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In order to combine the properties of inorganic ion exchanger and conducting organic polymer, a new class of organic– inorganic 
composite cation exchanger PANI–Ti(IV) phosphosulphosalicylate (PTPSS) was synthesized by intercalating polyaniline 
(PANI) into Ti(IV) phosphosulphosalicylate (Ti(IV) PSS) using sol–gel chemical route with enhanced properties. PTPSS has 
been characterized by using Fourier Transform Infrared Spectroscopy (FT-IR), X-ray diffraction (XRD), Scanning Electron 
Microscopy (SEM), Energy dispersive X-ray (EDAX), thermo gravimetric analysis (TGA-DTG), and Transmission Electron 
Microscopy (TEM). Ac electrical conductivity studies were also performed. This material possessed electrical conductivity 
of 10−3 – 10−6 Scm−1 which falls in the semiconducting range. The frequency (2 × 105 – 1 × 106 Hz) dependent Ac conductivity 
at room temperature suggests the evidence for the transport mechanism for the conductivity in PTPSS. The structure of the 
 composite cation exchanger extremely supports its conducting behavior.
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1. Introduction

“Organic–inorganic” electrically conducting polymer-based 
composite cation exchanger can be produced by the combi-
nation of organic conducting polymers into the polyvalent 
metal acid salts of inorganic precipitates.1 PANI is consid-
ered as the most interesting conducting polymer due to its 
specialities such as low cost monomer, good environmental 
stability, high electrical conductivity, ease of synthesis, and 
remarkable redox properties linked with the nitrogen chain.2 
An interesting property of polyaniline is the reversibly tun-
able redox characteristics in which the electrical conductiv-
ity is controlled by protonation and charge-transfer doping 
while compared to other conjugated organic polymers.3 High 
conducting composite systems have been used in biosensors,4 
electromagnetic interference (EMI) shielding,5 electrode for 
rechargeable lithium batteries, and separators in high power 
and smart windows.6 PANI is the only conducting organic 
polymer whose properties depend on many factors such as 
oxidation state, protonation state/doping level, and nature of 
dopants. The conductivity of the polyaniline increases due to 

the protonation of mineral acids.7 Nanoparticles such as Ag,8 
Ni,9 MnO2,10 SnO2,11 and TiO2,12 etc. could act as conductive 
dopants between the PANI chains that are responsible for the 
improvement in the electrical conductivity of nanocompos-
ites. Poly-o-toluidine Th(IV) phosphate was synthesized by 
sol–gel technique has the conductivity in the range of 10−2 

to 10−3 S/cm.6 Poly-o-toluidine Zr(IV) phosphate was syn-
thesized by sol–gel method, possessed DC electrical con-
ductivity in the semiconducting range.13 Polyaniline Sn(IV) 
phosphate shows excellent conducting behavior within the 
semiconducting range.14 Nanocomposites of poly-o-tolui-
dine and Thorium(IV) phosphate have excellent conducting 
behavior which is employed in electrochemical application.15 
To investigate the impedance characteristics of poly (o-ani-
sidine) with TiO2 particles, carbon black and MWNT were 
deposited in a thin film which is used for biosensing applica-
tion.16 PANI-based Ti(IV) phosphosulphosalicylate (PTPSS) 
composite cation exchanger was synthesized and structural 
characterization done by using different instrumental tech-
niques is explained in the present work.
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2. Experimental Procedure

2.1. Materials

Aniline, potassium persulphate (KPS), Ti(IV) chloride, 
sodium phosphate, and sulphosalicylic acid were used for 
the synthesis of composite cation exchanger PTPSS. All the 
chemicals and reagents used in this work are of analytical 
grade and used as such. 

2.2. Synthesis of composite cation exchanger PTPSS

2.2.1. Preparation of the reagents

0.1 M Ti(IV) chloride was prepared using 0.1 M HCl. 0.05 M 
sodium phosphate and 0.05M sulphosalicylic acid were 

prepared using demineralized water. 0.1 M aniline and 0.1 M 
potassium persulphate were prepared using 1 M HCl.

2.2.2. Synthesis of polyaniline emeraldine salt

The mechanism for the formation of polyaniline and the 
nature of its structure has been summarized in Scheme 1. 
Polyaniline emeraldine salt was synthesized by the oxidative 
polymerization of aniline17 using potassium persulphate as 
an oxidizing agent (Scheme 2). Polymerization was effected 
by the dropwise addition of 0.1 M K2S2O8 (oxidant) to the 
continuously stirred solution of 0.1 M aniline in 1 M HCl 
for 20 min. After the addition of KPS, polymerization was 
allowed to proceed and the green color gel of polyaniline 

Scheme 1.  Reaction mechanism for radical cation coupling of aniline leading to the formation of a linear polyaniline polymer.
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was obtained when it was kept overnight in refrigerator.18 
The precipitated polyaniline emeraldine salt was filtered and 
washed with distilled water, pure ethanol, and finally with 
acetone to remove the oligomers. It was dried at 60 °C in an 
oven for about 4 h and the dried polymer sample was pow-
dered in a mortar.

2.2.3.  Synthesis of Ti(IV) phosphosulphosalicylate  
(Ti(IV) PSS) inorganic ion exchanger

Ti(IV) phosphosulphosalicylate (Ti(IV) PSS)19 was prepared 
by adding a solution of Ti(IV) chloride in 0.1 M HCl solu-
tion which was added to the mixture of sulphosalicylic acid 
and sodium phosphate in the molar ratio 2:1:1. The solution 
obtained was allowed to settle at room temperature for 24 h, 
filtered and washed with demineralized water repeatedly. The 
formation of Ti(IV) PSS has been given in Scheme 3.

2.2.4.  Synthesis of composite cation exchanger PTPSS

The composite cation exchanger was prepared by the sol–gel 
mixing of polyaniline emeraldine salt into the inorganic ion 
exchanger Ti(IV)PSS. In this method, the gels of polyaniline 
emeraldine salt were added to the white colored inorganic 
precipitate of Ti(IV) PSS with a constant stirring for 3 h. 
The resultant mixture was turned slowly into greenish black 
colored slurries. The resultant greenish black colored slurries 
were kept in refrigerator for 24 h. Now the gels of composite 
cation exchanger PTPSS were filtered off and washed thor-
oughly with ethanol and acetone to remove the impurities 
and KPS and dried in an oven at 60 °C. They were converted 
into H+ form by treating with 0.1 M HNO3 for 24  h with 

occasional shaking and washed several times with deion-
ized water in order to remove the excess acid and then dried 
at 50 °C. 

3. Characterization

The polymer samples were characterized by Fourier trans-
form infrared (FT-IR) spectrophotometer (Thermo Nicolet 
Avatar 370), X-ray diffractrometer (Bruker AX8 D8 Advance 
Twin), Scanning electron microscope (JEOL-JSM-6390 LV), 
energy dispersive X-ray studies (OXFORD XMX N), Thermo 
gravimetric analysis (Perkin Elmer STA 6000 instrument), 
and Transmission electron microscopy (JEOL/TEM 2100). 
Dielectric and impedance spectrum measurements were per-
formed by using impedance analyzer-IM6 ZAHNER. 

The frequency-dependent Ac electrical conductivity of 
the composite cation exchanger PTPSS can be calculated by 
using the following equations.

2 tan ,ac rfσ π e e δ=  (1)

/ ,r C Ce =  (2)

0 0 / ,C A de=  (3)

A rπ=  (4)

where σac is the ac electrical conductivity, A is the area of 
the sample (m2), d is the thickness of the sample (m), r is 
the radius of the sample (m), e0 is the permittivity in free 
space (8.85 × 10−12 f/m), er is the relative permittivity, C is 
the capacitance at particular temperature (f), C0 is the capaci-
tance at absolute temperature (f), ƒ is the frequency (Hz), and 
tan δ is the loss tangent. 

4. Results and Discussion

4.1. Reaction mechanism

Different organic–inorganic composite cation exchang-
ers have been prepared by adding the transition metal ions 
(e.g., Zr, Ti, V, Mo, Cr, Sc, Sn, and As) into the organic 
framework matrix.20 Titanium-supported hybrid materials 
were established because they have advantages over other 

Scheme 2.  Mechanism for the synthesis of polyaniline emeraldine salt.

2 n TiCl4 + n Na3PO4 + n C6H3COOH(OH)SO3H

n Ti3(PO4)4(C6H3COOHOH.SO3H) + n NaCl

Scheme 3.  Formation of Ti(IV) PSS.
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composite cation exchangers. The mechanism for the forma-
tion of  composite cation exchanger PTPSS has been given in 
Scheme 4.

4.2. Fourier transform infrared (FT-IR) analysis

The FT-IR spectra of Ti(IV) PSS, PANI–Cl−, and PTPSS 
are shown in Fig. 1. In the FT-IR spectrum of Ti(IV) PSS, 
peaks at 3414, 1628, 1384, 1029, 804, 626, and 470 cm−1 
were attributed to the presence of hydroxyl groups and inter-
stitial water, C=O stretching vibration of carboxylic acid 
group, characteristic for benzene ring, sulphonate group, 
phosphate group, and Ti–O stretching vibration, respectively 
(Fig. 1(a)).21 The FT-IR spectrum of polyaniline emeraldine 
salt shows that the peaks observed at 3423, 2918, 1562, 1479, 
1298 and 1252 cm−1 were due to the N–H stretching vibration 
of the amine group, CH2 stretching vibration, C=C stretching 
vibration of the quinonoid ring, stretching vibration of C=C 
of the benzenoid ring, C–N stretching vibration, and C=N 
stretching vibrations, respectively (Fig. 1(b)).22 

The FT-IR spectrum of composite cation exchanger 
PTPSS (Fig. 1(c)) shows that the peak at 3472 cm−1 due to 
the stretching vibration of secondary amine, the peak at 3016 
cm−1 corresponds to the CH2 stretching vibration, the peak at 
1697 cm−1 related to the C=C stretching vibration of the qui-
nonoid ring, the peak at 1399 cm−1 shows that the stretching 
vibration of C=C of the benzenoid ring, the peak at 1316 cm−1 

due to the C–N stretching vibration, the peak at 1248 cm−1 

due to the C=N stretching vibrations. The FT-IR spectrum of 
composite cation exchanger PTPSS shows that the change in 
intensity of characteristic peaks in PTPSS compared to Ti(IV) 
PSS and PANI–Cl− which clearly indicated the binding of 
polyaniline with the inorganic counterpart (Ti(IV) PSS) of 
composite cation exchanger.

4.3. X-ray diffraction (XRD) analysis

The XRD pattern of Ti(IV) PSS, PANI–Cl−, and PTPSS are 
shown in Fig. 2. The XRD pattern of PANI–Cl− shows the 

Scheme 4.  Mechanism for the formation of composite cation  exchanger PTPSS.

Fig. 1.  FT-IR spectra of (a) Ti(IV) PSS, (b) PANI-Cl−, and 
(c) PTPSS.

Fig. 2.  XRD pattern for (a) Ti(IV) PSS, (b) PANI–Cl−, and 
(c) PTPSS.
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broad diffraction peak, attributed to amorphous nature of 
polyaniline emeraldine salt and 2θ ~ 25° indicates the char-
acteristic peak for polyaniline23 (Fig. 2(b)). XRD pattern 
of composite cation exchanger PTPSS (Fig. 2(c)) indicates 
that the polycrystalline nature of the PTPSS. This suggests 
that the crystalline nature of composite cation exchanger is 
changed after the binding of inorganic ion exchanger Ti(IV) 
PSS with PANI matrix. 

The average crystallite size was calculated by using the 
well-known Debye–Scherrer’s equation as follows:

0.96 ,cosD λ
β θ=  (5)

where D is the average crystallite size in nanometer, λ is the 
X-ray wavelength in angstroms, β is the full width at half 
maximum in radians, and θ is the Bragg’s angle in degree.24 
The average crystallite size was found to be 20, 29, and 
23 nm for PANI–Cl−, Ti(IV) PSS, and PTPSS, respectively. 

K is a dimensionless shape factor with a value close to 
unity. The shape factor has a typical value of about 0.9, but 
varies with the actual shape of the crystallite. K depends on the 
definitions of the average crystallite size and in the absence 

of detailed shape information, K = 0.9 is a good approxi-
mation.25,26 The as-synthesized composite cation exchanger 
PTPSS is a polymer-based material. In polymer-based mate-
rial, particular symmetric crystal is not present. 

Some of the polyaniline-based materials 0.9–0.96 is used 
for K in the Debye–Scherrer’s equation. 

Some of the references are added here. 0.9 is used by 
Prasanna et al.,27 0.94 is used by Mannu et al.,28 Ranjini 
et al.29 and Dubey et al.30 used 0.96 for K value. Mispa et al.31 
used the value as 0.9 to 1 and Mispa et al.32 also used 0.96 for 
K in the Debye–Scherrer’s equation. 

4.4. Scanning electron microscopy (SEM) analysis

Figure 3 shows that the SEM images of composite cation 
exchanger PTPSS at different magnifications indicating the 
binding of inorganic ion exchanger i.e., Ti(IV) PSS with 
organic polymer i.e., PANI–Cl−. It has been revealed that 
after binding of PANI–Cl− with Ti(IV) PSS, the morphol-
ogy has been changed. It is seen from the SEM images of 
composite cation exchanger PTPSS, the surface of the inor-
ganic ion exchanger Ti(IV) PSS was uniformly covered by 
the organic polymer. Thus, the organic conducting polymer 

Fig. 3.  SEM images of composite cation exchanger PTPSS at different magnifications.
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is tightly binding to the inorganic ion exchanger providing 
mechanical stability.

4.5. Chemical composition (EDAX) analysis

The EDAX analysis was helpful to examine the incorpora-
tion of inorganic ion exchanger into the PANI matrix (Fig. 4). 
The EDAX confirms that Ti(IV) PSS were effectively 

incorporated into PANI matrix. The composition of the ele-
ments present in the composite cation exchanger PTPSS is 
presented in Table 1. 

4.6. Thermal analysis

TGA studies of PANI–Cl−, Ti(IV) PSS, and PTPSS in nitro-
gen atmosphere are shown in Figs. 5 and 6, respectively. 

Fig. 4.  EDAX element mapping for (a) O, (b) P, (c) S, (d) K, (e) Ti, (f) Fe, (g) C, and (h) Cl.
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From the TGA curve of Ti(IV) PSS (Fig. 5(a)) a sharp weight 
loss up to 100°C can be attributed to the loss of external water 
molecule. The weight loss in the region of 100–350 °C may 
be due to the condensation of –OH groups and also accompa-
nied by the loss of sulphosalicylic acid by vaporization. The 
weight loss between 350 °C and 600 °C may be due to the 
condensation of –OH groups and it is accompanied by the 
loss of phosphorous. A constant weight after 600 °C seems to 
be the formation of stable metal oxides.21 

From the TGA curve of PANI–Cl− (Fig. 5(b)), the initial 
weight loss up to 150 °C is due to the elimination of water 
molecule and the next weight loss from 200 °C is due to the 
decomposition of polyaniline. Then, the polymer degrades 
rapidly above 600 °C.33 From the TGA curve of PTPSS 
(Fig.  5(c)), the loss in weight up to 100 °C is due to the 
removal of external water molecule. The weight loss from 

200 °C to 500 °C is due to the elimination of the dopant mol-
ecule. Above 500 °C, there is a complete decomposition of 
PANI matrix. From TGA studies, it is inferred that the com-
posite cation exchanger PTPSS has better thermal stability 
compared to PANI–Cl− emeraldine salt.

4.7.  Transmission electron microscopy (TEM) analysis

From TEM micrograph, the particle size of composite 
 cation exchanger PTPSS is in nano range i.e., in the range 
of 40–66 nm as shown in Fig. 7, which proves that the 
 prepared composite cation exchanger PTPSS is a nanocom-
posite material.

Table 1.  Elemental composition of 
PTPSS from EDAX.

Element wt.% at.%

C 77.53 85.67

O 13.19 10.94

P 0.3 0.13

S 1.65 0.68

Cl 5.69 2.13

K 0.25 0.09

Ti 0.78 0.22

Fe 0.61 0.15

Total 100 100

Fig. 5.  TGA curve of (a) Ti(IV) PSS, (b) PANI–Cl−, and (c) PT-
PSS.

Fig. 6.  Simultaneous TGA-DTG curve of (a) Ti(IV) PSS, 
(b) PANI-Cl−, and (c) PTPSS.

Fig. 7.  TEM images of composite cation exchanger PTPSS.
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4.8. Measurement of Ac electrical conductivity

The frequency-dependent Ac electrical conductivity of 
Ti(IV) PSS, PANI–Cl− (emeraldine salt), and composite cat-
ion exchanger PTPSS are given in Table 2.

From the above table, it was clearly indicated that the Ac 
electrical conductivity of the composite cation exchanger 
PTPSS is higher than that of the PANI–Cl− (emeraldine salt). 
The improvement in Ac electrical conductivity for composite 
cation exchanger PTPSS is due to the effective dispersion of 
Ti(IV) PSS in the PANI matrix which favors better electronic 
transport. It was found that the value of Ac electrical con-
ductivity for the composite cation exchanger PTPSS lie in 
the order of 10−3–10−6 Scm−1 which is in the semiconductor 
range. 

The frequency-dependent Ac electrical conductivity of 
composite cation exchanger PTPSS in the frequency range 
2  × 105 – 1 × 106 Hz is also studied. It shows that the Ac 
electrical conductivity is frequency dependent and enhances 
with increase in frequency. The charge carriers are trans-
ported between the polymer chains of the defect sites by 
hopping process. So the Ac electrical conductivity of com-
posite cation exchanger PTPSS increases as frequency 
increases. Oxidation of the polymer at high level gives bipo-
laron and the oxidation of the polymer at lower level gives 
polarons. In the conjugated system of the polymer, polarons 
and bipolarons move along the polymer chains due to the 
single and double bonds rearrangement.34 The mechanism 
of conduction in the composite cation exchanger PTPSS 
is explained by the polaron and bipolaron formation. The 
charge transport mechanism in polymer with nondegenerate 
ground state is determined by the conduction of polarons 
and bipolarons. The number of charge carriers available for 
conduction and their mobility i.e., the rate at which they 
move are used to determine the magnitude of the conduc-
tivity.35 The molecular alignment of the chains within the 
entire system also affects the electrical conductivity which 
explains the correlation between the structure and conduc-
tivity of the polymer. 

Figure 8 shows the Ac conductivity of the composite cation 
exchanger PTPSS at different frequencies at room temperature. 
The composite cation exchanger PTPSS exhibit the frequen-
cy-independent behavior in the region of low frequency and then 
increased in the region of high frequency. At high frequency 
region, the Ac conductivity increases because of the formation 
of excess charge carriers polarons and bipolarons in that region. 

In PTPSS, polyaniline facilitating the charge carrier motion 
decreases the resistance and increases the conductivity.36

4.9. Dielectric properties

The dielectric properties have been studied for the compos-
ite cation exchanger PTPSS. Loss tangent variation with 
frequency for PTPSS is shown in Fig. 9 and loss tangent 
decreases with increase in frequency and at the higher fre-
quency region the loss tangent becomes almost constant and 
the similar behavior was observed by Inamdar et al.37 

Figure 10 shows the variation of dielectric constant 
(e′) as a function of frequency (ƒ) for composite cation 
exchanger PTPSS. It shows that with the increase in fre-
quency, the dielectric constant decreases and becomes 

Table 2.  Ac electrical conductivity of Ti(IV) 
PSS, PANI–Cl−, and PTPSS.

Sample σac (Scm−1)

Ti(IV) PSS 8.04 × 10−6

PANI–Cl− (emeraldine salt) 5.89 × 10−3

PTPSS 6.58 × 10−3

Fig. 8.  Frequency-dependent σac conductivity of PTPSS.

Fig. 9.  Frequency dependence on dissipation factor of PTPSS.
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almost constant at higher frequencies. The obtained high 
dielectric constant values at lower frequencies are related 
to the effects of space charge polarization.38 The term space 
charge polarization depends on the availability of free 
charge carriers and conductivity of the composite cation 
exchanger. Therefore, space charge polarization plays an 
important role in the composite cation exchanger PTPSS. 
The dielectric constant is considered as frequency depen-
dent having larger values at lower frequencies. As polaron 
and bipolaron are moveable, it moves along the polymer 
chain of the composite cation exchanger PTPSS. Therefore, 
it acts as a semiconductor. When  frequency increased, 
the present dipoles cannot reorient automatically. So, the 
dielectric constant is decreased.39 

From the Ac electrical conductivity studies it was revealed 
that the dielectric constant (e′) and dissipation factor (tan δ) 
exhibit the normal dielectric behavior and decrease with the 
increase in frequency. Therefore, the structure can support 
the electrical properties of this composite cation exchanger 
PTPSS.

4.10. Impedance studies

Impedance spectroscopy is a powerful technique for char-
acterizing the electrical properties of the composite cation 
exchanger as a function of frequency to understand their 
complete relaxation and conduction mechanism. Plotting the 
imaginary part Z′′ against the real part Z′ (Nyquist plot) on 
a linear scale that yields semicircles based on the nature of 
composite cation exchanger under consideration. Based on 
the theoretical models there are three semicircles observed 
on the Nyquist plot, high frequency region semicircle rep-
resents the bulk contribution, in the intermediate frequency 
region it represents the grain boundary or interface con-
tribution, and the lowest frequency region it represents 
polymer electrode contribution.40 Figure 11 illustrates that 
the Nyquist plots for Ti(IV) PSS and PTPSS and their 

corresponding fitted curves. The Nyquist plot is consisted 
of a distorted semicircle in the region of high frequency and 
nearly a vertical line along the imaginary axis at region of 
low frequency. The smaller semicircle denotes the excellent 
electrical conductivity and the lowest resistance value of the 
composite cation exchanger.41 In the low frequency region, 
composite cation exchanger PTPSS shows more ideal capac-
itor behavior.42 

From Bode plots, magnitude of impedance and phase 
angle can be noted. From the plot, resistance and double layer 
capacitance are clearly seen on the Y-axis. Figure 12 shows 
the Bode plot for Ti(IV) PSS and PTPSS. The phase angle 
of PTPSS was about −52°, exhibiting nearly pure capaci-
tive behavior.27 At low frequencies, the sloping lines declare 
the capacitive behavior of the composite cation exchanger 
PTPSS. 

Fig. 10.  Frequency dependence of dielectric constant of PTPSS.

(a)

(b)

Fig. 11.  Nyquist plots and their corresponding fitted curves for 
(a) Ti(IV) PSS and (b) PTPSS.
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5. Conclusion

In the present study, electrically conducting polymeric– 
inorganic composite cation exchanger PTPSS with novel 
structure was synthesized by sol–gel method. Fourier 
transform infrared spectral analysis was used to identify 
various functional groups present in the composite cation 
exchanger PTPSS. Various elements present in the com-
posite cation exchanger PTPSS were identified by EDAX 
analysis. The results of FT-IR and XRD have provided a 
clear evidence about the formation of PANI–Ti(IV) PSS. 
Conduction in composite cation exchanger PTPSS is pre-
dominantly performed by variable range hopping process. 
Thus, the polarons acts as charge carriers hopping from 
state to state in polymer samples. Electrical conductivity 
and structural studies result indicate that the composite 

cation exchanger PTPSS can be employed in sensors and in 
ion exchange membranes.
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