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Summary

Conductive polymers are a promising class of polymer materials which have 
unusual combination properties of conductive metals and insulated plastics. 
Conductive polymers or conductive polymer-based composites are expected 
to be widely applied in the new growing technology area of photovoltaic 
devices, display devices, corrosion protection, batteries, and super-capacitors. 
Polypyrrole (PPy) is one of the conducting polymers. This study reports the 
synthesis of PPy/cellulose in ionic liquids (ILs). Conductive polypyrrole-cellulose-
ionic liquid (PPy-C-IL) composites were synthesized by chemical polymerization. 
PPy-C-IL composites both overcome the inadequate mechanical property 
of polypyrrole, and give a conductive property to the world’s most abundant 
material-cellulose. The synthesis applied a relatively “green” method that 
employed a phosphonium IL (trihexyl(tetradecyl) phosphonium dicyanamide) as 
a novel solvent for dissolution of cellulose (pulp) and in situ polymerization. The 
structures, morphology and electrical properties of the homogenous composites 
were characterized with Fourier-transform infrared spectroscopy, a scanning 
electron microscope, and a conductivity probe that was built in-house for the 
purpose. 

Introduction 

Polymers were considered to be insulating materials until about forty years 
ago. Since the first discovery of the highly conductive polyacetylene in 1977, 
researchers realized polymers could be synthesized to form highly conducting 
material with electrical conductivity up to above 103 S/cm [1]. Along with 
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the development of conducting polymers, researchers noticed that modified 
polymers could conduct as well as metals. Polyacetylene is able to become 
highly electrically conductive after undergoing a structure modification called 
doping [2, 3]. Since then, a lot of conductive polymers have been discovered, 
including polythiophene, polypyrrole (PPy), polyaniline, poly(p-phenylene), 
and poly(p-phenylenevinylene) [4].

Several conducting polymer structures have been developed over the past 
three decades with the hope of obtaining better properties than those of 
polyacetylene, however, none so far have exhibited a higher conductivity than 
polyacetylene [5]. The developed polymers have been widely used in designing 
new structures that have other advantageous properties, such as stability 
and solubility. The electron-rich heterocycle polymers such as polypyrrole 
and polythiophene are very stable in the p-doped (electron removal) form 
due to their low oxidation potentials. The oxidation potentials of these three 
polymers are in the order of polyacetylene > polythiophene > polypyrrole [5].

Intrinsically conducting polymers are organic polymers that conduct electricity 
[6]. All the intrinsically conducting polymers are conjugated systems where 
delocalized p-electrons overlap along the polymer chain. 

The delocalized electrons may move around the whole system and become 
the charge carriers to make them conductive, but it has been found that 
conjugated polymers without any dopants are only slightly conductive, so 
conjugation is not the only cause to convert scarce conductive polymers into 
highly conductive materials. 

It is found that doping process is an effective method to produce highly 
conductive polymers. A large range of conductivity can then be obtained by 
doping conducting polymers, and the conductivity in many cases increases 
as the doping level rises [7]. The undoped conjugated polymers, such as 
polythiophenes and polyacetylene, only have a very low conductivity of 
around 10−10 to 10−8 S/cm. Even at a low level of doping (less than 1%), 
electrical conductivity could increase in some cases even by several orders 
of magnitude, reaching the value of about 0.1 S/cm [8, 9].

Doping can be the basis for the addition of electrons (reduction reaction) or 
the removal of electrons (oxidation reaction) from polymer. The doping process 
of conducting polymers may be more correctly classified as a redox process 
of the following general scheme: 

 Polymer + X ⇔ (Polymer)n+ + Xn−

in the case of an oxidation reaction, and



127Applied Polymer Composites, Vol. 1, No. 3, 2013

Synthesis of Polypyrrole/cellulose Composites in Ionic Liquids

 Polymer +M⇔ (Polymer)n− +Mn+

for the reduction reaction. X = I2, Br2, AsF5,…and M = Na, Li,.…[10] The 
produced anions or cations act as charge carriers, that could hop from one 
site to another under the influence of electrical field, leading to the increase 
of conductivity of the polymer, thus the concentration of charge carriers and 
their mobility are very important factors that influence the conductivity. [3, 11]

Band theory explains how the doping process occurs in polymer. The electrons 
from a single isolated atom generate a discrete set of energy levels. When a 
large number of atoms are brought together to form a solid, the energy levels 
form almost continuous bands of energy rather than the discrete energy levels 
of the free atoms, however, a band gap is formed the valence band. The 
unoccupied band is called the conduction band. Electrons must occupy the 
conduction band in any material that is conductive. In insulating materials, 
the band gap is so large that electrons cannot jump to the conduction band. 
In semiconductors, the gap between the valence band and the conduction 
band is smaller than in insulators, so once the electrons are excited to the 
conduction band by thermal or other excitations, the current can flow in the 
materials. 

Conductors have very high conductivity because the valence band overlaps the 
conduction band. In the neutral form, conjugated polymers are semiconductors, 
but upon oxidation (p-doping) or reduction (n-doping), interband transitions 
form between the conduction band and the valence band to lower the band 
gap, forming charge carriers along the polymer backbone. [5] Polypyrrole is 
cited as an example. Neutral polypyrrole has a benzenoid structure (Figure 1a), 
and is categorized as an insulator because its band gap is 3.16 eV (a high 
value) and almost no electron can “jump” from the valence to the conduction 
band at room temperature. 

The proposed electronic energy diagram is reported in literature [11-13]. 
The doping process can occur simultaneously during polymerization [14]. A 
deformation of structure occurs when an electron is removed from a neutral 
segment of polypyrrole in the doping process. The new structure contains a 
positive charge and an unpaired spin and is referred to as a positive polaron. 
Once the polaron is formed, two new intermediate states (the bonding and 
antibonding intermediate states) are induced within the band gap. The 
unpaired electron will occupy the bonding (low energy) state, and give the 
polaron a positive half spin [11]. Upon further oxidation, the polymer chain 
that already contains a polaron loses another electron. The formation of two 
polarons is energetically preferred, leading to the formation of a bipolaron 
[11]. The bipolaron states are located further to the edges of the conduction 
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band and valence band, so the bands stay closer at bipolaron states. There 
is then no unpaired electron occupying the bonding state, and this results in 
a zero spin at the lower energy state. Continuous doping will eventually lead 
to an increase in the degree of oxidation and formation of narrow intermediate 
bands, followed by the overlap of the bipolaronic energy states [11]. These 
upper and lower bipolaron bands merge with the conduction and valence 
bands respectively to produce partially filled bands and high conductivity. 
In general, the typical doping levels of polypyrrole from 20 to 40 mol% with 
predominantly bipolarons and few polarons [11]. The example illustrates that 
doping process narrows the band gap of polymer, resulting in the enhancement 
of conductivity dramatically. 

Surface resistivity and volume resistivity are the common physical properties 
for the measurement of conductive materials. Surface resistivity can be defined 
as the material’s surface resistance to current flow between two electrodes of 
specified configuration, usually given in units of ohms (Ω)/square. Conducting 
polymers possess a surface resistivity lower than insulators at 1012 Ω/square 
[15]. All materials can be divided into three groups: conductors or metals, 

Figure 1. Electronic structures of (a) neutral PPy, (b) polaron and (c) bipolaron in fully 
doped PPy
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semiconductors and insulators. Conductivity is used to differentiate these three 
categories. In general, conducting polymers are classified as semiconductors, 
though some highly conducting polymershave conductivities as high as metals. 

Conducting polymers are useful because of their relative high electrical 
conductivity and mechanical flexibility [16, 17]. Some conducting polymers, 
such as polypyrrole, polythiophene and polyaniline, have been very popular 
because they are easy to synthesize. Some long-investigated polymers are 
known for their light weight, biological compatibility, ease of manufacturing, or 
relatively low cost compared to other conducting polymers, precious metals, 
and rare metals. These qualities give them more advantages in competing 
with metallic materials. 

For example, light weight polymers can make products like batteries more 
easy and convenient to use, and biological compatibility opens up new 
opportunities for conducting polymers in the design and manufacture of 
bio-mimetic materials. Conducting polymers such as poly(p-phenylene 
sulfide) (PPS) have excellent processibility (they can be molded, extruded, or 
machined to high tolerances). The comparison of properties such as stability 
and processibilities of several common conducting polymers (Tables 1 and 2).

Table 1. The comparison of some physical properties of conducting 
polymers, metals and insulators [3]

Properties Conducting Polymers Metals Insulators

Carriers Electrons of conjugated 
double bonds

Valence electrons 
of half-filled band

–

Concentration of 
carriers per cm3

1012 – 1019 1022 – 1023 –

Effect of impurity Impurities of 0.1 –1% change 
conductivity by 2 to 3 orders 

of magnitude

Effect 
comparatively 

slight

Strong effect

Table 2. Stability and processing attributes of some conducting 
polymers

Polymer Stability (doped state) Processibility

Polyacetylene Poor Limited

Polyphenylene Poor Limited

Polyphenylene sulfide Poor Excellent

Poly(p-phenylenevinylene) Poor Limited

Polypyrrole Good Good

Polythiophenes Good Excellent

Polyaniline Good Good
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There are two main groups of applications for the conductive polymers 
based on the featured properties: conductivity or electroactivity. Owing to the 
conductivity, conducting polymers can be applied in conducting adhesives, 
artificial nerves, antistatic clothing, and so on. The electroactive property 
of conducting polymers can be used in applications such as chemical and 
biochemical sensors, rechargeable batteries and solid electrolytes, and ion 
exchange membranes. The extended p-systems of conjugated polymers are 
susceptible to chemical or electrochemical oxidation and reduction, so the 
electrical and optical properties are also altered by controlling the oxidation 
and reduction [17]. As these reactions are often reversible, it is possible to 
precisely control these properties. Even the switch from a conducting state 
to an insulating state becomes reality [17].

Conductivity is still the main property of conducting polymers for determining 
appropriate applications. Surface resistivity of conducting polymers determines 
the range of applications. The crucial applications for conductive polymer 
composites are electromagnetic interference (EMI) shielding and electrostatic 
discharge (ESD) protection. 

When static energy is generated and built up in products like electronics, the 
electrostatic discharge can damage electronic components. This problem 
can be solved by high surface resistivity polymers.

Conducting polymers with surface resistivities between 1010 and 1012 ohms/
square provide antistatic properties. Antistatic products avoid attracting dust 
and avoid charge build-up during fabrication, storage, and use. 

Materials such as inherently dissipating polymers and inherently conducting 
polymers in the 106 - 1012 ohms/square range show antistatic or electrostatic 
dissipative properties. 

Conductive materials with surface resistivities ranging from 101 - 104 ohms/
square are typically used for EMI shielding applications. 

Figure 2 shows a classification of the applications of materials based on their 
surface resistivity ranges.

One of the most publicized and promising applications of conductive polymers 
is lightweight and rechargeable batteries. The polymer electrode batteries have 
a longer shelf-life than conventional batteries and have no toxicity concerns 
for disposal [10].

Most applied research so far has been limited to the laboratory. In the future, 
there will be more applications of conducting polymers in the market place. 
The highly toxic metals which can potentially harm the environment will 
be substituted by organic polymers with potential benefits. However, the 
conducting polymers have some drawbacks to be considered. For example, 
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some conductive polymers like polypyrrole have poor mechanical strength, 
and some other polymers are not biodegradable and not stable [3].

PPy has been investigated extensively as a class of conducting polymer due 
to flexibility in synthesis. It can be prepared by both electrochemical and 
chemical methods. For industrial large scale production, the electrochemical 
method is not feasible, so chemical polymerization is preferred. Chemical 
synthesis also offers more options to modify the PPy backbone covalently, 
which improves the properties of the materials [18]. PPy and PPy-based 
composites are expected to be widely applied as energy storage devices 
and biological materials. 

Due to the crosslinking and other conformational defects of PPy, it is insoluble 
in almost all solvents tested to date. In addition, the crosslinking also gives 
rise to poor processability as PPy does not melt. Although there are a lot of 
investigations focusing on the chemical structure of polypyrrole, the exact 
structures of PPy have not been clear so far, owing to the insolubility of the 
polymer [19]. However, the several key features of structures have known 
with lots of characterization techniques applied in the characterization of PPy, 
such as IR, solid-state NMR and XPS. For instance, the IR spectrum of the 
neutral form of PPy is similar to that of the pyrrole dimer and trimer, and the 
XPS spectra shows the same features observed for the pyrrole monomer [20]. 
Several possible configurations of PPy have been considered by researchers, 
such as a twisted structure, a spiraled structure, and a linear chain structure 

Figure 2. Classification of materials based on surface resistivity ranges
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[21], though it is generally accepted that a linear chain structure is the preferred 
conformation of PPy [22].

During the polymerization process of PPy, there are many chances for the 
development of conformational and structure defects in the structure [23], 
which break the planarity and linearity of the PPy chain and decrease the 
extent of the conjugation effects (see Figure 3). For example, owing to the 
overoxidation of PPy, 2–3’ or 2–4’ coupling, nonaromatic bonding and formation 
of carbonyl or hydroxyl groups in the polymer chain occur; 2-2’ coupling 
without 180° rotation interrupts the linearity of the PPy chain, resulting in a 
twist structure. Although the planar and linear PPy chain is mostly discussed, 
the real structure of the PPy chain is very complex.

Figure 3. The conformational and structure defects in PPy

A summary of some physical properties of PPy is given below [19].

Molecular Weight Unknown due to crosslinking
Crystallinity Low
Melting Point Temperature None, decomposes without melting
Appearance Black or dark blue solid film (electrochemical) or 

powder (chemical synthesis)

However, PPy does not have adequate mechanical strength, which is a 
stumbling block limiting its commercial applications [24]. A lot of investigations 
have been done recently for improving the mechanical properties, including 
deposition of PPy on substrates like fabrics, yarn, and other polymers like 
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polypyrrole-poly(ethylene terephthalate) (PPy-PET) [25] and polypyrrole- 
poly(vinyl alcohol) (PPy-PVA) [26]. After modification, the polypyrrole composites 
become promising polymers that have a wide range of applications in the 
paper industry, batteries, supercapacitors, sensors [27], and electromagnetic 
shielding [28]. 

Nature produces about 1012 tonnes of cellulose every year, making it one of 
the most abundant natural polymers [29]. Plants are the main source which 
cellulose is made from. They contain approximately 33% cellulose whereas 
wood contains around 50% and cotton contains 90% [30]. Cellulose is an 
excellent candidate to be used as a substrate, because it is flexible, renewable, 
low cost, and light weight. It is also well known not to melt, but shows thermal 
degradation at very high temperatures [31].

Cellulose [32] is a hydrogen-bonded supramolecular system which consists 
of polydisperse linear glucose polymer chains (Figure 4). 

Figure 4. A cellulose polymer chain, n is typically 400-1000

An investigation of the PPy-cellulose composite has shown a remarkable 
improvement in the mechanical properties of PPy [33, 34]. Cellulose-PPy 
composites are typically flexible conductive paper materials, which can be 
molded into any form in the process. Recent studies in the production of 
cellulose nanofibres enhanced the properties of PPy/cellulose composites 
not only by mechanically reinforcing the brittle PPy, but also by increasing 
the surface area for PPy coating [34]. PPy/cellulose composites are able to 
become attractive materials with good mechanical and conducting properties. 
Bone-dry cellulose is an insulator with a specific direct current (DC) resistivity 
of approximately 1018 Ω cm, but when the water and/or ion content increases, 
the DC resistivity will decrease significantly [29].

Like other composites such as PPy-PVA, PPy-cellulose composites also have 
stable chemical structures. In early work on the topic, it was found that cellulose 
has a high affinity for PPy, and that cellulose fibres hence can be coated with 
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these polymers without impairing the integrity of cellulose fibres [35, 36]. 
Actually, cellulose fibres are remarkably easy to encapsulate with PPy, owing 
to the strong chemical interactions between the NH groups in pyrrole and the 
abundance of OH groups available on the surface of the cellulose fibres [34].

In addition to the existing chemical bonds, another finding may also help 
generate PPy-cellulose composites. Many classes of inorganic cations, 
especially of those of higher valence like calcium and iron (III), are easily and 
quickly absorbed by cellulose [29]. This may help the polymerization of pyrrole 
at the surface of cellulose.

Due to the stiff molecules and close chain packing via numerous intermolecular 
and intramolecular hydrogen bonds, cellulose is insoluble in water and 
in common organic solvents [32, 37]. Developing cellulosic materials has 
attracted tremendous attention due to the fact that cellulose is an abundant 
renewable resource [38].

However, many techniques applied in cellulose processing are based on the 
over-100-year-old viscose technology by which fibres (viscose, rayon), films 
(cellophane), and other structures are generated via a metastable soluble 
cellulose derivative (cellulose xanthogenate). This process is “non-green” 
and accompanied by environmentally hazardous byproducts (CS2, H2S, and 
heavy metals) [39].

The full potential of cellulose has not yet been exploited for several reasons: the 
lack of an environmentally friendly method to extract cellulose from its primitive 
resources, the difficulty in modifying cellulose properties, and the limited number 
of common solvents that readily dissolve cellulose [40, 41]. Therefore, polluting 
and complicated processes have been widely employed in the regenerated 
cellulose industry. With the development of process techniques since the 
1970s, novel solvents have been considered to replace an outdated process 
[42]. These solvents include LiCl/N,N-dimethylacetamide (DMAC) [31, 43-46], 
LiCl/N-methyl-2-pyrrolidine (NMP) [47], LiCl/1,3-dimethyl-2-imidazolidinone 
(DMI) [48], DMSO/paraformaldehyde (PF) [49, 50], N-methylmorpholine-N-
oxide (NMMO) [51], and some molten salt hydrates [52, 53], however, they 
have shown some limitations such as volatility, toxicity, costliness, difficulty 
for solvent recovery, or instability in application [37].

Among these solvents, the NMMO/H2O system is the only solvent which turned 
out to be a simple physical alternative to the dominant viscose technology 
for manufacturing regenerated cellulose fibres and films [39]. Although this 
process has overcome some difficulties and progressed technically, some 
disadvantages are still associated with its use. For example, this technique 
demands high temperatures (around 100°C) to dissolve cellulose, and 
consequently results in the degradation of cellulose; the side reactions of the 
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solvent occur itself without an antioxidant; and has a high cost as well [37]. 
Special emphasis is given today to ecological requirements. Chemical use can 
be minimized by decreasing the side reactions under optimized conditions, 
eliminating the hazardous components in the process, and developing 
techniques to allow chemical recycling [29].

To dissolve cellulose, solvents have to break down the prevailing hydrogen bond 
network. The mechanism for cellulose formation should be understood clearly 
before understanding the mechanism for breaking the hydrogen bonds. There 
are two possible mechanisms how the OH groups in the cellulose molecule 
form hydrogen bonds [30]. One is about the formation of intramolecular 
hydrogen bonds by the OH groups located in the suitable positions. These 
hydrogen bonds are located between C2-OH and C6-OH groups and C3-
OH with endocyclic oxygen (Figure 5a, i and ii). The other mechanism is by 

Figure 5. Cellulose structures showing a) the intramolecular hydrogen bonding between 
C2-OH and C6-OH (i), and C3-OH with endocyclic oxygen (ii); and b) the intermolecular 
hydrogen bonding between C3-OH and C6-OH (iii) (supramolecular structure)
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the interaction via their C3-OH and C6-OH groups between neighbouring 
cellulose chains (Figure 5b, iii) [30]. C6-OH groups in the cellulose structure 
are the major factor to influence the solubility of cellulose because they are 
the main sites for formation of intermolecular hydrogen bonds [54].

As the strong intermolecular interactions of the macromolecules, the methods for 
swelling or dissolving cellulose are conducted either by stronger intermolecular 
forces or by covalent derivatization. Derivatizing solvent systems dissolve 
cellulose by introducing functional groups with covalent bonds to yield unstable 
ethers, esters, and acetals [29, 55]. For instance, the N2O4 – DMF system is 
a common system that has been used to produce cellulose sulphates [56].

The chemical interactions between cellulose and solvents are well understood 
at the molecular level, but the interference of hydrogen bonds within 
and between cellulose chains during dissolution and derivatization is not 
completely understood [30]. One important factor for derivatizing solvents is 
that the functional groups introduced during dissolution should be removed 
before the regeneration step. In contrast to a derivatizing solvent system, 
the non-derivatizing solvent system can dissolve cellulose without chemical 
modification, generating a homogeneous phase. 

Non-derivatizing solvents contain aqueous solvent systems such as aqueous 
bases (e.g. 10% NaOH), molten salt hydrates (e.g. lLithiumchloridepentahydrate 
(LiCl·H2O), and non-aqueous solvent systems such as organic liquid/
inorganic salts [e.g. N,N-dimethylacetamide/ lithium chloride (DMA/LiCl)]. 
Non-derivatizing solvents contain one or more components [51]. These 
solvents have been investigated and developed in recent years, but only a 
few of them work. Limitations include high toxicity, high reactivity resulting 
in undesired side reactions, and the loss of solubility due to the formation of 
gels and pastes during reactions [51].

Ionic liquids (ILs) are environmentally friendly solvents for applications in 
many fields of chemistry and industry. Due to the low vapour pressure of ionic 
liquids, they can be recycled easily. Their chemical stability, thermal stability, 
and high ionic conductivity properties also make them appropriate solvents 
for the preparation of conducting polymers.

This work uses two phosphonium ionic liquids as solvents for cellulose and a 
medium for the synthesis of PPy-cellulose composites in situ. The aim of this 
work is to prepare and investigate PPy-cellulose in the two ILs. The different 
PPy-Cellulose-IL (PPy-C-IL) composites were obtained by different preparation 
processes. As the cellulose was dissolved in IL before polymerization, the 
mixture of PPy and IL were uniform, which was different from some other 
work that deposited PPy on the surface of cellulose. A new method is tried 
to improve the homogeneity of composites.
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Experimental

Materials

Oxidant anhydrous ferric chloride was purchased from ACP chemical Inc. 
Trihexyl (tetradecyl) phosphonium dicyanamide (IL 105) was purchased from 
CYTEC Canada INC. Pyrrole monomer (98%, Aldrich) was purified by reduced 
pressure distillation and kept in the refrigerator prior to use. Dimethylformamide 
(DMF) was purchase from Aldrich. 

Cellulose for our experiments was obtained from sheets of pulp from a local 
supplier.

Dissolution of Cellulose

Trihexyl(tetradecyl) phosphonium dicyanamide (IL 105) was the solvent in the 
reaction. The structure of IL 105 is shown in Figure 6. 

Figure 6. The structures of IL 105

There are two solvent systems used in the dissolution of cellulose, one is IL 
and Dimethylformamide (DMF), the other one is just IL. In this research, in 
some samples such as S1, cellulose from local pulps was dissolved with IL and 
DMF. 0.15 g cellulose was dissolved in 4 mL IL 105 and 4 mL DMF. In some 
composites, such as S2, S3, S4 cellulose was were dissolved in pure IL 105. 
The samples were moderately stirred with a magnet for four hours at 70°C. The 
solution became a white liquid. Ionic liquid ions were incorporated into cellulose.

2.3 Synthesis of Polypyrrole-cellulose-ionic Liquid Composites

After the sample cooled to room temperature, 0.15 mL pyrrole and 0.7 g 
oxidant anhydrous ferric chloride were added into cellulose/IL/DMF solution 
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with stirring. The reaction was continued for four hours at room temperature. 
The sample became dark after reaction. PPy-C-IL 105 composite was washed 
with acetone several times until the filtrate became clear, and dried at 60°C 
for 12 hours. This sample was named S1.

Considering the negative effect of DMF in pyrrole polymerization (described 
later), in the sample S2, cellulose was added into 6 mL IL 105. The other 
preparation process is the same with S1. In order to obtain highly uniform 
composites, another sample (as the same as S2) was heated at 70°C again 
for one hour after polymerization. After one hour, the sample was washed 
with acetone and dried at 60°C for 12 hours. This sample was named S3.

To compare the method by which pyrrole is polymerized in the cellulose/
IL solution, another method was designed that was a mixture of PPy and 
cellulose in IL. The PPy in S4 was synthesized in deionized water with 0.7 g 
FeCl3 for four hours. After filtration, the obtained PPy and 0.15 g cellulose were 
added into IL, heating 70°C with stirring for 4 hours. The sample was washed 
with acetone and dried in the oven. The diagram illustrates the methods of 
synthesis of PPy/cellulose composites. (Figure 7).

Figure 7. The diagram of the methods of synthesis of PPy-based composites

PPy/cellulose composites were also synthesized in methyl-tri-isobutyl 
phosphonium to sylate (IL 106) in the same way. In this work, ILs were used to 
dissolve cellulose instead of the conventional toxic solvents such as NMMO, 
leading to an environmentally friendly method. The IL has negligible vapour 
pressure. The ILs can be easily recycled. The DMF, however, is a volatile 
organic solvent that may increase the waste and hazards in experiment.
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Characterization

A Fourier transform infrared spectrometer (FTIR) was used with a pressed KBr 
disc to characterize the composites. SEM images were taken using a JEOL 
JSM-5600 scanning electron microscope with up to 300,000x magnification 
was performed to provide the information about the surface morphologies of 
samples. Prior to imaging, the fibres were sputter-coated with gold.

Surface resistivity does not depend on the physical dimensions of the material, 
and the unit could be per any square, as long as the measurement is related 
to a square. The electrical resistance is proportional to its resistivity and 
length and inversely proportional to its cross-sectional area. The following 
equations were used.

R = rL/A	 (1)

where r is resistivity, L is length and A is the cross-sectional area. Assuming 
that the sample has a square shape with uniform thickness t (see Figure 10), 
the resistivity can be expressed as:

r = Rwt/w= Rt 	 (2)

where w is the width of the sample. 

If the length is doubled, the resistance will be doubled as well, so the resistivity is:

r = 2Rwt/2w= Rt 	 (3)

Thus the resistivity remains constant.

Thermal gravimetry was done using a TGA (TA instrument, SDT Q600) at a 
heating rate of 10°C/min under an argon flow (20 mL/min). The temperature 
ranges from room temperature to 800°C.

Results and Discussion

Figure 8 shows the TGA traces of the cellulose used in this work. The weight 
loss below 100°C is owing to the loss of water. The decomposition of cellulose 
starts at 230°C and the mass decreases rapidly between 230°C and 380°C, 
resulting in about 73% cellulose decomposition, which suggests our cellulose 
is a rather thermally stable polymer. 

Figure 9 shows the TGA of PPy synthesized in this study. The weight loss 
below 100°C is due to the loss of water. The decomposition of PPy starts at 
200°C and the mass decreases rapidly in the range between 300 and 800°C. 
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Almost all the PPy is decomposed when the temperature approaches 800°C. 
It is clear that cellulose is more stable thermally.

Recently a method has been developed in our laboratory to dissolve cellulose in 
phosphonium ionic liquids and its mixtures with DMF [57]. This work manages 

Figure 8. The TGA curves of the cellulose used in the research. The weight loss below 
100°C is owing to the loss of water. The decomposition of cellulose starts at 230°C 
and the mass decreases rapidly in the range between 230 and 380°C, resulting in 
about 73% of cellulose decomposes

Figure 9. The TGA curves of the PPy that was synthesized and used in the research. 
The weight loss below 100°C is due to the loss of water. The decomposition of PPy 
starts at 200°C and the mass decreases rapidly in the range between 300 and 800°C. 
Almost all the PPy is decomposed when the temperature approaches 800°C
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to dissolve cellulose in IL 105 and IL 106. Currently other ILs have been found 
to dissolve cellulose, such as 1-butyl-3-methylimidazolium chloride (BMIMCl), 
1-allyl-3-methylimidazolium chloride (AMIMCl), benzyldimethyl(tetradecyl) 
ammonium chloride (BDTACl). This provides cellulose a wider platform for 
“green” applications [40, 58-60].

As early as 1934, Graenacher [61] discovered that molten N-ethylpyridinium 
chloride, in the presence of nitrogen-containing bases, could be used to dissolve 
cellulose. This might be the first publication to describe the dissolution of 
cellulose with ILs [40]. However, this discovery did not get enough attention 
as it was thought to be of little practical value, and ILs were not well known 
to researchers. Until recently, the value of dissolution of cellulose with ILs was 
re-evaluated, and more studies have started to focus on the dissolution and 
regeneration process of cellulose in ILs. The study by Swatloski et al. is in 
particular important in the dissolution of cellulose with ILs [32]. They showed 
that cellulose can be dissolved in imidazolium-based ILs. The cations might 
include [Bmim]+, 1-butyl-3-methylimidazolium cations ([C4mim]+), [C6mim]+, 
and [C8mim]+, and the anions could include Cl–, Br–, and SCN–. 

Swatloski et al. speculated that the main reason for the dissolution of cellulose 
by imidazolium-based ILs is the high chloride concentration and its activity in 
IL, leading to a significant effect in breaking the extensive hydrogen bonding 
network [32, 37]. 

Cellulose has been proven to dissolve, without derivation, in some hydrophilic 
ionic liquids. The solubility of cellulose is affected by the ILs constitutes. After 
dissolving the cellulose, the regeneration process is very easy generally. For 
example, cellulose in its BMIMCl solution can be easily precipitated by addition 
of water, ethanol, or acetone [40]. The regenerated cellulose is almost at 
the same polymerization degree and polydispersity as the initial one, but its 
morphology is significantly changed. By changing the regeneration process, 
the morphology of cellulose could be tube, powder, fibre, film, bead, and 
other structure forms [62, 63]. The ILs can be recovered and reused after 
regeneration by various methods, such as evaporation, ionic exchange, 
reverse osmosis, and salting out [64].

Figure10 shows the FTIR spectra of four samples. For S1 (Figure 11a), the 
broad band at 3347.96 cm-1 relates to characteristic broad band of cellulose 
O-H group. [2] Peaks at 2300.57 cm-1, 2236.15 cm-1, 2181.40 cm-1 and 
1109.24 cm-1 may be attributed to the IL 105 and the peak at 2236.15 cm-1 
refers to C≡N in IL 105. The C=N vibration of PPy is located at 1648.53 cm-1. 
The multi peaks around 1546.15 cm-1 relates to the C=C stretching vibration 
in pyrrole ring. The peak at 1439.59 cm-1 is attributed to stretching vibration 
in the polypyrrole ring. The region of C-N vibration in PPy and C–H bending 
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modes are located at 1382.14 cm-1, 1355.80 cm-1, and 1165.35 cm-1. The 
peak at 1057.68 cm-1 may correspond to C–O and C–O–C in cellulose.

The IR spectra of S2 and S3 are similar (Figure 11b). Most peaks are the 
same, so the spectrum of S2 is cited as an example of IR spectra analysis. 

Figure 10. FTIR spectra of IL 105

Figure 11. FTIR spectra of S1
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The peak at 3357.63 cm-1 corresponds to a cellulose O-H group. The peak 
at 2192.67 cm-1 is attributed to IL 105. The broad band from 1656.46 cm-1 
to 1639.90 cm-1 relates to a C=N vibration in PPy. The noisy peaks between 
1460 and 1560 cm-1 correspond to the typical pyrrole rings vibration, N-H 
vibration, and C-N vibration. The location of the C=C vibration is at 1562.48 cm-1 

Figure 11. FTIR spectra of S2 and S3 (b), and the spectra of S4 (c)
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and 1545.81 cm-1. The peaks at 1510.62 cm-1, 1460.25 cm-1, and 1375.56 cm-1 
are attributed to IL 105. The peaks at 1319.10 cm-1 and 1163.90 cm-1 are 
assigned to the =C-N vibration and C–H bending modes, respectively.

The IR spectrum of S4 is also very similar to the spectra of S2 and S3 and 
therefore it is not elaborated upon here. Table 3 and Figure 12 show the 
surface resistivity of PPy-C-IL composites. The surface resistivity of S1 is 
very large compared to other composites. 

Figure 12. Surface resistivity of S1-S4 samples

Table 3. The surface resistivity of PPy/cellulose/
IL composites

Samples Surface Resistivity (KΩ/ cm2)

S1 120±1.20

S2 20.57±0.21

S3 19.10±0.19

S4 24. 31±0.24

The surface resistivity decreases dramatically when the sample is prepared in 
the absence of DMF; this indicates that DMF affected the conductivity of the 
products negatively. DMF could influence the polymerization of PPy because 
of its nucleophilicity which would attack the cation radical of pyrrole during 
polymerization. The surface resistivity of S3 is lower than that of S2, indicating 
that heating again after polymerization helps to bind the PPy, cellulose, and 
IL, which is also supported by FTIR spectra. 
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Figure 11c shows that the peaks from 1300 to 1700 in S3 are much stronger 
than those in S2, which can be explained that S3 contains more PPy in PPy-
C-IL 105 composite. Heating and stirring after polymerization is an important 
and easy method to improve the homogenization of PPy-C-IL composites, 
and decrease the resistance as well. The surface resistivity of S4 is higher 
than S2 and S3, indicating that in situ polymerization on the cellulose results 
in a product with a higher conductivity than a process of physically mixing 
PPy and cellulose does.

The amount of IL in the system has an important effect on the properties of 
composites. When the ratio of IL/pyrrole increases, more cellulose can be 
dissolved in the solvent. On the other hand, the more viscose solvent results 
in a lower yield of PPy. Table 4 and Figure 12 present the effect of the volume 
ratio of IL 105/pyrrole on the properties of composite. 

Table 4. Effect of the volume ratio of IL 105/pyrrole on the properties 
of the composite

IL 105/pyrrole 
(Volume Ratio)

Surface Resistivity
(KΩ/ cm2)

Remarks on the Composite

13.33 4.05±0.04 coarse, dark color

20 19.10±0.19 slightly coarse, moderate dark color

26.67 891.54±8.92 slightly coarse, slightly dark color

Figure 13. Surface resistivity as a function of volume ratio of IL 105 to pyrrole



146 Applied Polymer Composites, Vol. 1, No. 3, 2013

Yang Tan and Khashayar Ghandi

From the data in Figure 12 it seems that the optimum volume ratio of IL 105 
to Pyrrole is under 20. The surface resistivity increases with increasing the 
volume ratio of IL 105/pyrrole. This may be caused by the lower yield of PPy. 
Increasing the volume ratio of IL 105/pyrrole will decrease the concentration 
of pyrrole and oxidant. In addition, the viscous IL hinders the growth of the 
polymer chain, leading to a short chain polymer or pyrrole oligomer. The volume 
ratio of IL 105/pyrrole also affects the appearance of composites. When the 
volume ratio increases, the cellulose become soft and less coarse. This may 
because of the improvement of dissolution and dispersion of cellulose in the 
solvent. The surface resistivity shows a minimum value (4.05 KΩ/ cm2) at 
13.33:1 (volume ratio) of IL 105/pyrrole.

The SEM micrographs of PPy-C-ILs composites are shown in Figures 14 and 
15. Crosslinked cellulose performs like a network structure that holds PPy 

Figure 14. SEM micrographs of: (a) S2, 100 mm, (b) S2, 10 mm, (c) S3, 100 mm, (d) S3 
10 mm, (e) S4 100 mm and (f) S4 10 mm
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inside of the interspaces or being coated with PPy on the surface (Figure 14). 
PPy composites which synthesized in cellulose/IL solvent system show a 
clear image that cellulose is coated with PPy closely and extensively. For 
example, Figure 14c apparently shows that PPy particles agglomerated around 
cellulose and filled the interspaces of cellulose. A more easily observed image 
Figure 14d clearly shows that the nano-sized PPy particles were bound to 
the cellulose fibres. The interaction between cellulose and PPy is a crucial 
factor; in particular PPy binding to cellulose fibres plays an important role in 
conducting electricity, so a uniformly compact coating could lead to a higher 
conductivity. Such uniformity was further improved in composites developed 
in this study used for conductivity measurements partially by applying a 
pressure of 20,000 psi to make the composite into a disk form which was 
used for measurements of surface resistivity. The SEM images are however 
taken before applying the pressure. 

The following are some further observations from inspection of SEM images: 
1) In S1, S2 and S3 composites the fibre network of cellulose is preserved. 
2) The incorporation of PPy is either in the form of dispersion in the three 
dimensional network of cellulose (Figure 14c, d and e), binding to the fibres 
of cellulose as nano particles of PPy (Figure 14d) or as PPy nanotubes on 
the surface of the cellulose fibres (Figure 14b). 

It is interesting to note that the conductivity as a result of these three modes of 
PPy incorporation is not very different although S3 has the best conductivity 

Figure 15. SEM micrographs of: S1 (top images) and S3
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probably due to best coverage of PPy on cellulose fibres (see Figures 14d 
and 14b). This could be due to any of the following reasons (or combination 
of those): (1) The pressure applied to make the composite into a disc form for 
conductivity measurements could homogenize the distribution of PPy within 
cellulose network; (2) Larger molecular weight of PPy in some cases could 
balance the smaller degree of homogenous incorporation of PPy; (3) That the 
morphologic details of PPy has only a small effect on the conductivity. Further 
studies to understand the interplay of morphology and conductivity are in 
progress in our lab. In particular we are studying the effect of temperature, 
electric field and frequency of the applied field on conductivity for different 
morphologies. The effect of temperature is in particular important since all our 
measurements are at ambient conditions where we believe the conductivity is 
limited by barrier for electron hopping. We might observe different temperature 
dependence for different morphologies at very low temperatures where 
quantum tunnelling may play a role.

The most drastic difference in conductivity is between S1 and other composites. 
Figure 15 compares the SEM image of S1 and S3.

It is clear that DMF at the high concentrations used in this study has a significant 
effect on the morphology of the composites. Most probably the decrease in 
conductivity is caused by fibre structures being broken by DMF (Figure 15; 
top) as well as the decrease in polymeric PPy. From comparison of the SEM 
images and conductivity studies it seems that the most important structural 
factor is to retain the fibre network structure of cellulose for better conductivity 
and having PPy bound to fibres and dispersed in the network both increase 
the conductivity, as long as the structure of cellulose is preserved.

Conclusions

This work investigated the preparation of PPy/cellulose composites. Two 
phosphonium ionic liquids were chosen as solvents because they are 
recyclable “green” solvents, and are among the best solvents for dissolving 
cellulose. Dissolution of cellulose allows the in situ polymerization of PPy on 
the cellulose fibres at a microscopic scale and therefore increases the contact 
area of cellulose, contributing to the interaction between PPy and cellulose to 
help PPy coat the cellulose evenly to make a three-dimensional conductive 
biodegradable polymer. Cellulose in IL105 can be can be easily precipitated 
by adding acetone. The precipitated cellulose has micro-scale particles. 

It is reported that the solubility of cellulose in ILs can be increased by adding 
DMF, but DMF has negative effects on the polymerization of pyrrole. This may 
be caused by the coordination behaviour of highly hygroscopic FeCl3 in DMF 



149Applied Polymer Composites, Vol. 1, No. 3, 2013

Synthesis of Polypyrrole/cellulose Composites in Ionic Liquids

solution, generating a FeCl3/DMF adduct. DMF also reduces the cellulose 
structure from micro-scale to nano-scale. However, lower concentrations of 
DMF and higher concentrations of ILs can be used [65] to give reasonable 
conductivity.

When the cellulose is coated with PPy at the nano and micro scale levels, the 
conductivity improves. However, the most important factor on the conductivity 
of the composites at room temperature is retaining the fibrous structure of 
cellulose, not the morphology and nature of PPy inclusion. 

From a pragmatic perspective, increasing the temperature of the system after 
(or at the end of) polymerization can decrease the viscosity of the solvent, 
which can have a particularly positive effect if undissolved cellulose is not 
dispersed enough. The better mixing of PPy, cellulose and IL can lead to 
lower surface resistivity. The surface resistivity easily reached 4.05 KΩ/ cm2 
in this work.
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