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Abstract- In continuation to our previous work with composite polyaniline-zirconium (IV)-
arsenate (PZA), we further extended with the conductivity measurements in this report. All 
the calculations reported in here were extracted from the experiments carried out in the 
temperature range of (25-50)±0.1°C and at different concentrations (0.01C(M)1) of KCl, 
NaCl and LiCl 1-1 electrolyte solutions. The diffusion coefficient for 1-1 electrolyte solutions 
was found to decrease in the order K+> Na+> Li+, which is in accordance with a decrease in 
the size of cation. The resistance is decreasing with increasing time in the order Li+> Na+> 
K+, and is due to an increased size of the cation for the chosen electrolytes. From the results, 
the conductivity values for 1-1 electrolytes in the membrane phase were found to be higher at 
the lower concentration for all the electrolytes in the order of Li+> Na+> K+. It was observed 
that the conductivity found to be increased with an increase of temperature and obeyed the 
Arrhenius equation. The activation energy increased with an increased concentration of 
electrolyte solution and the sequence for the energy of activation is Li+> Na+> K+. The Gibbs 
free energy, enthalpy and entropy for the ions were calculated at different concentrations and 
temperatures. All the values of G, H, and S were found to be positive in nature and are 
following the order K+> Na+> Li+. 
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1. INTRODUCTION 

In the last few decades, the organic-inorganic ion exchange materials have been 

extensively investigated for academic and industrial purpose. These materials are formed by 

developing organic polymers and inorganic particles are important for the environmental 

applications. The organic ion exchangers have an extensive applicability but few limitations 

such as poor thermal stability, i.e., very unstable at high temperature and strong radiation. 

However, the inorganic ion exchangers have their own limitations such as non-suitable for 

column operation due to granulometric nature. In order to overcome the limitations of organic 

and inorganic ion exchangers, many investigators introduced the improved materials by the 

incorporation of organic monomers into inorganic matrix. These composite materials are 

attractive with a better chemical, thermal and mechanical stabilities, reproducibility, 

functionality, hydrophobicity, electrochemical and optical as well as magnetic properties 

[1,2]. 

Polyaniline exists in a various forms that differ in chemical and physical properties [3,4]. 

It is an electrically conducting polymerand due to its unique electrical, electrochemical, and 

optical properties, has been used as a rigid material and is fragile, insoluble even in organic 

solvents [5]. It has recently achieved extensive importance because of its unique conduction 

mechanism and high environmental stability. It has good affinity for ion-exchange 

membranes and also polymerizes in the membrane matrix by chemical oxidation. However, 

zirconium arsenate is a crystalline with triclinic space group 1P in nature. The Zr atoms 

display normal octahedral geometries with As-O bond distances close to the expected values 

[6], and possess excellent ion-exchange capacity. 

An ion-exchange membrane is considered as a micro-heterogeneous system. According to 

the model proposed by Gnusin et al. [7], Zabolotsky and Nikonenko [8], the ion-exchange 

membrane is considered as a combination of a ‘gel phase’ with a relative uniform distribution 

of functional groups and a hydrophilic part of the polymer matrix chains impregnated with a 

charged solution compensating the charge of the fixed groups. It was also shown [9] that the 

micro-hetrogeneous structure of the membrane material is the main factor for determining the 

concentration dependence of the membrane transport properties such as the electrical 

conductivity, diffusion permeability, and transport numbers. It is a well-known fact that the 

alkali halides inherit better conductivity values than any other electrolytes. An alkali halide 

consists of a salt dissolved in a solvent, and their conductivity values therefore depend on the 

salt concentration as well as the solvent concentration. 

We previously reported [10] the synthesis, characterization, ion-exchange behaviour and 

analytical applications of polyaniline-zirconium (IV)-arsenate (PZA) composite material; 

however, the present investigation is focused on the extension of our studies further with 

conductivity measurements. In this study, the analysis of the conductivity of membrane under 

various conditions of the electrolyte concentration was carried out in order to understand the 
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mechanism of ionic transport across the membrane surface. In addition to resistance, the 

diffusion coefficient, activation energy, Gibbs free energy, enthalpy and entropy were also 

investigated. 

 

2. EXPERIMENTAL 

2.1. Reagents  

The main reagents used for synthesizing polyaniline zirconium (IV) arsenate were 

obtained from LobaCheme (India Ltd., used as received). All other reagents and chemicals 

were of analytical grade and used without further purification. 

2.2. Preparation of membranes 

During the synthesis of the PZA composite membrane, we first prepared zirconium (IV) 

arsenate by mixing 0.2 M zirconium (IV) oxychloride with 0.2 M sodium arsenate. The pH of 

the mixture was adjusted to 1.0 by adding 1 M HNO3 under constant stirring and the resultant 

white precipitates were left to age for 24 h at room temperature.  

Following this, the PZA membrane was prepared by the procedure as described by Nabi 

et al [10]. Accordingly, the zirconium (IV) arsenate precipitate was mixed with 10% 

polyaniline under constant stirring and the resultant precipitates were left to age for 24 h at 

room temperature. The precipitate was washed with ultra-pure distilled water several times 

and was made to dry at 500.2 C. The dried products were converted to the H+ form via the 

addition of 1 M HNO3 solution and washed with ultra-pure distilled water several times and 

finally dried at 500.2 C. All the membranes were prepared by pressing the powder of the 

composite into pellets employing a hydraulic press (Carver Hydraulic Unit Model 3912, 

Wabash, USA). 

2.3. Measurement of membrane resistances 

The test cell used for the electrochemical measurements is similar to that described 

elsewhere [11,12]. Membranes were tightly clamped between two glass half-cells for the 

electrochemical measurement of the membrane conductivity. The half-cell volume was 50 ml 

and the effective membrane area was 196.7 mm2. Various chloride salt solutions of group 1 

elements, namely, K, Na, and Li, were prepared with ultrapure water produced by a Milli-Q 

Gradient unit (Millipore) and the half-cell filled with these electrolyte solutions. A magnetic 

stirrer was placed at the bottom of each half-cell to minimize concentration-polarization at 

the membrane surface and measurements were carried out at a stirring rate of 500 rpm  

[13-15]. The pH values of the prepared solutions were found to be between 5.5 and 6. 

Membrane conductivity in terms of membrane resistance was measured at different 

temperature (25-50)±0.1°C, which was controlled by a refrigerated thermostat (Julabo F12-

ED). The conductivity through the membrane was recorded employing a digital multimeter 
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(T235H, Hellermann Tyton) using two platinum electrodes (RE) from Radiometer analytical 

[16]. On each system three individual measurements of the membrane resistance were made 

and the mean was taken as the desired result. 

2.4. Cation diffusion coefficients through membrane 

Diffusion of ions was determined by measuring conductivity of both containers with 

respect to time. The geometric characteristics of the cell can be grouped into a constant , 

may be called as cell constant, and estimated by [17]. 
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Where A is effective membrane area (196.7 mm2), L the membrane thickness (1.1 mm), 

V1 and V2 are the volume of solutions used in containers 1 and 2 (50 ml). 

From Fick’s second law for diffusion can be written as: 
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Under the conditions, t=0 to t=f, integrated the eqn. (2) is, 
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Finally get the equation as: 
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Where C is the final concentration or initial concentration in the container 1 or 2, D the 

diffusion coefficient, t the diffusion time. The super and subscripts are 0, initial; f, final; 1, 

container 1; 2, container 2. By eqn. (1), diffusion coefficients of different cations (K+, Na+ 

and Li+) were determined. 0.01-0.1 M initial electrolyte concentrations were taken.  

 

3. RESULTS AND DISCUSSION 

In our previous work [10], we reported the synthesis of PZA composite and a depth 

characterization by Scanning Electron Microscopy (SEM), Thermal Gravimetric Analysis-

Derivative thermogravimetric analysis (TGA-DTG), Fourier Transform Infrared 
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Spectroscopy (FTIR), X-ray Diffraction (XRD), chemical stability, thermal stability, etc. In 

this study, we carried out the conductivity measurements under various conditions.  

The dependence of diffusion coefficient values to electrolyte concentration for the 

membrane is shown in Fig. 1. In all cases, a decrease of diffusion coefficient with increasing 

electrolyte concentration was found and this is attributed to the concentration dependence of 

the electrolyte filling the membrane matrix. The diffusion coefficient values for the 

electrolytes follow the sequence for the cations in the order K+> Na+> Li+, which is in 

accordance with a decrease in the size of the cation [18]. 

 

 
Fig. 1. Plot of membrane diffusion rate vs. concentration for the PZA composite membrane 

using 0.01-0.1 M of 1:1 electrolyte at 25±0.1 °C. Each experiment was repeated three times 

ensuring accuracy of the measurements and the data are shown as mean of three individual 

experiments 

 

The diffusion of electrolytes is found to be slower than in the free solution as well as the 

order does not remain the same is due to various factors, such as (a) only a part of the frame 

work is available for free diffusion (b) the diffusion paths in the membrane phase are more 

tortuous and therefore longer (i.e. tortuousity factor) (c) the larger hydrated ions in the narrow 

mesh region of the membrane might be impeded in their mobility by the frame work and (d) 

the interaction of the diffusing species with the fixed groups on the membrane matrix.  

The conductivity σ of the membrane is given by the relation: 

                                                                 
AR

L
σ                                                                     (5)                         

where R is the membrane resistance.  
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The time dependence of resistance of the membrane for 1:1 electrolyes is shown in Fig. 2. 

From the Fig. 2, it appears that resistance decreases with increasing time and follows the 

orderLi+> Na+> K+,in agreement with other results reported elsewhere [18]. 

 

 
Fig. 2. Plot of membrane resistance vs. time for the PZA composite membrane using 0.1 M of 

1:1 electrolytes at 25±0.1 °C. Each experiment was repeated three times ensuring accuracy of 

the measurements and the data are shown as meanSD’s of three individual experiments 

 

The membrane conductivity variation for 1:1 electrolytes at room temperature with 

different electrolyte concentrations is shown in Fig. 3. The room temperature membrane 

conductivities are comparable with the values reported in literature for similar compositions 

[19,20]. The variation follows the trend; as electrolyte concentration increases, conductivity 

decreases and then reaches to the maximum.  

The temperature range from 25 to 50 °C, the membrane conductivity () measured in this 

way obeyed the Arrhenius equation: 
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Where 0 is the pre-exponential factor of the conductivity, 0 actually depends on 

temperature, but less rapidly than exponentially, R the gas constant, T the absolute 

temperature in K and Ea the activation energy for the thermally activated process. 

 



Anal. Bioanal. Electrochem., Vol. 5, No. 2, 2013, 206 - 221                                                 212
  

 

 
Fig. 3. Plot of membrane conductivity vs. concentration for the PZA composite membrane 

using 0.1 M of 1:1 electrolytes at 25±0.1 °C 

 

The temperature-dependence of the membrane conductivity for 1:1 electrolytes is shown 

in Fig. 4. From the Fig. 4, it appears that the conductivity increases with increasing 

temperature [19-22]. The activation energies (eV) in Fig. 4 were calculated from eqn. (6) 

using least squares analyses of the experimental data. These activation energies followed the 

opposite trend of membrane conductivity i.e. as the conductivity increases the activation 

energy decreases. 

This study also extents the scope of the Arrhenius equation to electrolyte concentrations. 

Fig. 5 shows that the activation energy depends on the electrolyte concentration and increase 

with increasing concentration [23]. From Fig. 5 demonstrate that even though electrolyte 

concentration and electrolyte type do affect the energy of activation, the dominant factor 

affecting the activation energy appears to be the nature of the solvent. Fig. 5 clearly shows 

that the values of the activation energy increased with an increase in the size of cation. It 

means that the thermal stability of the crystallohydrates studied increased regularly with the 

increase in a size of the cation. 
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Fig. 4. Plot of membrane conductivity vs. temperature for the PZA composite membrane 

using 0.1 M of 1:1 electrolytes at (25-50)±0.1 °C 

 

 

 
 

Fig. 5. Plot of activation energy vs. concentration for the PZA composite membrane using 1:1 

electrolytes at 25±0.1 °C 
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It is well known that the basic equation of Eyring from the theory of activated complex 

(transition state) for reactions may be written in the following form [24]: 
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Where k is the reaction rate constant,  the transmission coefficient, kB the Boltzmann 

constant, h the Planck constant, G the change of Gibbs free energy for the formation of the 

activated complex by the reagent, and R and T have their usual meaning. According to the 

kinetic theory of ionic conductance and the theory of the absolute rates of reactions [25], ions 

in aqueous solutions of electrolytes migrate as a result of quantum transitions from one stable 

(equilibrium) state to another. In addition, each elementary transition occurs at distance l and 

is accompanied by certain change of the partial molar free energy of activation for this 

process, G. for this reason, the conductance,, has a characteristic value directly connected 

with the properties of ions in the solution. By this approach, the translation coefficient  

accounts for the possibility of a given ion moving forward or backward along the three co-

ordinate axis. Therefore, its value is =1/6, and using the equation of Eyring for ionic-

conductance yields the following form [26]: 
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Where z is the ion valency, e0 is electron charge, F is Faraday’s constant, L is the average 

distance of ionic jump between two quasi-equilibrium states, and G is change of the isobaric 

potential per mole of ions from this “jump”. The last two parameters can be interpreted as 

kinetic parameters of the process of ionic-conducatnce. It shoild be noted that all changes in 

the system of a dissolved substance plus the solvent affect the values of L and G due to 

changes in the solvent structure. Furthermore, the absolute value of these changes should be 

maximal at infinite dilution of the solutions. That is,  is an exponential function of G. 

Therefore, eqn.(8) is usually used to calculate the kinetic parameters of the ions, taking into 

accounts the temperature dependence of the conductances of ions [26]. 

Taking into account the relation between the basic thermodynamic funtions [27]: 

                                                     STHG                                                                  (9)                          

Then eqn. (8) can be rewritten in the form [28]: 
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Where S is the entropy and H is the enthalpy of the system. There is no independent 

method for determining the length of the activated jump L, it is most often assumed that its 

values are equal to the length of the edge of a cube corresponding to the volume of a solvent 

molecule [29]: 

                                                               
3

1











A

m

N

V
L                                                              (11)                         

Where Vm is the molar volume of the solvent (m3 k mol-1), and NA is Avogadro’s number 

(kmol-1). The molar volume of the solvent can then be calculated from the ratio [30]: 

                                                                 
d

M
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Where M is the molae mass of the solvent (kg kmol-1) and d the solvent density at a given 

temperature (kg m-3). Then, expressing eqn. (8) in terms of  and F ( C kmol-1), the following 

equation was obtained [31]: 
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With this equation, the value of G can be calculated at any temperature provided the 

values of Vm and  are known for this temperature. If the dependence of G on temperature 

is known, and the coefficients in the empirical equation for this dependence are known, then 

the value of S can be calculated by differentiating this equation with respect to temperature 

[30]: 

                                                              
dT

dG
S


                                                             (14) 

Using the values of S obtained at different temperatures, the values of H can be 

calculated by the well-known thermodynamic relation, eqn.(9). Using eqn.(13), the 

temperature dependence of the change of the Gibbs free energy for ionic migration were 

calculated. 

Fig. 6 shows that the three curves are presented only that of Li+ has a minimum value. G 

increases with an increase in the concentration and follows the trend as K+ Na+ Li+. 
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Fig. 6. Plot of Gibbs energy vs. concentration for the PZA composite membrane using 1:1 

electrolytes at 25±0.1 °C 

 

Fig. 7 shows that G regularly decreases with an increase in temperature due to the 

migration of a given ion in the solvent from one equilibrium state to another takesplace 

quickly when the ionic hydration-hydrate sphere is weaker, and thus a smaller number of 

hydrating solvent molecules will migrate together with the ion. Thus, G values for the 

electrolytes follow the sequence for the cations in the order K+ Na+ Li+. 
 

 
Fig. 7. Plot of Gibbs energy vs. temperature for the PZA composite membrane using 0.1 M 

of 1:1 electrolytes at (25-50) ±0.1 °C 
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It is well known that the values of S for associated solvents such as water should be 

positive due to the transtion of ions into the activated state is accompanied by the destruction 

of the solvent associates, and decrease of solvent structure. Fig. 8 shows that K+ has a 

maximum value. The S increases with an increase in the concentration and follows the trend 

as K+ Na+ Li+.Thus positive value of S indicates that the diffusion of ion across the 

membrane generates a greater region of disorder [32]. 

 

 
Fig. 8. Plot of entropy vs. concentration for the PZA composite membrane using 1:1 

electrolytes at 25±0.1 °C 

 

The values of S found to decrease with increasing of temperature because the solvent 

becomes less structured, which makes ionic movement easier. From Fig. 9, it can be stated 

that Li+ ion, which has the smallest radius, should be the least hydrated, whereas the K+ ion, 

which has the largest radius, should be the most hydrated. According to Zhitomirskii [31], it 

can be explanied with an increase of the frequency at which water molecules are transported 

from co-ordination spheres of neighboring hydrated ions, thus leading to an increase in the 

hydration kinetics with increasing temperature.Therefore, S for 1-1 electrolytes were found 

to increase in the order K+ Na+Li+. 
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Fig. 9. Plot of entropy vs. temperature for the PZA composite membrane using 0.1 M of 1:1 

electrolytes at (25-50) ±0.1 °C 

 

Fig. 10 shows that the value of H are positive in all of the cases, implying that the 

process of ion migration is energetically distributed because the ion must get through a 

certain energetic barrier. In all cases a increase of H with increasing electrolyte 

concentration was found and follows the trend K+ Na+ Li+. 

 

 
Fig. 10. Plot of enthalpy vs. concentration for the PZA composite membrane using 1:1 

electrolytes at 25 ± 0.1 °C 

Fig. 11 shows that a decrease in the H values with increasing temperature is due to the 

temperature dependence of the electrolyte and follows the trend K+ Na+ Li+. The values 

hardly differ even though different electrolytes were employed. The different slopes of the 
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straight lines can be explained by the different strength of the waters of hydration that are 

bound to the ions, it can be stated that the transition of the ions within the solution from one 

equilibrium state to another is easier when the bonding of the hydration sphere to the ion is 

weaker and a smaller number of water molecules is transported with the ion during 

translation. 

 

 
Fig. 11. Plot of enthalpy vs. temperature for the PZA composite membrane using 0.1 M of 

1:1 electrolytes at (25-50) ±0.1 °C 

 

 

 
Fig. 12. Plot of activation energy vs. entropy for the PZA composite membrane using 1:1 

electrolytes at25±0.1 °C 
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Fig. 12 shows that a system with a higher entropy changes S  will require less energy of 

activation for its thermal dehydration. Such dependence was observed also for the thermal 

decomposition of other compounds [33-35]. 

 

4. CONCLUSION 

In conclusion, we report the promising conductivities of the PZA composite material. The 

present study was focussed on the measurement of conductivity. The conductivity of the 

membrane was investigated in the temperature range of (25-50)±0.1°C and different 

electrolyte concentration ranges (0.01 C (M)  1) using multi-meter. From the electrolyte 

concentration and temperature dependent conductivity studies, it was observed that the 

conductivity decreased with increasing electrolyte concentration and increased with 

increasing temperature. The activation energy increased with increase in concentration of the 

electrolyte. The values of G are positive in all of the cases, implying that the process of ion 

migration is energetically disturbed because the ion must get through a certain energetic 

barrier. The values of G increased with the increase of concentration and decreased with the 

increase of temperature and followed the sequence for the cations in the order K+ Na+ Li+.  

The value of both cases i.e.,H and S are also positive in nature and follows the same trend 

as G. 

 

Acknowledgments 

The authors acknowledge the North-West University and the PGM Group for 

instrumentation facility provided to carry out this research. Miss Simin Fatima is 

acknowledged for her nice cooperation. We thank an anonymous reviewer for constructive 

criticism on an earlier manuscript version. 

 

 

REFERENCES 

[1] T. Arfin, A. Falch, and R. J. Kriek, Phys. Chem. Chem. Phys. 14 (2012) 16760. 

[2] T. Arfin, and N. Yadav, J. Ind. Eng. Chem. 19 (2013) 256. 

[3] J. Stejskal, P. Kratochvíl, and A. D. Jenkins, Polym. 37 (1996) 367. 

[4] N. Gospodinova, and L. Terlemezyan, Prog. Polym. Sci. 23 (1998) 1443. 

[5] A. F. Diaz, J. F. Rubinson, and H. B. M. Jr., Advances in polymer science electronic 

applications, Springer-Verlag, Berlin 84(1998) 114. 

[6] D. M. Poojary, A. I. Bortun, L. N. Bortun, C. Trobajo, J. R. Garía, and A. Clearfield,     

Micropor. Mesopor. Mat.20 (1998) 77. 



Anal. Bioanal. Electrochem., Vol. 5, No. 2, 2013, 206 - 221                                                 221
  

 

[7] N. P. Gnusin, V. I. Zabolotsky, V. V. Nikonenko, and M. Kh. Urtenov, Elektrokhimiya, 

22 (1986) 298. 

[8] V. I. Zabolotsky, and V. V. Nikonenko, J. Membr. Sci. 79 (1993) 181. 

[9] A. Elattar, A. Elmidaoui, N. Pismenskaia, C. Gavach, and G. Pourcelly, J. Membr. Sci. 

143 (1998) 249. 

[10] S. A. Nabi, R. Bushra, and M. Shahadat, J. Appl. Polym. Sci. 125 (2012) 3438. 

[11] T. Arfin, and Rafiuddin, Desalination 284 (2012) 100. 

[12] T. Arfin, and N. Yadav, Anal. Bioanal. Electrochem. 4 (2012) 135. 

[13] T. Arfin, Rafiuddin, Electrochim. Acta 56 (2011) 7476. 

[14] T. Arfin, and Rafiuddin, Electrochim. Acta 54 (2009) 6928. 

[15] T. Arfin, F. Jabeen, and R. J. Kriek, Desalination 274 (2011) 206. 

[16] C. Casademont, P. Sistat, B. Ruiz, G. Pourcelly, and L. Bazinet, J. Membr. Sci. 328 

(2009) 238. 

[17] M. Kumar, B. P. Tripathi, and V. K. Shahi, J. Membr. Sci. 340 (2009) 52. 

[18] P. Prakash, P. K. Jadon, and M. N. Beg, Prient. J. Chem. 15 (1999) 505. 

[19] T. Arfin, and Rafiuddin, Electrochim. Acta 55 (2010) 8628. 

[20] T. Arfin, and Rafiuddin, J. Electroanal. Chem. 636 (2009) 113. 

[21] U. Thanganathan, and R. Bobba, J. Alloys Compd. 540 (2012) 184. 

[22]  Z. H. Li, H. P. Zhang, P. Zhang, G. C. Li, Y. P. Wu, and X. D. Zhou, J. Membr. Sci. 

322 (2008) 416. 

[23] M. Petrowsky, and R. Frech, Electrochim. Acta 55 (2010) 1285. 

[24]  S. Gleston, K. J. Laider, H. Eyring, The theory of rate processes, McGrwa-Hill, Book 

Comp. Inc. New York (1941). 

[25] Y. I. Frenkel, Kinetics theory of liquids, Nauka, Leningrad (1975). 

[26] S. B. Brummer, and G. J. Hills, Trans. Faraday Soc. 57 (1961) 1816. 

[27] R. A. Robinson, and R. H. Stokes, Electrolyte Solutions, Butterworths, London (1959). 

[28] M. S. Grilikhes, B. K. Filanovskii, and S. L. Mayofism, Zh. Fiz. Khim. 55 (1981) 1292. 

[29] Y. Y. Fialkov, and A. N. Zhitomirskii, Zh. Fiz. Khim. 26 (1983) 1068. 

[30] A. N. Zhitomirskii, and V. N. Eychis, Ukr. Khim. Zh. 41 (1975) 237. 

[31] A. N. Zhitomirskii, Zh. Fiz. Khim. 61 (1987) 1748. 

[32] S. K. Srivastava, S. Kumar, and S. Kumar, Bull. Chem. Soc. Jpn. 58 (1985) 2376. 

[33] L. T. Vlaev, M. M. Nikolova, and G. G. Gospodinov,  J. Solid State Chem. 177 (2004) 

2663. 

[34] L. K. Singh, and S. Mitra, Thermochim. Acta 138 (1989) 285. 

[35] A. Sharma, and T. R. Rao, Biores. Technol. 67 (1999) 53. 

Copyright © 2013 by CEE (Center of Excellence in Electrochemistry) 

ANALYTICAL & BIOANALYTICAL ELECTROCHEMISTRY (http://www.abechem.com) 

Reproduction is permitted for noncommercial purposes. 


