of 5 s
was recorded for membrane having the optimized conditions. After new solutions were exposed to the
electrode the response changed rapidly and remained at a constant value before 5 s of the exposure.
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The potential generated by the membrane (when it’s remained constant in one solution of thiocyanate)
remained constant for 5 min, after which it started slow deviating (—0.5% per min).
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wards SCN" ions)

e membrane electrode thus obtained was <10 s. The potential
+1mV, for at least 5 min (the inset of Fig. 5).

technique [36]. The influence of interfering ions on the response behavior of ion-selective membrane

electrodes is usually described in terms of selectivity coefficients. Potentiometric selectivity

coefficients (Kigy- .4-) describing the preference of the membrane for an interfering ion A~ relative to

SCN™. The experimental selectivity coefficients depend on the activity and the method of their
determination. Different methods of selectivity determination have been found in the literatures.
Potentiometric selectivity coefficient values for the present sensors were determined by the separate
solutions method (SSM), according to IUPAC recommendations, using 1.0x107*M solutions of SCN™
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and interfering ions. The potentiometric selectivity coefficients of the proposed electrode, in the
optimized analytical procedure, are calculated using the following equation [37] and summarized in
Table 7:

¢ _ nF(E-E ) a4
ngKEEN__ i 2.303 R'I" +log (_“E} (4)

Where Kigy- 4~ is the potentiometric selectivity coefficient, Ei the measured cell potential at

primary ion activity ai (SCN"), E;j the measured cell potential at interference io n and m are

the charges of the primary and interference ion, respectively. R, T and F have

Interfering anion

-0.9+0.08

ClO«

[ -1.2+0.05 .60.

104 -2.1+0.07 -3.0+0.11
ClOs -2.8+0.07 -3.1+0.21
C204* -2.9+0.09 -3.3+0.11

-2.5+0.10
-2.4+0.08

NOs- -1.9+0.10

CH3COO~

tested, the largest sensitivity was obtained for
and periodate. a poorer response was observed with salicylate

Using the optimized composition and conditions described above, the critical response
characteristics of the electrode were assessed according to IUPAC recommendations [39]. The emf
response of the electrode to varying concentrations of thiocyanate species indicates a linear range from
1.00x10° to 1.10x10"* M (r = 0.9966) (Fig. 6). The average slope of calibration curves based on 14
replicate measurements was —58.9 + 0.9 mV per decade of SCN™ concentration. Comparison of this
calculated value with theoretical Nersntian value (59.2 mV per decade of SCN™ concentration) by
statistical (t) parameter (tcaic = 1.87 and t 0.05,13 =2.16) shows that the difference between them is due to
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random errors. On the other hand, the proposed SMZ membrane electrode is applicable to measure
SCN™ anion in aqueous solutions. The lower and upper detection limits were 8.33x1077 and 0.13 M,
respectively.

500
@&Am
I S
400 ottt
200
=
E 2001
100 4
ol - |- O HDTMA-PVC
————— Na-Y-PVC
—ip—  PVC
0 1 2 3 - 5 [+ 7 8
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€ _ 9

i0de variations) was less than 1.5%. The validity of results was investigated by “g
value statistical test, g-test [35], as:

highest s?
=2 2 2 2 (®)
S, +5S, +..5,
Where s is the variance of each class of determinations. The calculated “g” values for each
case was 0.4793 which are smaller than the critical g value at 95% confidence interval, go.os104 =
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0.5017 (4 class, 10 replicate in each class) [35] indicating that there is no significant difference
between the behavior of the four independent electrodes and those compositions are homogeneous.

Table 8. Comparison of some characteristics of the proposed electrode with previous SCN™ ISEs.

Slope Working  Linear range (M) DL (M) lonophore

(mVdecade™) pH range

electrode

[40] -56.3 2.0-8.0 6.0x10%-1.0x102
[40] -58.3 2.0-8.0 1.0x10°-1.0x102
[41] -57.0 5.0 9.0x107-1.0x10"
[42] -56.5 3.5-85 1.0x1076-1.0x107"
[43] -58.7 3.0-8.0 1.0x10°-1.0x10"
[44] -57.6 3.9-9.2 1.0x107%-1.0x10"
[44] -58.7 4.3-9.8 1.0x1076-1.0x10"!
[45] -52.0 2.0-3.0

or other compared electrodes. The SMZ-PVC has
or acidic to basic solutions. High stability of the electrode
pode that it in turn causes an increasing of precision. In
gpeatability, the RSD values for our SMZ-PVC (1.3-2.4%) are

determination 9fPSCN~ via Ag* titrations. Fig. 7 shows the titration curve of 10mL of a 1.0x102 M
thiocyanate solution titrated with 1x102 M of AgNOs. The titration volume was measured at the
inflection point of the titration curve and a concentration of thiocyanate of 9.7x103M was determined.

The new thiocyanate -selective electrode was applied for the determination of thiocyanate in
river and tap water samples with satisfactory results. The analysis was performed by using the standard
addition technique. The results are summarized in Table 9. Good recoveries were obtained in all
samples.
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Figure 7. Potentiometric titration curve for 10 ml
AgNOs using the proposed sensor as an indic

“
Recovery(%) Foundet thiocyanate Added thiocyanate Samples

(pg/ml)
Tap Water of Isfahan

1.4
2.3
3.0
5.3
- The River Water of
10.1 Zayandeh Rood in

15.14+0.55 15.3 Isfahan
20.0 1+0.35 20.2
25.12+0.88 25.4

4. CONCLUSIONS

To sum up, we have shown that the use of the modified zeolite by cationic surfactant can be
used as suitable ionophores in the development of new thiocyanate-selective PVC membrane
electrodes. These electrodes show a Nernstian response, detection limits of near 8.33x1077 M and a
low response time of a few seconds in the presence of thiocyanate. The optimized membrane electrode
was used as indicator electrode in potentiometric titrations of thiocyante with silver.
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