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Abstract: 

 

Pressed pellets from polyaniline/phyllosilicate nanocomposites have been prepared under various conditions in 

order to optimize two-dimensional conductivity of composite by ordering of flat phyllosilicate particles 

intercalated with polyaniline (PANI). Powder samples of PANI/phyllosilicate nanocomposites have been 

prepared using two phyllosilicates, montmorillonite and vermiculite, with different layer charge. Two precursors 

were used, anilinium hydrochloride and anilinium sulfate. Prepared PANI/phyllosilicate composites were 

subsequently doped by HCl and for the DC conductivity measurements pressed into pellets. Applied pressure 

was 28 MPa and 128 MPa. Highly anisotropic conductivity has been achieved in pressed pellets. The in-plane 

conductivity for PANI/montmorillonite was 8.4 S/m, i.e. 1000× higher than in the direction perpendicular to the 

pellet plane. Increase of pressure up to 128 MPa led to dramatic decrease of conductivity.   
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1. Introduction 

 
Various preparation methods of polyaniline/clay composites were used by many authors (Ballav and Biswas, 

2004; Yoshimoto et al., 2005; Lu and Zhao, 2002; Sohn et al., 2002; Kim et al., 2001;  Sun et al., 2010; Yeh et 

al., 2001; Do Nascimento et al., 2002; Bae et al., 2004)  in order to achieve combination of superior electrical 

and mechanical properties (Do Nascimento et al., 2006; Zaarei et al., 2008) for the applications in 

electrorheology (Lu and Zhao, 2002; Sung et al., 2003; Cho et al., 2004) and in the corrosion protection of 

metals (Yeh et al., 2001). It has been proved, that nanostructure of polyaniline (PANI) affects the conductivity 

(Laslau et al., 2012; MacDiarmid, 1997; Sapurina et al., 2001; Stejskal et al., 2010; Gregory et al., 1989) and 

phyllosilicate flat particles offer a good chance to order polymer chains and in addition to improve the thermal 

and mechanical properties of nanocomposite functional units (Semakov et al., 2010). In design of 

organo/inorganic nanocomposites based on phyllosilicates the key question is the effect of silicate layer charge, 

which affects significantly first of all the intercalation behavior and consequently the structure and properties of 

intercalated a surface-modified phyllosilicates (Klika et al., 2009; Čapková et al., 2004; Simha Martynková, 
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2008; Klika et al., 2011). That is why we have chosen two phyllosilicate matrices with different silicate layer 

charge: montmorillonite and vermiculite.  

Various synthesis pathways and precursors for pure PANI preparation have been described in literature (Stejskal 

and Sapurina, 2005; Sapurina and Stejskal, 2008) and there are also several articles on preparation of 

PANI/MMT composite (Bober et al., 2010). Their effect on conductivity of resulting product has not been 

studied systematically. In present work we tested two different polymerization pathways: (1) one-step process 

with polymerization in presence of phyllosilicate and (2) two-step process with intercalation of anilinium and 

subsequent polymerization in the intercalated phyllosilicate structure. Two different aniline precursors have been 

used in both polymerization pathways: anilinium sulfate and anilinium hydrochloride.  

The main problem in design of PANI/clay nanocomposites is to create the functional units with thermal and 

mechanical stability by keeping and/or improving all the desirable properties. Pressed pellets have been shown 

as suitable form guaranteeing good reproducibility of conductivity measurements and easy handling. Among 

various solid layered particles phyllosilicates offer several advantages: (1) first of all good thermal and 

mechanical stability; (2) expandable layered structure of 2:1 phyllosilicates can be intercalated with PANI and 

ordering of PANI chains results in the strong anisotropy of electrical conductivity; (3) variable layer charge in 

different types of phyllosilicates enables to modify the interlayer concentration and nanostructure of PANI guest 

species; (4) in addition the layer charge of phyllosilicates can be tuned (reduced) by the cointercalation of 

lithium (Klika et al., 2009). Anisotropic electroconducting PANI/phyllosilicate composite has been prepared by 

Semakov et al. (2010), using aniline intercalation into montmorillonite and subsequent polymerization. In spite 

of the low conductivity values achieved in their work, Semakov et al. (2010) showed the possibility to prepare 

strongly anisotropic electroconducting PANI/phyllosilicate composites as pressed pellets with in-plane 

conductivity 115× higher than in orthogonal direction.  

The aim of present work is to optimize the technology PANI/phyllosilicate nanocomposites in order to achieve 

the high value of two-dimensional conductivity, with strong anisotropy, where the ratio of in-plane and 

orthogonal conductivity σ|| / σ  will be at least ~ 10
3
. The second aim was to simplify the preparation method, 

i.e. to reduce the number of technological steps by keeping reasonable mechanical properties allowing easy 

handling. 

 

2. Experiment  
   

2.1. Materials  
 
Two phyllosilicates with various layer charge have been used in present study: (1) Commercially available Na-

montmorillonite Portaclay (Ankerpoort NV, Netherland) with basal spacing 1.245 nm, structural formula 

(Si8)(Al2.85Mg0.71Ti0.02Fe
3+

0.42)O20(OH)4 with layer charge ~0.7 el. per unit cell and (2) natural Mg-vermiculite 

from Letovice (Czech Republic) with basal sparing 1.445 nm, structural formula (Si6.26Al1.72Ti0.04) 

(Mg4.66Fe
3+

0.90Al0.02) O20(OH)4 with layer charge ~0.8 el. per unit cell. Aniline, sulfuric acid, aniline 

hydrochloride and ammonium peroxodisulfate were purchased from Lach-Ner, Czech Republic, and used as 

received.  

 

2.2. Powder samples preparation 
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Two different pathways have been used for polymerization: (1) one-step process with the polymerization in the 

presence of phyllosilicate matrix and (2) two-step process, starting with intercalation of anilinium into 

phyllosilicate matrix and subsequent polymerization in the intercalated phyllosilicate structure. For both 

pathways we used two different precursors: anilinium hydrochloride and anilinium sulfate.  

  

2.2.1. One-step process  

 

The anilinium sulfate and ammonium peroxodisulfate were added into aqueous suspension of montmorillonite 

(MMT) or vermiculite (VER) at room temperature. Although the polymerization of aniline was completed within 

40 minutes (blue color of suspension turned into dark emeraldine green – conductive form of PANI), the 

suspension was stirred for 6 hours. The green solid was collected on a filter by rinsing and doping with 0.2M 

HCl. Resulting samples were dried at 40°C in a kiln and denoted as PANI/MMT-I-AnS and PANI/VER-I-AnS. 

The anilinium hydrochloride and ammonium peroxodisulfate (according to the procedure described by Bober et 

al. (2010)) were added into aqueous suspension of MMT or VER at room temperature. The procedure was the 

same as above: The resulting samples are denoted as PANI/MMT-I-AnHCl and PANI/VER-I-AnHCl.  

 

2.2.2. Two-step process 

 

The anilinium sulfate was added to the aqueous suspension of MMT or VER and the intercalation of anilinium 

cations into phyllosilicate structure lasted 5 days at room temperature. In the next step the solution of ammonium 

peroxodisulfate was added. The polymerization of aniline was completed within 40 minutes (blue colour of 

suspension turned into dark emeraldine green), the suspension was stirred for 6 h. The green solid was collected 

on a filter by rinsing with 0.2M HCl and dried at 40°C in a kiln. The resulting samples are denoted as 

PANI/MMT-II-AnS and PANI/VER-II-AnS. 

The anilinium hydrochloride was added to the aqueous suspension of MMT or VER and the intercalation of 

anilinium cations into phyllosilicate structure lasted 5 days at room temperature. In the next step the procedure is 

the same as described above and also follows the procedure described by Bober et al. (2010). As in the previous 

method the polymerization of aniline was completed within 40 minutes, the suspension was stirred for 6 h. The 

green solid was collected on a filter by rinsing with hydrochloric acid and dried at 40°C in a kiln. The resulting 

samples are denoted as PANI/MMT-II-AnHCl and PANI/VER-II-AnHCl. 

 

2.2.3. Preparation of pellets  

 

Powder samples were prepared at room temperature using GRASEBY SPECAC handpress equipped with 

special matrix and piston made of steel 11600 and 11800, respectively (see Figure 1).  The ultimate strengths of 

steels 11600 and 11800 are 370 MPa and 420 MPa, respectively. Applied pressures were 28 MPa and 128 MPa. 

The handpress was not lubricated with oil and pellets were pressed without any binder. 
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Fig. 1. a) piston, b) matrix and c) pressed pellet. Thickness t varies in dependence on type and amount of composite. 

 

 
2.3. Characterization of samples 

 

Samples were characterized by X-ray diffraction, TG analysis, DC conductivity measurements and hardness 

measurement.  

 

2.3.1. Structure analysis  

 

Structure of composites has been analyzed using combination of X-ray diffraction and molecular modeling. X-

ray diffraction measurements have been carried out in reflection mode using Bruker D8 Advance diffractometer 

(Bruker AXS, Germany) equipped with cobalt tube (K = 1.78897Å) and fast position sensitive detector 

VǺNTEC1. Powder diffraction patterns have been recorded for powder samples of PANI/phyllosilicate 

nanocomposites and for pressed pellets in order to investigate the effect of texture in pellets on DC-conductivity.   

Molecular modeling (force field calculations) using Universal force field (Rappé et al., 1992) have been carried 

out in Accelrys Materials Studio modeling environment (MS).  

The MMT and VER crystal structures were built using the structure data published by Tsipursky and Drits 

(1984), Méring and Oberlin (1967) and Shirozu and Bailey (1966), respectively. Initial model of MMT and VER 

substrates were built under periodic boundary conditions as a supercells 6a × 3b × 1c. Layer charges of MMT 

and VER substrates, arising from the octahedral substitutions, were compensated by Ca
2+

 cations (MMT), Mg
2+

 

and K
+
 cations (VER) and/or PANI chains (prepared as dimers of protonated emeraldine salt with charge +4 el.). 

Two sets of initial models were built with variable water content and variable number of PANI dimers with 

appropriate interlayer cations/PANI ratio. Various space arrangement of PANI dimers were tested. Interlayer 

distances (i.e. basal spacing) for the models optimized in MS/Forcite module have been calculated in MS/Reflex 

module and compared with experimental data in order to find the most probable space arrangement of the 

interlayer content. 

 

2.3.2. Conductivity measurements 

 

For DC conductivity measurement we constructed special measuring apparatus (see Figure 2) equipped with 

following instruments: DC POWER SUPPLY HY 3003 D-2, Programmable DC POWER SUPPLY BK 

PRECISION 9120, multimeter AGILENT 34401A, V-meter UNI-T UT802, pA-meter KEITHLEY 6487. 
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Attached DC voltage source was stabilized with a tolerance of 10-3 and annexed with the endurance of several 

tens of seconds to minutes. Great attention was paid to fix the contact points with of the sample with the 

measuring Cu electrodes. The electrodes were polished before each measurement using a special paste. DC 

conductivity has been measured in two perpendicular directions: in the pellet plane and in ortogonal direction to 

pellet plane (see Figure 3) 

 
 
Fig. 2. The apparatus used for direct measurement of resistivity and conductivity of pressed pellets. A: pressed pellet sample (oriented for 
measuring in direction perpendicular to the direction of pressing), B: polished Cu electrodes, C: insulator, D: weights to ensure a constant 

pressure on the sample in the direction of the red arrow, E: felt muffler, F: DC source and measuring card, G: computer with software.   

 

 

Fig. 3. Schematic illustration of conductivity measurements (two perpendicular directions). 

 

 

3. Results and discussion 

 

3.1.  Structure of nanocomposites  

 

Figure 4 shows the X-ray diffraction profiles of 001 basal reflections for PANI/MMT powder samples and 

pressed pellets (28 MPa) prepared by one step procedure. Pristine MMT powder (red), powder PANI/MMT-I-

AnS (green), powder PANI/MMT-I-AnHCl (pink), pellet PANI/MMT-I-AnS (blue), pellet PANI/MMT-I-

AnHCl (black). For samples prepared by two-step procedure the position and profiles were of 001 peaks are 

slightly different, (see Table 1) however confirming the presence of PANI in the interlayer space of MMT in 

both preparation methods. Corresponding basal spacings are summarized in the Table 1 in which one can see 

that samples prepared from anilinium sulfate exhibit slightly lower basal spacing. This fact indicates a lower 

content of PANI in the interlayer space of MMT. In both cases pellets surprisingly exhibit significantly higher 

basal spacings than powders, which means additional intercalation under the pressure in closed press chamber. 

Comparing basal spacing for pellets we can conclude that one-step synthesis leads to higher basal spacings. 

Figure 4 shows the dramatic increase of peak intensity for basal reflections from pellets. This is the consequence 

of strong texture with preferred orientation of basal planes in the pellet plane (i.e. perpendicular to the direction 

of pressure).  
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Table 1: Summary of basal spacings for PANI/MMT powder samples and pellets (-I- means one-step and -II- two step preparation). 

 
samples prepared from 

anilinium sulfate  

MMT 

powder 

PANI/MMT-I-

AnS  

powder 

PANI/MMT-II-AnS 

powder 

PANI/MMT-I-

AnS 

pellet 28MPa 

PANI/MMT-II-AnS 

pellet 28MPa 

basal spacing 001 (Å) 12.5 12.8 12.8 13.3 13.13 

samples prepared from 

anilinium 

hydrochloride 

MMT 

powder 

PANI/MMT-I-

AnHCl powder 

PANI/MMT-II-An 

HCl 

powder 

PANI/MM 

T-I-An HCl 

Pellet 28MPa 

PANI/MMT 

-II-An HCl 

pellet 28MPa 

basal spacing 001 (Å) 12.5 12.9 13.0 13.7 13.5 

 

   

 
 
Fig. 4 Comparison of XRD profiles of 001 basal reflexions for pristine montmorillonite (red), powders PANI/montmorillonite for one-step 

preparation process. Pristine MMT powder (red),  powder PANI/MMT-I-AnS (green), powder PANI/MMT-I-AnHCl (pink), pellet 

PANI/MMT-I-AnS (blue), pellet PANI_MMT-I-AnHCl (black). 

 

Vermiculite, due to higher silicate layer charge, is not as easily expandable as MMT and exhibits different 

intercalation behavior for one-step and two-step process. Figure 5 shows the X-ray diffraction profiles of 001 

basal reflections for PANI/VER powder samples and pressed pellets (28 MPa) prepared by one-step (Figure 5a) 

and two-step (Figure 5b) process. One can see, that the two-step process gives much more homogeneous 

structure with more sharp profiles than one-step process. Moreover, the one-step preparation leads to two 

structural phases: phase 1 with lower d001 value and phase 2 with higher d001 value. In contradiction to 

PANI/MMT, in PANI/VER the intercalation of PANI led to the decrease of basal spacing from 14.4 Å for 

pristine VER to 13.9 - 14.2 Å (depending on precursor). Applied pressure led to homogenization of the interlayer 

structure. Basal spacing for all PANI/VER samples are summarized in the Table 2.   

 
Table 2: Summary of basal spacings for PANI/VER powder samples and pellets (-I- means one-step and -II- two-step preparation). 

 
samples prepared from 

anilinium sulphate  

VER 

powder 

PANI/VER-I-AnS 

Powder 

PANI/VER-II-

AnS 
powder 

PANI/VER-I-AnS 

pellet 28MPa 

PANI/VER-II-

AnS 
pellet 28MPa 

basal spacing 001 (Å) 14.45 14.07/12.04 13.90 14.10 14.09 

samples prepared from 

anilinium 
hydrochloride 

VER 

powder 

PANI/VER-I-

AnHCl powder 

PANI/VER-II-An 

HCl 
powder 

PANI/VER-I-An 

HCl 
Pellet 28MPa 

PANI/VER-II-An 

HCl 
pellet 28MPa 

basal spacing 001 (Å) 14.45 14.04/12.00 14.20 14.17/12.42 14.00 
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Fig. 5  X-ray diffraction profiles of 001 basal reflections for PANI/vermiculite powder samples and pressed pellets (28MPa) prepared by 

one-step (-I-) and two-step (-II-) procedure: (a) pristine VER powder (red),  powder PANI/VER-I-AnS (green), powder PANI/VER-I-AnHCl 

(pink), pellet PANI/VER-I-AnS (blue), pellet PANI/VER-I-AnHCl (black) and (b) pristine VER powder (red),  powder PANI/VER-II-AnS 

(green), powder PANI/VER-II-AnHCl (pink), pellet PANI/VER-II-AnS (blue), pellet PANI/VER-II-AnHCl (black).  

 

Interlayer structure was investigated using molecular modeling. Initial models, containing various amounts of 

PANI chains, interlayer cations and water molecules, were optimized and the d001 values calculated from 

simulated diffractograms were compared with d001 values obtained experimentally from real samples.  

In case of PANI/MMT the best agreement between calculated and experimental basal spacings has been 

achieved for the models of not fully exchanged montmorillonite with 2 flat laying PANI chains in monolayer 

arrangement with ~4.4 wt.% of H2O and 8 Na
+
 cations in  the interlayer space of 6a3b1c supercell. Basal 

spacings calculated for various positions of water and Na
+
 cations was 12.771 – 12.962 Ǻ. This range 

corresponds to real PANI/MMT powders with measured basal spacings 12.8 - 13.0 Ǻ (Table 1). One example of 

this model can be seen in the Figure 6.  

 

Fig. 6.  (a) top view on PANI/MMT model containing 2 PANI chains, ~ 4.4 wt.% of H2O and 8 Na+ cations; (b) side view. Water molecules 

and Na+ cations are not displayed in (b) because of clarity. 

 

Pellets pressed from PANI/MMT composite have the experimentally obtained d001 values in range 13.1 - 13.7 Ǻ 

(see Table 1). This corresponds to the calculated models with 3 PANI chains, 4 Na
+
 cations and ~ 1.5 wt.% of 

H2O in the interlayer space of 6a  3b  1c supercell. In this case the PANI chains are in monolayer arrangement 

(a) 
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but the aromatic rings are not flat lying but tilted (see Figure 7). Basal spacings calculated for various positions 

of water and Na
+
 cations was 13.206 - 13.682 Ǻ. 

 

 

Fig. 7. (a) top view on PANI/VER model model containing 3 PANI chains, ~ 3.3 wt.% of H2O and 1 Mg2+ cation; (b) side view: middle 

PANI chain; (c) side view: left chain is the lower in (a), right chain is the upper in (a). Water molecules are not displayed because of clarity. 
Color legend is the same as in Figure 6. 

 

These results suggest that the applied pressure really can lead to the entry of additional PANI chains into the 

interlayer space. Based on the results of molecular modeling of the PANI/MMT composite, it can be concluded 

that the interlayer cations are not fully exchanged by PANI chains. Optimized models containing 4 PANI chains 

and no interlayer cation exhibit d001 value higher than 14.0 Ǻ and such high interlayer distance was not observed 

in the real samples of PANI/MMT composite. 

Molecular modeling of PANI/VER revealed that:  

1) Model with 2 PANI chains, 3 Mg
2+

 cations and 3.14 wt.% of water per 6a3b1c supercell with calculated 

basal spacing 12.04 Ǻ corresponds to the real samples PANI/VER-I-AnS (phase 1) and PANI/VER-I-AnHCl 

powder (phase 1) (see Table 2).  

2) Model with 2 PANI chains, 3 Mg
2+

 cations and 4.28 wt.% of water per 6a3b1c supercell with calculated 

basal spacing 12.42 Ǻ corresponds to the real sample PANI/VER-I-AnHCl pellet (phase 1). 

3) Model with 3 PANI chains, 1 Mg
2+

 cations and 3.13 wt.% of water per 6a3b1c supercell with calculated 

basal spacing 13.86 Ǻ corresponds to the real sample VER/PANI-II-AnS powder. 

4) Model with 3 PANI chains, 1 Mg
2+

 cations and 3.3 wt.% of water per 6a3b1c supercell with calculated 

basal spacing 14.07 Ǻ corresponds to the real samples PANI/VER-I-AnHCl powder (phase 2), PANI/VER-II-

AnS pellet, PANI/VER-II-AnHCl pellet, PANI/VER-I-AnS pellet and PANI/VER-I-AnS powder (phase 2). 

 

3.2. Conductivity of nanocomposites  

 

Conductivity was measured in two perpendicular directions: in-plane (σ||) and perpendicular to the pellets plane 

(σ), see Figure 3. Results for PANI/MMT and PANI/VER pellets are summarized in Tables 3 and 4.  
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Table 3 

In-plane conductivities (σ||) and orthogonal conductivies measured in the direction of pressing (σ) for all prepared PANI/MMT pellets. 

 

PANI/montmorillonite 

pressure 28MPa 128MPa 

 

 
conductivity  

[S/m] 

anisotropy factor 

σ|| / σ 

conductivity  

[S/m] 

anisotropy factor 

σ|| / σ 

samples σ σ||  σ σ||  

I_AnS 0.0079 8.4026 1016 0.0098 1.6820 172 

I_AnHCl 0.0056 1.1534 206 0.0087 0.5597 64 

II_AnS 0.0089 8.4934 954 0.0025 0.9514 381 

II_AnHCl 0.0063 1.8318 291 0.0020 0.2297 115 

 
Results can be summarized as follows. For PANI/MMT both methods of preparation (one-step and two-step) 

lead to nearly the same conductivity in pellets pressed by 28 MPa.  The samples prepared using anilinium sulfate 

precursor exhibit much higher in-plane conductivity and, consequently, higher anisotropic factor σ|| / σ.  

Increasing the applied pressure from 28 MPa to 128 MPa results in decrease of in-plane conductivity. This can 

be explained by a disruption of percolation pathways in the sample.  

In-plane conductivity for PANI/MMT-I-AnS is 1000 higher than in orthogonal direction which means 

practically the two-dimensional conductivity. It is interesting to compare the anisotropic conductivity of 

PANI/MMT-I-AnS with the conductivity of pure PANI. For pure PANI pellets pressed by 28 MPa the in-plane 

conductivity σ|| is 34.2 S/m which is 4× higher than in-plane conductivity of PANI/MMT-I-AnS composite but 

the anisotropy factor for these pure PANI pellets is only 7. That means in pure PANI pellets the PANI chains can 

never be such ordered as in composite. 

 
Table 4 

In-plane conductivities (σ||) for all prepared PANI/VER pellets. Orthogonal conductivities (σ) are not listed because the values were below 

the measurement error. 

 

 

 

 

 

 

 

In case of PANI/VER the values of orthogonal conductivity σ were below the measurement error. Anilinium 

sulfate precursor leads to higher conductivity as in previous case of PANI/MMT and the in-plane conductivity is 

much higher for one-step preparation method. Increase of applied pressure results in decrease of in-plane 

conductivity as for PANI/MMT. 

  

4. Conclusions 

 

Present results showed the good chance to achieve the in-plane electrical conductivity for PANI/clay composite 

close to conductivity of pure PANI. The high degree of texture in composite samples results in two-dimensional 

conductivity, which is not achievable for pure PANI pellets. Good thermal and mechanical stability is another 

advantage of these composites. These results also confirmed the strong effect of silicate layer charge on the 

conductivity of PANI chains. The difference in conductivity of PANI/MMT and PANI/VER composites is quite 

PANI/vermiculite 

pressure 28MPa 128MPa 

samples conductivity σ|| 

[S/m] 

conductivity σ|| 

[S/m] 

I_AnS 1,1314 0,175 

I_AnHCl 0,780 0,082 

II_AnS 0,134 0,073 

II_AnHCl 0,057 0,050 
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high, but the layer charges are not very different:  0.7 el. per unit cell for MMT and 0.8 el. per unit cell for VER. 

This means the layer charge distribution plays the important role as well as the magnitude of this charge itself. 

While in MMT the isomorphic substitutions have been observed only in octahedral sheet, in VER the 

substitutions are present also in tetrahedral sheet in high concentration (see structural formulae in section 2.1 

Materials) causing very strong interaction between the PANI chains and silicate layer. Conductivity 

measurements revealed that pressure 28 MPa used in the preparation of pellets led to the increase of conductivity 

in comparison with conductivity of powder sample. However, the further increase of pressure to 128 MPa causes 

the decrease of conductivity and does not seem to be suitable for the preparation of pressed pellets with respect 

to the required electrical behavior.  
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