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Abstract 

In recent decades, there has been growing interest in the development of organic-inorganic 

hybrid materials in order to obtain new kind of materials with synergetic or complementary 

behavior for various practical and technological applications. Among the enormous kinds of 

these materials the conductive polymers/zeolite (nano-)composites represent a new class of 

materials system due to their novel physicochemical properties and potential for various 

practical and technological applications such as sensors, cathodes of the cells, anticorrosive, 

membranes, and selective removal of heavy metal ions from sea water and industrial waste 

waters. However, these materials were sub-exploited and there was only a few researches 

conducted for the preparation and application of conductive polymers/zeolite hybrids. This 

review provides a snapshot of recent progress in the synthesis, materials properties, and 

applications of conductive polymers/zeolite (nano-)composites reported until March 2014.  
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1. Introduction     

It is a decisive fact that intrinsically conductive polymers (ICPs) have stimulated great 

interest on the basis of their importance in basic scientific research and potential industrial 

applications, due to their unique semiconducting and optoelectronic properties [1-12]. In 

particular, conjugated polythiophene (PTh), polypyrrole (PPy), polyaniline (PANI), and their 

derivatives stand out as the most promising members of the conjugated polymer family 

because of their unique electrical behavior, excellent environmental and thermal stability, 

low-cost synthesis, and mechanical strength [13-17]. These conducting polymers have 

potential applications in electromagnetic interference (EMI) shielding [18-22], rechargeable 

battery [23-25], chemical sensor [26-30], photovoltaic cell [31-33], separation membranes 

[34-37], biomolecular immobilization matrices [38-40], corrosion devices and microwave 

absorption [41-45]. In addition, they can be used as conducting filler in insulating polymer 

matrices in preparation of electrically conducting composites. These composites offer 

potentials in electromagnetic interference shields, electronic packaging, display devices and 

electrodes [46-50].  

Conductive polymers can be synthesized by electrochemical or chemical oxidation of 

corresponding monomers in various organic solvents and/or in aqueous media. The 

electrochemical process is more advantageous since film properties such as thickness and 

conductivity can be controlled by the synthesis parameters such as current density, substrate, 

pH, nature and concentration of electrolyte. Moreover, other advantages of electrochemical 

approach are doping is simultaneous, entrapment of molecules in conductive polymers, and 

ease of synthesis [51-58]. 

Zeolites are a large group of natural and synthetic, hydrated aluminosilicates (AS) of group I 

and group II elements, in particular, sodium, potassium, magnesium, calcium, strontium, and 

barium. They have three-dimensional network of [AlO4]5– and [SiO4]4– tetrahedrally linked to 
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 5 

each other by sharing all of the oxygen atoms. Zeolites form in nature as a result of the fusion 

of volcanic lava and ocean water millions of years ago, containing alkali and alkaline-earth 

hydrated aluminosilicates. However, nature requires 50 to 50,000 years to complete the 

reaction. There are over 45 varieties of natural zeolite minerals which have been identified 

and more than 150 zeolites have been synthesized. The most common of natural zeolites are 

analcime, chabazite, clinoptilolite, erionite, mordenite, and phillipsite while as for synthetic 

zeolites; the most common are zeolites A, X, Y, and ZSM-5 [59-65]. Synthetic zeolites have 

a wider range of properties and larger cavities than their natural counterparts. Moreover, the 

synthetics can, of course, be manufactured in a uniform, phase-pure state and it is possible to 

manufacture desirable zeolite structures which do not appear in nature [66,67].  

Their crystalline framework is arranged in a unique interconnecting lattice structure. The 

general chemical formula of zeolite is Mx/n [(AlO2)x(SiO2)y]•wH2O, where M is an alkali or 

alkaline earth cation, n is the valence of the cation, w is the number of water molecules per 

unit cell, x and y are the total number of tetrahedral per unit cell, and the ratio y/x usually has 

values of 1 to 5 [68-72]. In recent years, zeolites have attracted much attention due to their 

well-defined micro and nanopore sizes for molecular shape selectivity, large specific surface 

areas, intrinsic acidity, high (hydro)thermal, chemical stability, and wide range of 

commercial and technological applications such as molecular sieves, ion-exchangers, 

adsorbers, catalysts, detergent builders, cement (natural zeolites), agricultural use, and 

selective removal of heavy metal ions from sea water and industrial waste waters [73-81]. 

Composites are materials made from a mixture of a minimum of two components which, 

when combined, produce a material with significantly different physical or chemical 

properties which are superior to those of the individual materials. When the dispersed phase 

is in the nanometer scale, at least in one dimension, the hybrid is called a nanocomposite [82-

87]. In nanocomposites incorporation of a few percent of nanofiller in matrix, often 
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remarkably enhanced physicochemical properties, which are rarely present in pure material or 

conventional composite. These improvements in the properties are the result of the nanometer 

scale dispersion of filler in the matrix [88-91]. In this respect, conductive polymers/zeolite 

(nano-)composites could be used as beneficial hybrid materials in wide range of commercial 

and technological applications such as sensors, cathodes of the cells, anticorrosive, 

membranes, and selective removal of heavy metal ions from sea water and industrial waste 

waters. However, these materials were sub-exploited and there was only a few researches 

conducted for the preparation and application of conductive polymers/zeolite hybrids.  

There are numerous reviews are available around the synthesis, properties, and applications 

of zeolites and conductive polymers. However, to the best of our knowledge, the presented 

review is the first comprehensive article around the synthesis, materials properties, and 

applications of conductive polymers/zeolite (nano-)composites until March 2014.  

2. Preparation methods of conductive polymers/zeolite (nano-)composites  

The incorporation of the functional conductive polymer chains inside the cavities of zeolites 

improved their alignment and is expected to decelerate aging and to increase their electrical 

conductivity. Furthermore, the acidity of the zeolite surface ensures the excellent adhesion of 

the two materials, and a conductive polymer/zeolite system combines the fast electronic 

mobility of the polymer with the capability of the zeolite to accommodate exchangeable 

cations into its structure [93,100]. 

Conductive polymers/zeolite (nano-)composites can be prepared by four different routes: (i) 

the monomer is dissolved in a organic solvent and by diffusion processes is encapsulated into 

the cavities of zeolite, and then polymeric chains formed into cavities of zeolite by oxidation 

polymerization method [92- 94], (ii) the zeolite having oxidant ions, such as Fe(III) or Cu(II) 

is exposed to monomer and acid vapors, respectively [95,96], (iii) mechanical mixing of 

conductive polymer and zeolite powder [97-101], and (iv) in situ polymerization of 
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 7 

corresponding monomer in the presence of zeolite, which it is possible polymer formed 

within the zeolite channels and also outside of the cavities of zeolite [102,103]. Among the 

mentioned procedures for synthesis of conductive polymers/zeolite (nano-)composites, two 

specific methods (i and ii) are more attractive because of; polymeric chains can be 

synthesized into cavities of zeolite in the nanometer size domain and may be improved their 

electronic, mechanical, chemical, and optical properties due to the organization of the 

polymeric chains in the nanometer scale. All procedures to synthesis of conductive 

polymers/zeolite (nano-)composites, their materials properties, and applications are discussed 

in the following sections. 

3. Polyaniline/zeolite (nano-)composites 

Polyaniline (PANI), one of the most extensively investigated conducting polymers, has 

attracted a great deal of interest because of good electrical conductivity, environmental 

stability, easy synthesis, and controllability of its electronic and optical properties through 

variation of the degree of oxidation and protonation [104-106]. Three different types of basic 

PANI, i.e., fully reduced leucoemeraldine (LEB) (x=0), half oxidized emeraldine (EB) 

(x=0.5), and fully oxidized pernigraniline (PAB) (x=1) are known (Scheme 1). An efficient 

and versatile method to control the polyaniline bulk properties such as electronic, mechanical, 

chemical, and optical is through the organization of the polymeric chains in the nanometer 

scale. In this respect, polymerization of aniline inside the cavities of porous inorganic hosts 

such as zeolite may be the efficient choice [107,108]. 

 

(Scheme 1) 

 

Olad and Naseri [109] reported the synthesis of polyaniline/natural clinoptilolite (Clino) 

nanocomposites with various weight ratios (1, 3 and 5%, w/w) of clinoptilolite by in situ 
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 8 

polymerization of aniline in the presence of acidic clinoptilolite. It is proposed that the 

weakly polar aniline finds it more difficult to penetrate into the clinoptilolite channels than a 

polar anilinium cation. Aniline which exists as anilinium cation in strong acidic conditions of 

HCl (1M) solution can be exchanged by H+ cations of acidic clinoptilolite [109]. They 

utilized FTIR spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM) 

and cyclic voltammetry (CV) techniques to confirm the incorporation of polyaniline in the 

clinoptilolite channels and formation of nanocomposites.    

Moreover, they converted the synthesized green emeraldine nanocomposites to the blue 

emeraldine base form by deprotonation in an aqueous ammonia solution and investigated the 

anticorrosive performance of the synthesized nanocomposites coating on iron samples. They 

found that in acidic (HCl and H2SO4, 1M), and sodium chloride (3.5%, w/w) environments 

coating of iron samples with PANI/Clino nanocomposites resulted to enhanced corrosion 

protection effect in comparison to pure polyaniline coated samples. Comparative experiments 

revealed that PANI/Clino nanocomposite with 3% (w/w) clinoptilolite content had the best 

protective properties. It is demonstrated that the corrosion potential of PANI/Clino (3%, w/w) 

nanocomposite coated sample was more positively shifted than PANI/Clino nanocomposites 

with 1 and 5% (w/w) clinoptilolite content coated samples specially in sodium chloride 

(3.5%, w/w) solution. 

Nascimento and Temperini [95] described the synthesis of polyaniline in the cavities of 

zeolites Y (ZY) and mordenite (MOR) having Cu(II) as oxidant agent. They utilized 

resonance Raman, UV–vis–NIR, FTIR and X-ray absorption near edge spectroscopy at the 

nitrogen K edge (N K XANES) techniques to analysis of PANI formed in the zeolite 

channels. For PANI-ZY composite was verified the presence of PANI chains outside the 

cavities, since it was observed lower crystallinity, higher organic content, and higher 

conductivity than other composites. The conductivity values observed for the inorganic hosts 
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 9 

before and after exposure to aniline and HCl vapors are shown in Table 1. A great increase 

(105 orders of magnitude) in the conductivity was observed for PANI-ZY, due to the presence 

of PANI chains outside the cavities of zeolite Y. Moreover, the amount of PANI by thermal 

analysis results was estimated as 7.5 wt%, and 29 wt% for PANI composites with MOR, and 

ZY materials, respectively. The higher amount of PANI observed for PANI-ZY composite 

means that there is PANI adsorbed outside the ZY porous, corroborating the XRD data. As 

they concluded, in the both composites the structure of PANI formed was different from the 

‘‘free” polymer and the presence of Cu(II) ions leads to the formation of Phenosafranine-like 

rings. On the other hand, the presence of Cu(II) ions, associated to the zeolite structure leads 

to the formation of structures similar to the Phenosafranine (PSF units). The presence of these 

Phenazine-like rings in the structure of confined PANI chains can also contribute to the 

enhancement of the thermal stability observed for both composites [95]. 

  

(Table 1) 

 

Chuapradit et al. [110] reported the preparation of polyaniline/zeolite LTA composites and 

investigated the electrical conductivity response of the prepared composites towards carbon 

monoxide (CO) in terms of dopant type, dopant concentration, zeolite LTA content, and 

zeolite pore size. For this purpose, they synthesized HCl and maleic acid (MA) doped 

polyaniline. The doped polymer powder was then dry mixed with three types of zeolite LTA 

(3A, 4A, and 5A) to produce polyaniline/zeolite LTA composites. They found that zeolite 4A 

reduces the electrical conductivity response but improves the sensitivity towards CO with 

increasing zeolite concentration up to 40% w/w. The polyaniline/zeolite 3A composite had a 

comparable sensitivity value relative to that of neat PANI. In addition, composites of 4A and 

5A had greater sensitivity values over that of the neat PANI at the CO concentration range 
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 10 

between 16 and 1000 ppm. They concluded that the zeolite 5A was the most effective 

mesoporous material in promoting interaction between CO and polyaniline because of its 

largest pore size of 5 Ǻ, relative to the zeolite 3A and 4A which have the pore sizes of 3 and 

4 Ǻ, respectively. 

In another study, Densakulprasert et al. [111] synthesized PANI/zeolite composites and 

investigated ion exchange capacity of composites on electrical conductivity response to 

carbon monoxide (CO). For this purpose, zeolite Y, and 13X containing cation Cu2+ dry 

mixed with synthesized maleic acid (MA) doped polyaniline and compressed to form 

polyaniline/zeolite pellet composites. They found that with an addition of 13X zeolite to 

pristine polyaniline, the electrical conductivity sensitivity to CO/N2 gas increases with zeolite 

content. For the effect of zeolite type, the higher electrical conductivity sensitivity was 

obtained with the 13X zeolite. Y zeolite and 13X zeolite have comparable pore sizes but the 

13X zeolite has a greater pore free volume and a more favourable location distribution of the 

Cu2+ ions within the pore. They concluded that the temporal response time increased with the 

amount of zeolite in the composites but it was inversely related to the amount of ion 

exchange capacity. The mechanism proposed by Densakulprasert et al. for the CO-PANI 

interaction is shown in Scheme 2. 

 

(Scheme 2) 

 

Shyaa et al. [112] synthesized polyaniline/zeolite nanocomposite by the polymerization of 

anilinium cation in and out-side of zeolite channels. The products were characterized by UV–

visible, FTIR, 1H NMR, XRD, SEM and TGA techniques. The SEM images of the pure 

PANI (A) and PANI/zeolite nanocomposite (B) are shown in Figure 1. SEM images showed 

that the diameter of the PANI/zeolite nanocomposite was between 300 and 600 nm. Thermal 
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 11 

property study by TGA showed that the extent of decomposition of PANI/zeolite 

nanocomposite (560 °C) was less than that of pure polyaniline (490 °C), which can be 

explained by the strong interaction between PANI and zeolite. The synthesized 

polyaniline/zeolite nanocomposite was used for removal of chromium(VI) from aqueous 

solution. They found that the capacity of chromium adsorption on PANI/zeolite 

nanocomposite increased with initial metal concentration, the metal ion adsorption on 

surfactant was well represented by the Freundlich isotherm. Moreover, they studied the effect 

of pH on the chromium adsorption process on PANI/zeolite nanocomposite, over the pH 

range 2–9, using 0.2 g PANI/zeolite nanocomposite and 50 ppm chromium solution. The 

obtained results are shown in Figure 2. It is clear that the maximum adsorption of Cr(VI) 

occurred at pH 2–6, and decreased at higher pH values.  

 

(Figure 1) 

 

(Figure 2) 

 

Ma et al. [113] reported the synthesis of PANI/β-zeolite and PANI/FUYB-zeolite 

nanocomposites via oxidative polymerization of absorbed aniline monomers in the channels 

of corresponding zeolite type in hydrochloride solution. The synthesized nanocomposites 

were coated on the interdigital electrodes of carbon with casting method and investigated gas 

sensitivity of the casted films to a series of chemical vapours such as trimethylamine, 

triethylamine, ammonia, and water. Gas sensitivity of the composite films to trimethylamine 

strongly depended on the type of zeolite added. They found that for the system containing β-

zeolite, the gas sensitivity to trimethylamine decreased significantly compared with that of 

polyaniline film and for FUYB-zeolite, it was enhanced remarkably. Moreover, the results 
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indicated that, in comparison with the polyaniline film prepared by normal in situ 

polymerization, not only the morphology of polyaniline composites was clearly different, but 

also the heat stability of polyaniline film was improved significantly by adding zeolite.  

Malkaj et al. [97] prepared solid state electrodes sensitive to pH constructed from 

polyaniline/zeolite and polypyrrole/zeolite conductive blends. For this purpose, they 

polymerized aniline and pyrrole monomers in the presence of predetermined amount of 

zeolite at room temperature in 0.2M HCl aqueous solution. Afterwards, PANI/zeolite and 

PPy/zeolite blends disc-shaped specimens 13 mm in diameter and 1.5 mm thick were made in 

an infrared press with 22.7 and 22 w/w content in zeolite, respectively. They investigated that 

these sensors were stable in aqueous electrolyte solutions of low pH value at temperatures up 

to 45 °C with response time in seconds. The electromotive force E versus the pH values for 

the PANI/zeolite-Pt and PPy/zeolite-Pt cells are shown in Figure 3. At 25 °C, sensor 

sensitivity was -310 ± 40 mV/pH and -1300 ± 100 mV/pH for polyaniline and polypyrrole 

blends, respectively.  

 

(Figure 3) 

 

More recently, Jiang et al. [114] studied the electrorheology (ER) of suspensions based on 

polystyrene/polyaniline (PSt/PANI) core/shell structured microspheres and those based on 

disk-like zeolite particles at different electric fields and particle volume fractions. For this 

purpose, monodisperse PSt core particles were firstly synthesized via a dispersion 

polymerization method, then the fine coating for which by conducting PANI was realized by 

a swelling–releasing process in an aqueous suspension of the particles by adding aniline 

monomer. The synthesized PSt/PANI microspheres were subsequently mixed with NaY type 

zeolite in silicone oil, with nominal particle volume fraction ranging from 5 to 39 vol%. Both 
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 13 

types of ER fluids showed abrupt shear thickening under high electric fields and low shear 

rates, as well as shear thinning when the shear rate increased. A normalized method that 

considers the effects of electric field strength, shear rate and particle volume fraction was 

proposed to compare the rheological curves of the two ER fluids.  

Ivan et al. [115] synthesized polyaniline/zeolite 5A composite and investigated its capability 

for recovery or removal of cobalt ions from waste water by ultrafiltration. The membrane 

material was obtained by in situ oxidative polymerization of aniline in synthetic zeolite 

matrix. Figure 4 shows the SEM images of zeolite 5A (a, b), and polyaniline/zeolite 5A 

composite (c, d) at different magnifications. They tested the retention capability of zeolite 

5A, polyaniline (PANI), and PANI/zeolite 5A composite for cobalt ions from synthetic 

aqueous solutions (10-4-10-6 M), and the obtained results are summarized in Table 2.  

 

(Figure 4) 

 

(Table 2) 

 

Milojevic-Rakic et al. [116] synthesized polyaniline/ZMS-5 zeolite composites and evaluated 

their adsorbents of the organic herbicide glyphosate [N-(phosphonomethyl)glycine] in 

aqueous solution. The adsorption isotherms of glyphosate on studied materials were best 

fitted by Freundlich and Langmuir–Freundlich models. The highest adsorption of glyphosate 

among all investigated PANI, pure ZSM-5, and PANI/ZSM-5 samples, exhibited the 

deprotonated granular PANI which was synthesized in sulfuric acid medium (98.5 mg/g). 

High adsorption capacity also showed the deprotonated PANI/ZSM-5 composite with ~50% 

of zeolite (61.9 mg/g), and the protonated nanostructured PANI (59.9 mg/g), both materials 

prepared in water without added acid. 
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Safidine et al. [117] reported synthesis of conducting polyaniline/zeolite (PANI-HY) 

composites by two different methods and investigated their capability for a carbon dioxide 

(CO2) gas sensor. The first method utilized in situ polymerization of aniline with ammonium 

peroxydisulfate as an oxidizer in an aqueous medium with addition of zeolite type HY-free 

acids. The second method involved the dispersion of various fractions of HY (5, 10, 15, 20 

and 50 wt %) in a PANI-HCl matrix by physical mixing. They concluded that, the PANI-HY 

composite exhibited a lower conductivity by 7.74×10-3 to 10-2 S cm-1 when compared with 

PANI doped by HCl.  In fact, the conductivity of the synthesized composites increased with 

exposure to CO2; this behavior was well-observed and described as an interaction between 

PANI and acidic CO2 molecules. Moreover, the synthesized PANI-HY composite showed 

rapid response time towards CO2.  

4. Polypyrrole/zeolite (nano-)composites 

Polypyrrole (PPy) has been the subject of considerable recent interest because of its unique 

properties such as good electrical conductivity, easy synthesis, thermal and environmental 

stability, and numerous potential applications [118-122]. Scheme 3 shows the synthesis of 

PPy via chemical oxidation polymerization using CuCl2 as an oxidant and description of 

redox reaction of polypyrrole. In recent decades, several attempts have been made to control 

and improve the physical, structural, optic and electronic properties of conductive polymers. 

Encapsulation of conductive polymers in heterogeneous hosts such as zeolites is an efficient 

and versatile method to control and improve the aforementioned properties of these polymers 

[123-129].  

 

(Scheme 3) 
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Cho et al. [130] applied surfactant bilayers adsorbed on TS-1 zeolite as templates to produce 

colloidal nanocomposites with a polypyrrole shell. For this purpose, the TS-1 zeolite particles 

were dispersed in water at pH = 8, followed by adding cetylpyridinium chloride (CPC). The 

resulting mixture was allowed to equilibrate at 25 °C for 1 day. After 24 hours of 

equilibration, various amounts of pyrrole were added to the solution which was further 

equilibrated for another 24 hours. The same experiment was carried out without using CPC to 

observe the adsorption of pyrrole on the TS-1 nanoparticles. Templated pyrrole 

polymerization was slowly initiated by adding an equimolar amount of ferric trichloride 

(FeCl3), which is dissolved in 0.5 mL of water, to the loaded pyrrole. A schematic of the 

synthesis procedures for preparation of core-shell nanocomposites utilized by Cho et al. is 

shown in Figure 5. It was found that the adsorbed surfactant (CPC) plays a critical role for 

attaining both the colloidal stability of the nanocomposites and an enhanced conductivity of 

the PPy sheath on the TS-1 core. The observed contact conductivity of the nanocomposites 

was 5 S cm-1 for a sample with 8 wt% of PPy incorporation, while bulk PPy powder had a 

contact conductivity of 0.03 S cm-1. The high contact conductivity was originated from the 

enhanced molecular order of polymer chains that were grown in the nanoscopically confined 

environment. Moreover, transmission electron microscopy (TEM) images showed that the 

formation of ultrathin PPy films (10-30 nm) on nanosized particles (100 nm) can be 

accomplished on a preparative scale using self-assembled arrays (SAAs) of CPC on TS-1 

zeolite nanoparticles as a template. 

 

(Figure 5) 

 

Rashidzadeh et al. [93] reported the synthesis and characterization of 

polypyrrole/clinoptilolite nanocomposite by in situ surface polymerization of pyrrole 
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monomer using Fe3+ as oxidant, incorporated on the inner and outer surface of clinoptilolite 

nanoparticles. Elemental analysis showed the loading/incorporation of 9.18 wt% polypyrrole 

in the clinoptilolite structure. They found that the electrical conductivity of 

polypyrrole/clinoptilolite nanocomposite pellets (45.57 S cm-1) was higher than that of 

similar pure polypyrrole pellets (34.72 S cm-1), synthesized through the chemical oxidation 

polymerization method using Fe3+ as oxidant without the presence of clinoptilolite 

nanoparticles. This is may be originates from the increasing of chain alignment of PPy in 

nanocomposite structure. Moreover, the scanning electron microscopy (SEM) images showed 

that the structural order and chain alignments of polypyrrole were improved by deposition on 

the surface of clinoptilolite nanoparticles (Figure 6). The electroactivity of the 

polypyrrole/clinoptilolite nanocomposite was confirmed under cyclic voltammetric 

conditions, as shown in Figure 7. It is believed that the observed electroactivity reflects the 

redox activity of the included PPy on the surface and in the pores of clinoptilolite 

nanoparticles. This electroactivity was also related to the deprotonation/protonation of PPy 

chains [93]. 

 

(Figure 6) 

 

(Figure 7) 

 

Uehara et al. [131] synthesized encapsulated polypyrrole in two kinds of zeolite Y (NaY and 

USY) with various concentrations of CuII ions. For this purpose, firstly sodium and proton 

ions in zeolites were ion-exchanged with CuII ions at 50 °C for 48 hours, using various 

concentrations (1.0, 0.1, 0.01, and 0.001) of CuII ions. The ion-exchanged zeolites and ion-

unexchanged zeolites were calcined, and then pyrrole molecules were loaded by means of a 
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gas diffusion process for 2 hours. Afterwards, the samples were evacuated for 2 hours to 

remove excess pyrrole molecules adsorbed on the surface of the zeolites. Calcination and 

encapsulation were continuously carried out in the closed system without exposing the 

zeolites to the air. They found that the progress of polymerization depended on the CuII 

content, i.e. pyrrole was encapsulated as polypyrrole in both NaY and USY zeolites with a 

high concentration of CuII ions, and predominantly as pyrrole oligomer and/or monomer in 

those with a low concentration of CuII ions. Furthermore, electron paramagnetic resonance 

(EPR) spectra revealed that NaY with a high concentration of CuII ions was active for the 

formation of bipolaron polypyrrole in the framework, whereas USY with a high 

concentration of CuII ions was not. Thermal property study (TG–DTA) showed that thermal 

stability of polypyrrole in pyrrole/Cu-USY was higher than that in pyrrole/Cu-NaY. They 

concluded that the electrical conductivities of NaY and USY were presumed to increase with 

polypyrrole loading in the zeolite channels. Figure 8 shows the frequency dependences of the 

electrical conductivities of NaY and USY before and after loading of polypyrrole. Significant 

differences of electrical conductivities before and after pyrrole loading were observed in the 

high frequency region, although the electrical conductivities were low. The low electrical 

conductivities were interpreted to be due to the fact that the electrodes on the powder-

compacted disk did not come into complete contact with polypyrrole prepared in the zeolite 

channels [131]. The electrical conductivity of pyrrole/1.0Cu-NaY was about four times 

higher than that of pyrrole/1.0Cu-USY in the high frequency region. 

 

(Figure 8) 

 

Polypyrrole/zeolite (nano-)composite can be prepared by electrochemical polymerization 

method. Using electrochemical polymerization Trueba et al. [132] synthesized polypyrrole 
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nanowires in the nanochannels of a proton-modified natural zeolite clinoptilolite (HNZ) and 

Y zeolite in acid form (HY). They found that the generation of PPy with electrochemical 

activity was favored in a strongly acidic nanoscaled environment, in comparison with the 

polymer synthesized in the hosts without previous proton modification. It was proposed that 

the reduction/oxidation responses are a consequence of the polymer 

protonation/deprotonation where the H+ ions possibly act as charge transfer promoters. Cyclic 

voltammetry study of the synthesized PPy-HNZ and PPy-HY showed the well defined redox 

signals of PPy included in HNZ, compared to the HY, suggest that the polymeric units were 

held more tightly to the channels walls due to its complex framework. They concluded that 

the one electron oxidation process did not depend on first order monomer concentration but 

lower (0.38) for PPy growth in HNZ, which was related to the spatial restriction of the host. 

In another study, Nakayama et al. [133] synthesized PPy-Y zeolite composite by 

electrochemical polymerization of pyrrole in the presence of Y zeolite. It was demonstrated 

from the XRD pattern that the PPy in the composite was located within the channels of Y-

zeolite, in which the cationic PPy was in combination with the negative surface of Y-zeolite. 

The electron spin resonance (ESR) spectra of the PPy/Y-zeolite composite and pure PPy 

films deposited on Pt rod electrode are shown in Figure 9. Electron spin resonance spectrum 

of the PPy/Y-zeolite composite film exhibited the resonance signal characteristic of 

conducting polymer in a partially oxidized (polaron) form. The optical intensity of this 

spectrum was considerably smaller than that of pure PPy, suggesting that a certain portion of 

PPy in the composite was stabilized by the formation of bipolarons (diamagnetic) [133]. They 

concluded that the PPy incorporated in the zeolite channels was found to be reduced to the 

neutral form and the charge to be balanced by the incorporation of electrolyte cations. 

 

(Figure 9) 
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Conductive polypyrrole/zeolite (nano-)composites can be applied as a sensitive sensors to 

detection of various chemical vapors and biological samples. Polypyrrole/zeolite (nano-

)composites have the advantage of fast electronic mobility of polypyrrole and the capability 

of zeolite to incorporate cations into its structure [97,127]. Wannatong and Sirivat [134] 

investigated the sensing application of chemically synthesized polypyrrole and PPy 

composites with 3A zeolite (3A), and polyamide 6 (PA): i.e. PPy_3A50 pellet, 

PA20_PPy13_3A50 film, and PA20_PPy13_3A50 electrospun fiber bundle, for four 

chemical vapors that are the common components of lacquer: acetone, methyl ethyl ketone 

(MEK), methanol, and toluene. The electrical sensitivity of the four sensing materials 

towards vapor of acetone, MEK, methanol, and toluene, at 3 vol% in N2 are shown in Figure 

10. As shown in Figure 10 in this condition PPy_3A50 pellet and PA20_PPy13_3A50 film 

exhibited the highest selectivity towards methanol relative to other three chemical vapors, 

whereas the PA20_PPy13_3A50 electrospun fiber bundle was relatively insensitive to all of 

the chemical vapors. For the insensitive PA20_PPy13_3A50 fiber, the conducting PPy 

particles are too far from each other; this leads to not only poor specific electrical 

conductivity of the material, but also the low electrical sensitivity from the swelling effect.  

 

(Figure 10) 

 

Wang et al. [135] reported the synthesis and humidity-sensing properties of encapsulated 

nickel oxide (NiO) doped polypyrrole in mesoporous silica SBA-15. The surface morphology 

of the synthesized SBA-15 and NiO–PPy/SBA-15 were observed by scanning electron 

microscopy (SEM). For the neat SBA-15, the morphology consisted of some short rods. The 

diameter of these rods was about 300 nm (Figure 11a). However, when the PPy was 
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encapsulated into SBA-15, it obtained the morphology of a bunch of rods. It is clear from 

Figure 11b, this morphology was similar to the morphology of pure SBA-15. These results 

demonstrated indirectly the successful encapsulation of NiO–PPy into the channels of SBA-

15. They investigated the sensitivity mechanism by direct-current (dc) and alternating-current 

(ac) analysis. In direct-current (dc) analysis the operation voltage was 1 V, and the current 

variations at low-humidity (Figure 12a) and high-humidity (Figure 12b) conditions are shown 

in Figure 12. In low-humidity environments, the current decreased linearly with increasing 

time. This indicated that only one type of carrier dominated the conduction in low-humidity 

environments. They suggested that this carrier was the electron. When the humidity became 

high, another peak was obtained on the curve (Figure 12b). The peak became higher when the 

humidity increased. This phenomenon indicated that another kind of carrier took part in 

conduction and its function strengthened with increasing humidity. They concluded that the 

principal conductive particle in high humidity was the ion. The transmission speed of the ion 

was lower than that of the electron [135]. 

 

(Figure 11) 

 

(Figure 12) 

 

Olad et al. [136] synthesized polypyrrole/clinoptilolite (PPy/CL) nanocomposite and 

investigated its efficiency for removal of Ni(II) from aqueous solutions in batch experiments. 

The effect of various factors such as solution pH, contact time, and concentration of Ni(II) 

solution on the removal efficiency were investigated. The optimum conditions for high 

removal efficiency included adjustment of solution pH value to 4, using nanocomposite for a 

time period of about 24 hours. The effects of contact time, and pH on the removal efficiency 
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of Ni(II) are shown in Figures 13 and 14, respectively. They concluded that, Freundlich 

isotherm has a better correspondence with the experimental findings rather than with 

Langmuir and the adsorption mechanism of nanocomposite is defined by both chelating and 

ion exchange.   

 

(Figures 13)  

 

(Figures 14) 

 

Javadian et al. [137] synthesized polypyrrole/thiol-functionalized zeolite Beta/MCM-41 type 

mesoporous silica nanocomposite (PPy/SH-Beta/MCM-41), and investigated its capability 

for adsorption of Hg2+ from aqueous solution and industrial waste water. For this purpose, 

zeolite Beta/MCM-41 was modified by 3-mercaptopropyltrimethoxysilane (MPTMS), and 

then PPy/SH-Beta/MCM-41 nanocomposite was prepared by in situ oxidative polymerization 

of pyrrole monomers in the presence of SH-Beta/MCM-41. The calculated thermodynamic 

parameters (∆H, ∆S, and ∆G) revealed that the adsorption of mercury ions onto PPy/SH-

Beta/MCM-41 was an endothermic and spontaneous process. It was found that temperature 

has a positive effect on the removal efficiency and that PPy/SH-Beta/MCM-41 was 

potentially able to remove mercury ions from aqueous solutions at even high concentrations 

(400 mg L−1). The effect of temperature on removal efficiency of mercury ions is shown in 

Figure 15. As they concluded, the recovery of Hg2+ from the PPy/SH-Beta/MCM-41 

adsorbent was found to be more than 90% using 0.5 M H2SO4, and the ability of the 

absorbent to be reused for removal of Hg2+ was investigated. The results obtained for reusing 

the PPy/SH-Beta/MCM-41 after desorption is shown in Figure 16. 
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(Figure 15) 

 

(Figure 16) 

 

5. Polythiophene/zeolite (nano-)composites 

Electrically conducting polymers have been widely studied over the past few decades due to 

their unique semiconducting and optoelectronic properties. In particular, π-conjugated 

polythiophene (PTh) stands out as one of the most promising members of the conjugated 

polymer family because of its excellent environmental and thermal stability, mechanical 

strength, magnetic, and optical properties, as well as its wide range of applications [138-145]. 

The generally accepted mechanism for the oxidative polymerization of thiophene involves 

the formation of radical cations. The oxidative polymerization of thiophene using FeCl3 as an 

oxidant is shown in Scheme 4 [14,146].  

 

(Scheme 4) 

 

In recent decades, there has been much attention paid to the development of new 

organic/inorganic (nano-)composite materials for both optical and electronic applications. 

Among the wide range of organic/inorganic hybrid materials that may be suitable for the 

aforementioned applications, the (nano-)composites of conjugated polymers such as 

polythiophene (PTh) and its derivatives with zeolites are of particular interest. Zeolites can be 

incorporated into polythiophene to produce conducting (nano-)composites with improved 

physicochemical properties. Moreover, polythiophene may be polymerized inside the cavities 

of zeolite to produce PTh/zeolite (nano-)composite with controlled structure and properties 

[147-150]. 
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Čı́ka et al. [151] reported the synthesis of polythiophene/ZSM-5 photocatalyst system by in 

situ oxidative polymerization of thiophene with FeCl3 in the suspension of Na-ZSM-5 zeolite. 

They investigated that the synthesized polythiophene absorbs radiation in the visible range of 

the electromagnetic spectrum and by illumination with visible light generates reactive oxygen 

species (ROS) in water medium. Moreover, during illumination reactive hydroxyl radical was 

detected by the spin trapping electron paramagnetic resonance (EPR) method. To examine 

the efficiency of the synthesized polythiophene/ZSM-5 photocatalyst system they tested it on 

the killing of Gram-positive bacteria Staphylococcus aureus (S. aureus) and Gram-negative 

bacteria Escherichia coli (E. coli). As shown in Figures 17 and 18 the number of living cells 

of both bacterial (G+ bacteria S. aureus and G- bacteria E. coli) species decreased in 

dependence on the amount of photocatalyst when treated with visible light (texp = 16 hours). 

However, it is clear from Figures 17 and 18, that, E. coli proved to be more sensitive then S. 

Aureus. Moreover, they concluded that the concentration of ●OH radicals, generated by 

irradiation with visible light, was able to decrease the number of surviving cell from 65% to 

50%. Thus the synthesized polythiophene/ZSM-5 photocatalyst system may be applied in the 

protection of biologically contaminated environment. 

 

(Figure 17) 

 

(Figure 18) 

 

Arvand et al. [152] developed a conductive polythiophene composite based on 

polythiophene/Y-zeolite via chemical oxidative polymerization of thiophene (Th) in the 

presence of a dispersion of Y-zeolite (powder) in chloroform solvent using anhydrous FeCl3 

as oxidant and investigated its response towards sulfide ions. As shown in Figure 19 SEM 
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and TEM images revealed formation of composite particles with average diameter in the 

range of 0.3–0.35 µm. The TEM image reveals a “raspberry” morphology where the zeolite 

particles were “glued” with the chains of PTh. Moreover, the flakes such as nature of PTh 

changed and distinctly shaped particles were formed, resulting in some improvement in the 

compactness of the polymer as well as in the decelerate aging and to increase their electrical 

conductivity.  

They investigated that the synthesized PTh/Y-zeolite-FeCl3 composite had a significantly 

high DC conductivity value (10-2 S cm-1) compared to other PTh based systems. They 

suggested that appearance of high conductivity in PTh/Y-zeolite composite is a unique 

feature of this polymerization system. They applied the synthesized PTh/Y-zeolite composite 

as ion-selective electrodes (ISE) for the direct determination of sulfide ion in solution. As 

shown in Figure 20, among different anions, sulfide ion gives a better characteristic response. 

The selective electrode exhibited linear response to the activity of S2− ions within the 

concentration range of 1×10−7 to 1×10−4 M with a Nernstian slope of 29.2±0.7 mV per 

decade (n=5). Proposed mechanism by Arvand et al. for the response mechanism of the 

sulfide ion-selective electrode based on PTh/Y-zeolite composite is shown in Scheme 5. 

Moreover, they concluded that the prepared electrode response was stable in relatively high 

temperatures. The electrode was successfully applied for the determination of S2− content in 

aqueous solution with arrangement pH. 

 

(Figure 19) 

 

(Figure 20) 

 

(Scheme 5) 
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Ballav and Biswas [153] reported the synthesis of conductive polythiophene/13X-zeolite 

composite by chemical oxidative polymerization of thiophene (Th) in the presence of a 

dispersion of 13X-zeolite (powder) in chloroform (CHCl3) solvent using anhydrous ferric 

chloride (FeCl3) as oxidant. DC conductivity value of the synthesized PTh/13X-zeolite 

composite was in the order of 10−2 S cm-1, which was indeed high compared to that of PTh, 

produced under identical conditions as above without the presence of 13X-zeolite. The SEM 

images of 13X-zeolite (Figure 21a) and PTh/13X-zeolite composite (Figure 21b) are shown 

in Figure 21. In general, the SEM image of 13X-zeolite showed the presence of small nearly 

globular particles with irregular sizes (1.5–3.0 µm). In contrast, SEM image of PTh/13X-

zeolite composite indicated the formation of lumpy agglomerates of non-uniform sizes 

(average diameter varied from 5.0 to 10.0 µm). They suggested that such morphology 

possibly resulted from cementation of the PTh moieties with 13X-zeolite particles. They 

concluded that, thermogravimetric stability studies revealed the overall thermal stability trend 

as follows: 13X > PTh-13X > PTh. The total weight loss up to 800 °C temperature suffered 

by pure 13X, PTh/13X and PTh homopolymers were 20, 65 and 100%, respectively [152].  

 

(Figure 21) 

 

 McCann et al. [154] reported the polymerization of pyrrole and thiophene monomers into the 

copper-exchanged mordenite host. The synthesized composites were characterized using EPR 

and UV-vis absorption spectroscopy. The electron paramagnetic resonance (EPR) spectra 

showed a decrease in the intensity of the Cu2+ signal and the appearance of a radical signal 

due to the formation of oxidatively coupled oligomeric and/or polymeric chains in the zeolite 

host. Moreover, they investigated that the reaction ceases when ca. 50% of the copper has 
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reacted and differences in the form of the residual Cu2+ signal between the thiophene and 

pyrrole reactions suggest a greater degree of penetration of the reaction into the zeolite host 

for pyrrole. The EPR signal intensities revealed that the average length of the polymer chain 

that was associated with each radical centre was 15-20 and 5-7 monomer units for pyrrole 

and thiophene, respectively. As shown in Table 3 the widths of the EPR signals suggested 

that these were at least partly due to small oligomers. The results, displayed in Table 3, 

confirm that polymer growth was diffusion limited on zeolite samples and also indicated that 

shorter polymer chains were formed within HM. 

 

(Table 3) 

 

Thuwachaowsoan et al. [99] described the synthesis of poly(3-thiopheneacetic acid), 

(P3TAA), composites with zeolites L (L), mordenite (MOR), and beta (BEA) through 

random dry mixing. The fabricated composites were applied as gas sensor toward H2, and the 

electrical conductivity response toward H2 was investigated for the effects of zeolite contents, 

zeolite type, cation type, and cation concentration. They found that the negative electrical 

conductivity response and sensitivity generally occurred when exposed to H2 relative to N2, 

due to a weaker interaction between H2 and the polaron or the bipolaron species compared to 

the interaction between N2 and active sites of the perchloric acid doped P3TAA. The 

proposed mechanism by Thuwachaowsoan et al. for the H2-P3TAA interaction is shown in 

Scheme 6. The highest electrical conductivity sensitivity value was obtained with 20% (v/v) 

MOR. However, the reduction of sensitivity values occurred with increasing MOR zeolite 

concentration from 20 to 50% (v/v); this arises from the diminishing active sites available for 

the interaction between H2 and the polaron or the bipolaron species. On the other hand, for 

the composites with 20% (v/v) L, MOR, and BEA, the electrical conductivity sensitivity 
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increased with decreasing Al content because of a lesser interaction between H2 and the 

zeolite, and consequently a greater interaction between H2 and the active sites on the P3TAA 

chain. For the effect of cation type, the higher electronegativity and smaller ionic radius of 

Li+ loaded into the MOR zeolite framework causes the lowering of electrical conductivity 

sensitivity than the composites loaded with Na+ and K+. They concluded that for composites 

with zeolite L loaded with Na+ at 0, 15, 20, 30 and 50 mol%, the electrical conductivity 

sensitivity increased with increasing Na+ content up to 30 mol% and decreases beyond that 

[99]. 

 

(Scheme 6) 

 

 

6. Other conductive polymers/zeolite (nano-)composites 

In previous sections the synthesis methods, some properties, and applications of PANI, PPy 

and PTh (nano-)composites with synthetic or natural zeolites have been discussed. However, 

other conducting polymers such as polyfuran, poly(N-vinylcarbazole), poly(p-phenylene 

vinylene), and poly(p-phenylene) have been applied for preparation of conductive 

polymers/zeolite (nano-)composites. The synthesis methods, some properties and applications 

of these (nano-)composites are discussed in the following.  

More recently, Kamonsawa et al. [155] reported the synthesis of H2SO4 doped poly(para-

phenylene vinylene) (dPPV)/zeolite Y-based composite and investigated its sensitive and 

selective responses toward ketone vapors. The morphology of the synthesized materials by 

Kamonsawa et al. is shown in Figure 22. The dPPV particles are quite irregular in shape and 

size, as shown in Figure 22a. On the other hand, the zeolite Y appears to possess nearly 

uniform sizes and shapes, as shown in Figure 22b. However, a nearly uniform dispersion of 

dPPV particles within the NH4
+Y matrix can be observed in Figures 22c and 22d. They 
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studied the effect of cation type (Na+, NH4
+, and H+), cation concentration, and ketone vapor 

type on the electrical conductivity response toward ketone vapors of dPPV/zeolite Y 

composites. They found that the sensitivities of the synthesized composites increase linearly 

with increasing surface area and decreasing cationic radius of the cation in zeolite Y. The 

highest sensitivity was obtained with the dPPV_[90] NH4
+Y when exposed to acetone, 

whereas in 4-methylpentan-2-one (MIBK) showed the lowest sensitivity. The sensitivity 

values of dPPV, dPPV_[90]HY, dPPV_[90]NaY, and dPPV_[90] NH4
+ Y, when exposed to 

acetone, methyl ethyl ketone (MEK), and 4-methylpentan-2-one (MIBK) is shown in Figure 

23. Moreover, the interactions between the ketone molecules and the composites were 

investigated though the FTIR spectroscopy. 

 

(Figure 22) 

 

(Figure 23) 

 

Among the conjugated polymers, polyfuran (PFu) has received relatively less attention than 

polypyrrole, polythiophene, and polyaniline, because of the high moisture sensitivity, 

difficulty of synthesis as the monomer has high oxidation potential, and low electrical 

conductivity owing to the short conjugated segment in its polymeric chains [156-158]. 

However, polyfuran can be used as a humidity sensor, and acts as an optoelectronic device 

since its color changes from yellow-brown to black-brown upon doping [159-161]. Polyfuran 

can be synthesized by both chemical, and electrochemical methods in various organic 

solvents and/or in aqueous media. The structure of this polymer has been reported as planar 

(Scheme 7).  
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(Scheme 7) 

 

The incorporation of zeolites as inorganic fillers into polyfuran matrixe or in situ 

polymerization of furan inside the cavities of zeolite may be bring a new class of organic-

inorganic (nano-)composite materials with improved physicochemical properties for various 

practical and technological applications. Şena et al. [162] reported the preparation of 

polyfuran composites with LTA type (3A, 4A, 5A) zeolites, via chemical oxidative 

polymerization of furan in the presence of a dispersion of zeolites (powder) in acetonitrile 

solvent using anhydrous FeCl3 as oxidant at an ambient temperature. They utilized Fourier 

transform infrared spectroscopic (FTIR) analysis to investigation of adsorption properties of 

synthesized composites for benzoyl chloride. FTIR results showed that the composites of 3A 

zeolite with the smallest pore size did not indicate absorption for benzoyl chloride due to 

surface structural of OH groups. The electrical conductivity value of PFu synthesized using 

FeCl3 was found to be 3.99×10-5 S cm-1, while the conductivity of PFu was decreased a bit 

after preparing its zeolite composites. Among PFu/LTA composites the highest conductivity 

value (3.34×10-5 S cm-1) was observed for 3A/PFu composite. A conductivity value of 

4A/PFu and 5A/PFu composites was found to be 9.87× 10-6 and 8.47× 10-6 S cm-1, 

respectively. They concluded that due to pore size of nanometer scale in zeolite, it was a 

promising material for conducting polymers.    

In another study, Sardar et al. [163] reported the synthesis of highly conductive 

polyfuran/13X zeolite/polyaniline composite via in situ chemical oxidative polymerization of 

furan monomer with anhydrous FeCl3 in the presence of 13X zeolite, followed by the 

oxidative copolymerization of aniline with ammonium peroxydisulfate (APS) in the presence 

of an aqueous dispersion of preformed PFu/13X composite. Some typical data on the 

polymerization and synthesized composite by Sardar et al. are summarized in Tables 4 and 5. 
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They performed thermogravimetric analysis (TGA) and differential thermal analysis (DTA) 

for investigation of thermal properties of the synthesized materials. Characteristic TGA 

curves of the 13X zeolite, PFu/13X (loading of PFu is 80%), PANI-PFu/13X (loading of PFu 

is 80% and PANI is 65%), and PFu are shown in Figure 24. As shown in Figure 24 the 

thermal stability order was found to be 13X > PFu/13X > PANI-PFu/13X > PFu. Moreover, 

the dc conductivity of PFu/13X, and PANI-PFu/13X was found 10-8 and 1 S cm-1, 

respectively. 

 

(Table 4) 

 

(Table 5) 

 

(Figure 24) 

 

Phumman et al. [164] reported the fabrication of poly(p-phenylene)/ZSM-5 zeolite 

composites, and investigated their responses towards ammonia. For this purpose, they 

synthesized poly(p-phenylene) (PPP) via oxidative polymerization of benzene in the presence 

of  anhydrous aluminum chloride, and anhydrous cupric chloride at a mole ratio of 8:2:1, 

followed doping by FeCl3. The poly(p-phenylene)/ZSM-5 zeolite composites were prepared 

by dry mixing of FeCl3-doped poly(p-phenylene), and ZSM-5 zeolite at various zeolite 

amounts: 10%, 20% 30% and 40% v/v, in order to investigate the effect of zeolite content. 

Moreover, the effect of cation type (NH4
+, Na+, K+, and H+) in the electrical conductivity 

sensitivity towards ammonia were investigated. It was found that the electrical conductivity 

sensitivity of the composites with different cations in the zeolite can be arranged in this order: 

K+ < no zeolite < Na+ < NH4
+ < H+. The variation in electrical sensitivity with cation type can 
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be described in terms of the acid-base interaction, the zeolite pore size, and surface area. 

They concluded that the PPP/Zeolite composite with H+ possesses the highest electrical 

sensitivity of −0.36 since H+ has the highest acidity, the highest pore volume and surface 

area, which combine to induce a more favorable NH3 adsorption and interaction with the 

conductive polymer. 

7. Summary and conclusion 

Conductive polymers can be applied in different areas such as chemistry, physics, electronics, 

optics, materials, and biomedical sciences. These applications reflect their characteristic 

properties, such as their conductivity, good thermal and environmental stability, relatively 

easy preparation, their change in electrical conductivity or color when exposed to acidic, 

basic and some neutral vapors or liquids, very high capacitance values, etc. Moreover, in 

recent decades, there has been growing interest in the development of organic-inorganic 

hybrid materials in order to obtain new kind of materials with synergetic or complementary 

behavior for various practical and technological applications. In this respect, conductive 

polymers/zeolite (nano-)composites may be the efficient choice as beneficial hybrid materials 

in wide range of commercial and technological applications such as sensors, cathodes of the 

cells, anticorrosive, membranes, removal of toxic heavy metals from sea water and waste 

waters. However, these materials were sub-exploited and there was only a few researches 

conducted around the preparation and applications of conductive polymers/zeolite hybrids.  

This review has presented the developments in preparation, materials properties, and 

applications of conductive polymers/zeolite (nano-)composites until March 2014. It is well 

established that zeolites are one of the most promising host materials for incorporation of 

conductive polymer network owing to their highly ordered pore systems, channels, and cages 

of different dimensions and shapes and the surface with negatively charge-balanced with 

exchangeable cations. Moreover, the intercalation of a conductive polymer into a porous and 
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leafy material, like zeolite, protects the former from degradation, slowing down its aging rate. 

In comparison with corresponding pure polymers the conductive polymers/zeolite (nano-

)composites exhibit fast reversible electrical conductivity responses when exposed to gases or 

vapors at room temperature. Thus, these hybrids have good perspective for development of 

sensors. Furthermore, as a sensing material, zeolites are very advantageous: chemical 

resistance and high thermal stability. When the conductive polymers/zeolite (nano-

)composites applied as a cathodes for the cells, the advantage of zeolite compared to other 

materials is that it ensures great effective surface, on which cations can be arranged by 

adsorption, intercalation or cation exchange reaction. This results in the minimization of the 

cell volume, minimizing the internal resistance, and the full exploitation of the electrode. 

In conclusion, some good results were obtained in the applications of conductive 

polymers/zeolite (nano-)composites in the various practical and technological applications. 

Thus, it would be expected that conductive polymers/zeolite (nano-)composites could further 

applications in the coming decades because of their unique physicochemical properties. 
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Abbreviations 

ICP, intrinsically conductive polymer; CPs, conducting polymers; PTh, polythiophene; PPy, 

polypyrrole; PANI, polyaniline; EMI, electromagnetic interference; AS, FTIR, 

aluminosilicates; Fourier transform infrared spectroscopic; XRD, X-ray diffraction; SEM, 

scanning electron microscopy; N K XANES, X-ray absorption near edge spectroscopy at the 

nitrogen K edge; CO, carbonmonoxide; MA, maleic acid; 1H NMR, proton nuclear magnetic 

resonance spectroscopy; TGA, thermogravimetric analysis; CPC, cetylpyridinium chloride; 

TEM, transmission electron microscopy; SAAs, self-assembled arrays; EPR, electron 

paramagnetic resonance; DTA, differential thermal analysis; ESR, electron spin resonance; 

dc, direct-current; ac, alternating-current; ROS, reactive oxygen species; ISE, ion-selective 

electrode; dPPV, doped poly(para-phenylene vinylene); MEK, methyl ethyl ketone; MIBK, 

4-methylpentan-2-one; APS, ammonium peroxydisulfate; PPP, poly(p-phenylene). 
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Schemes and Figures Captions: 

Scheme 1. Three different types of basic polyaniline. 

Scheme 2. Proposed mechanism by Densakulprasert et al. for the CO-PANI interaction [111]. 

Figure 1. SEM images of (A) pure PANI and (B) PANI/zeolite nanocomposite [112]. 

Figure 2. The effect of pH on the removal efficiency of Cr(VI) (the initial concentration, volume 

of solution and the amount of adsorbent were 50 ppm, 50 mL and 0.2 g, respectively) 

[112]. 

Figure 3. pH response of the PPy/zeolite–Pt electrode and PA/zeolite–Pt electrode [97]. 

Figure 4. The SEM images of zeolite 5A (a, b), and polyaniline/zeolite 5A composite (c, d) at 

different magnifications [115]. 

Scheme 3. Synthesis of PPy via chemical oxidation polymerization using CuCl2 as an oxidant 

and description of redox reaction of PPy. 

Figure 5. Descriptive illustration for preparation of core-shell polypyrrole/TS-1 zeolite 

nanocomposites by Cho et al. [130]. 

Figure 6. SEM micrographs of the pure PPy (a), pristine clinoptilolite (b), and PPy/Clino 

nanocomposite [93]. 

Figure 7. Cyclic voltammograms of PPy/clino nanocomposite in HCl electrolyte (1M) at the 

potential scan rates of 25, 50, and 100 mV s
-1

 [93]. 
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Figure 8. Frequency dependences of electrical conductivities of pyrrole/1.0Cu-NaY (■), NaY 

(□), pyrrole/1.0Cu-USY(●), and USY (○) [131]. 

Figure 9. Electron spin resonance (ESR) spectra of PPy/Y-zeolite composite (a) and pure PPy 

(b) films. Both films were prepared by applying an electrical charge of 49 mC cm
-2

 

[133]. 

Figure 10. Sensitivity of four sensing materials toward vapor of acetone, MEK, methanol, and 

toluene, at 3 vol% in N2 [134]. 

Figure 11. Scanning electron microscopy images of SBA-15 (a) and NiO–PPy/SBA-15 (b) 

[135]. 

Figure 12. Results of the dc circuit test: (a) low-humidity conditions and (b) high-humidity 

conditions I, direct current [135]. 

Figure 13. The effects of contact time on the removal efficiency of Ni(II) [136]. 

Figure 14. The effects of pH on the removal efficiency of Ni(II) [136]. 

Figure 15.The effect of temperature on removal efficiency of mercury ions [137]. 

Figure 16. The results obtained for reusing the PPy/SH-Beta/MCM-41 after desorption [137]. 

Scheme 4. Probable mechanism for oxidative polymerization of thiophene. 

Figure 17. Dependency of the number of live cells of bacterium S. aureus on the weight of the 

photocatalyst (texp = 16 hours) [151]. 
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Figure 18. Dependency of the number of live cells of bacterium E. coli on the weight of the 

photocatalyst (texp = 16 hours) [151]. 

Figure 19. Scanning electron micrographs of Y-zeolite (a) and PTh/Y-zeolite composite (b) and 

transmission electron micrograph of PTh/Y-zeolite composite (c) [152]. 

Figure 20. Potential responses of various ISEs based on PTh/Y-zeolite composite for each anion 

separately [152]. 

Scheme 5. Response mechanism of the sulfide ion-selective electrode based on PTh/Y-zeolite 

composite. ⓩ  represents Y-zeolite [152]. 

Figure 21. SEM images of 13X-zeolite (a) and PTh/13X-zeolite composite (b) [153]. 

Scheme 6. Proposed mechanism by Thuwachaowsoan et al. for the H2-P3TAA interaction [99]. 

Figure 22. The morphology of dPPV, NH4
+
 Y powders, and dPPV_[90] NH4

+
 Y composites at 

10% v/v of dPPV: (a) dPPV at magnification of 1000×; (b) Zeolite Y at 

magnification 5000×; (c) dPPV_[90] NH4
+
 Y at magnification of 2000×; and (d) 

dPPV_[90] NH4
+ 

Y at magnification of 5000× [155]. 

Figure 23.The sensitivity values of dPPV, dPPV_[90]HY, dPPV_[90]NaY, and dPPV_[90] 

NH4
+
 Y, when exposed to acetone, methyl ethyl ketone (MEK) and 4-

methylpentan-2-one (MIBK) at 25 °C, 1 atm, and at the solvent concentration of 

30000 ppm in N2 [155]. 

Scheme 7. Suggested chemical structure of linear polyfuran. 
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Figure 24. TGA scans for 13X(■), PFu/13X(●) (loading of PFu is 80%), PANI-PFu/13X(▲) 

(loading of PFu is 80% and PANI is 65%) and PFu(▼) [163]. 
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Schemes and Figures: 

 

 

 

Scheme 1. Three different types of basic polyaniline. 
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Scheme 2. Proposed mechanism by Densakulprasert et al. for the CO-PANI interaction [111]. 

 

 

Figure 1. SEM images of (A) pure PANI and (B) PANI/zeolite nanocomposite [112]. 
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Figure 2. The effect of pH on the removal efficiency of Cr(VI) (the initial concentration, volume 

of solution and the amount of adsorbent were 50 ppm, 50 mL and 0.2 g, respectively) 

[112]. 

 

 

Figure 3. pH response of the PPy/zeolite–Pt electrode and PA/zeolite–Pt electrode [97]. 
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Figure 4. The SEM images of zeolite 5A (a, b), and polyaniline/zeolite 5A composite (c, d) at 

different magnifications [115]. 
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Scheme 3. Synthesis of PPy via chemical oxidation polymerization using CuCl2 as an oxidant 

and description of redox reaction of PPy. 
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Figure 5. Descriptive illustration for preparation of core-shell polypyrrole/TS-1 zeolite 

nanocomposites by Cho et al. [130]. 
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Figure 6. SEM micrographs of the pure PPy (a), pristine clinoptilolite (b), and PPy/Clino 

nanocomposite [93]. 

 

 

 

 

Figure 7. Cyclic voltammograms of PPy/clino nanocomposite in HCl electrolyte (1M) at the 

potential scan rates of 25, 50, and 100 mV s
-1

 [93]. 
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Figure 8. Frequency dependences of electrical conductivities of pyrrole/1.0Cu-NaY (■), NaY 

(□), pyrrole/1.0Cu-USY(●), and USY (○) [131]. 
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Figure 9. Electron spin resonance (ESR) spectra of PPy/Y-zeolite composite (a) and pure PPy 

(b) films. Both films were prepared by applying an electrical charge of 49 mC cm
-2

 

[133]. 
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Figure 10. Sensitivity of four sensing materials toward vapor of acetone, MEK, methanol, and 

toluene, at 3 vol% in N2 [134]. 
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Figure 11. Scanning electron microscopy images of SBA-15 (a) and NiO–PPy/SBA-15 (b) 

[135]. 

 

 

 

 

Figure 12. Results of the dc circuit test: (a) low-humidity conditions and (b) high-humidity 

conditions I, direct current [135]. 
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Figure 13. The effects of contact time on the removal efficiency of Ni(II) [136]. 

 

 

 

Figure 14. The effects of pH on the removal efficiency of Ni(II) [136]. 
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Figure 15. The effect of temperature on removal efficiency of mercury ions [137]. 

 

 

 

Figure 16. The results obtained for reusing the PPy/SH-Beta/MCM-41 after desorption [137]. 
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Scheme 4. Probable mechanism for oxidative polymerization of thiophene. 

 

 

 

 

Figure 17. Dependency of the number of live cells of bacterium S. aureus on the weight of the 

photocatalyst (texp = 16 hours) [151]. 
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Figure 18. Dependency of the number of live cells of bacterium E. coli on the weight of the 

photocatalyst (texp = 16 hours) [151]. 

 

 

 

Figure 19. Scanning electron micrographs of Y-zeolite (a) and PTh/Y-zeolite composite (b) and 

transmission electron micrograph of PTh/Y-zeolite composite (c) [152]. 
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Figure 20. Potential responses of various ISEs based on PTh/Y-zeolite composite for each anion 

separately [152]. 

 

 

 

Scheme 5. Response mechanism of the sulfide ion-selective electrode based on PTh/Y-zeolite 

composite. ⓩ  represents Y-zeolite [152]. 
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Figure 21. SEM images of 13X-zeolite (a) and PTh/13X-zeolite composite (b) [153]. 

 

 

 

 

Scheme 6. Proposed mechanism by Thuwachaowsoan et al. for the H2-P3TAA interaction [99]. 
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Figure 22. The morphology of dPPV, NH4
+
 Y powders, and dPPV_[90] NH4

+
 Y composites at 

10% v/v of dPPV: (a) dPPV at magnification of 1000×; (b) Zeolite Y at 

magnification 5000×; (c) dPPV_[90] NH4
+
 Y at magnification of 2000×; and (d) 

dPPV_[90] NH4
+ 

Y at magnification of 5000× [155]. 
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Figure 23.The sensitivity values of dPPV, dPPV_[90]HY, dPPV_[90]NaY, and dPPV_[90] 

NH4
+
 Y, when exposed to acetone, methyl ethyl ketone (MEK) and 4-

methylpentan-2-one (MIBK) at 25 °C, 1 atm, and at the solvent concentration of 

30000 ppm in N2 [155]. 

 

 

 

 

Scheme 7. Suggested chemical structure of linear polyfuran. 

Page 67 of 73 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



24 

 

 

Figure 24. TGA scans for 13X(■), PFu/13X(●) (loading of PFu is 80%), PANI-PFu/13X(▲) 

(loading of PFu is 80% and PANI is 65%) and PFu(▼) [163]. 
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Tables Captions: 

Table 1. Conductivity values of MOR-Cu(II) and ZY-Cu(II) before and after the exposition to 

aniline and HCl vapors [95].  

Table 2. The medium flux and retention of the dynamic membranes for cobalt ions [115]. 

Table 3. Peak widths of the organic radical EPR signal observed after reaction of thiophene and 

pyrrole in HM, L, M and H [154]
a
. 

Table 4. Some typical data on the polymerization of furan in the presence of 13X zeolite [163]. 

Table 5. Some typical data on the formation PANI-PF/13X composite [163]. 
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Tables: 

 

 

Table 1. Conductivity values of MOR-Cu(II) and ZY-Cu(II) before and after the exposition to 

aniline and HCl vapors [95].  

Inorganic porous hosts Conductivity (S cm
-1

) Conductivity (S.cm
-1

): after exposition 

of aniline and HCl vapors 

Variation ∆p 

MOR-Cu(II) 1.8 × 10
-9

 2.8 × 10
-9

 1.5 

ZY-Cu(II) 2.9 × 10
-8

 4.5 × 10
-3

 1.5 × 10
5
 

 

 

 

Table 2. The medium flux and retention of the dynamic membranes for cobalt ions [115]. 

Membranes Flux (L/m
2
 h) Retention (%) 

Zeolite 151.42 67.58 

PANI 126.36 77.43 

PANI/Zeolite 118.87 98.20 
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Table 3. Peak widths of the organic radical EPR signal observed after reaction of thiophene and 

pyrrole in HM, L, M and H [154]
a
. 

  peak width/G  

sample thiophene  pyrrole 

H 12.6 (2 h)  10 (7 h) 

M 13.8 and 9.6  16.3 and 11.3 

L 11  11.3 

HM 21.3 and 26  18.2 and 15.7 

a
 The three samples are referred to as low, medium and high copper mordenite (L, M, H). 

Calcined, outgassed H
+
-mordenite (CBV 20A) was also studied as a substrate and is referred to 

as HM. 

 

 

 

 

Table 4. Some typical data on the polymerization of furan in the presence of 13X zeolite [163].       

Entry.No.  Reactants (g)   Products  

 Furan FeCl3 13X Composite (g)  Loading of PFu (%) 

1 1.0 1.0 1.0 1.40  70.3 

2 2.0 2.0 2.0 2.75  68.7 

3 1.0 1.0 1.0 1.60  80.0 
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Table 5. Some typical data on the formation PANI-PF/13X composite [163]. 

Entry.No.  Reactants (g)   Products  

 ANI APS PFu/13X
a
 Composite (g)  Loading of PANI (%) 

1 0.25 - 0.50 0.53  12.0 

2 0.50 - 0.50 0.96  47.9 

3 0.75 - 0.50 1.43  65.1 

 
a
 from entry No. 3 in Table 6. 
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and applications of conductive polymers/zeolite (nano-)composites reported until March 

2014.  

 

                                                 
∗
 Correspondence to: Mehdi Jaymand, Research Center for Pharmaceutical Nanotechnology, Tabriz 

University of Medical Sciences, Tabriz, Iran 

Tel: + 98-411-3367914; Fax: +98-411-3367929 

Postal address: Tabriz-5165665811-Iran 

E-mail addresses: m_jaymand@yahoo.com; m.jaymand@gmail.com; jaymandm@tbzmed.ac.ir          

Page 73 of 73 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


