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Conducting polyaniline-polymannuronate (PANI-PM) composites have been prepared by in situ deposition

technique by placing different wt.% of fine grade powder of polymannuronate (5, 10, 15, and 25%) during

polymerization of polyaniline. The oxidative polymerization of aniline was carried by using ammonium

persulfate as oxidant. Further the temperature-dependent DC conductivity of PANI-PM composites was

studied within the range of 300 ≤ T ≤ 500 K. The conductivity data shows an evidence for the transport

properties of PANI-PM composites. This study in turn supports the strong interaction of PANI with PM in the

composites. Based on the DC conducting properties the composites signify the future development of new

materials for the creation of new bio-nanocomposites that has a multi-component and multifunctional material.
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Introduction

Intrinsically conducting polymers (ICP),1,2 namely poly-

aniline, polypyrrole, etc., are also known as “synthetic

metals” which are of extensive theoretical and experimental

studies in recent years.3 Since the discovery of their metallic

conductivity by addition of suitable dopants4 provide them

promising materials for microelectronic devices such as

light-emitting diodes,5,6 thin-film transistors,7 gas sensors,8

and organic transparent electrodes.9,10 The dispersion of ICP,

especially PANI with thermoplastic polymers to form blends

has proven to be one of the useful methods and have found

several technical applications in metal corrosion protection

and printed-board circuit.11,12 Various efforts have been

directed toward enhancing PANI’s electroactivity13-15 either

by introducing acidic groups into the PANI chains15,16 or

doping PANI with negatively charged polyelectrolytes.17 

Recent advancements in the development of fabrication

technology, which has brought research endeavors to the

micro or nano scale in order to obtain inexpensive signal

processing systems, have led to the invention of a variety of

novel biomedical sensors.12,13 Polysaccharides are the key

elements for a number of biomaterials and biopolymers. The

introduction of biopolymers in the PANI matrix is very easy

because the biopolymers either partially or completely

soluble in aqueous solvents.18 Polymannuronate (PM) is a

good biopolymer for the purpose since it has a well-defined

chemical composition; it has therefore attracted special

interest in biomedical research. PM is a component of

alginate and has been shown to possess many medical and

pharmaceutical applications.19-21 In vivo animal models have

now revealed the immunologic potential of PM in such

diverse areas as the protection against lethal bacterial

infections and irradiation, and increasing non-specific

immunity.22 

PM is present in the form of a block co-polymer in

alginate, which is a naturally occurring acidic linear poly-

saccharide. The molecular chain of polymannuronic acid

units of PM forms a flat, ribbon-like molecule stabilized by

the formation of an intramolecular hydrogen bond. Recently,

Liew et al.23 has shown that the matrix tablets prepared from

high viscosity alginate (rich in mannuronic acid) enhanced

the drug release rate in acidic phase. Since PM has free

hydroxyl groups and negatively charged carbonyl groups, an

attempt was made here to synthesize conducting composites

by doping PM with PANI. In this report, polymer com-

posites containing PANI by placing different wt.% of fine

grade powder of PM (5, 10, 15, and 25%) were synthesized

by chemical polymerization of aniline in an aqueous solu-

tion using of ammonium persulfate as oxidant. The enhance-

ment of the electrical conductivity in the temperature range

300-500 K shows a semiconducting behavior with a negative

temperature coefficient of resistivity (TCR). Further the ap-

parent activation energy was determined Arrhenius equation

show the dependence of the thermal rate process of electron

transport within these temperature ranges. The increase in

the activation energy may be attributed to the increase in

the interchain distance with the increase in the PM concen-

tration. 

Experimental

All chemicals used for the synthesis of PANI and its

composites were purchased from Sigma-Aldrich and used

without further purification. PM was obtained from bacteria

whose detailed procedure has been described previously.24

All solutions were prepared using deionized water. A weigh-

ed amount of PM powder was dissolved in 200 mL distilled

water, after which 2.0 mL of aniline was injected into this

suspension; this suspension was stirred magnetically for 2 h.
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Afterward, 0.1 M of APS was slowly added to the mixture

with constant stirring, and the reaction was performed for

about 5 h at 0 oC. The precipitated composite was filtered

and rinsed with 1M HCl and distilled water. The target mass

loading of PM in the composites varied from 5 to 25 wt %.

PANI homopolymer was synthesized under the same condi-

tions for comparison with the composites. The composites

are abbreviated as PANI-y, where y refers to the wt % of PM

powder used in the polymerization reaction. 

Figure 1 depicts a schematic model for the formation of

the PANI-PM composite structure. After mixing aniline with

the solution containing PM, the aniline-PM complex, a

slightly brown-colored solution, began to form during mix-

ing. Following the addition of APS to this reaction mixture,

the PANI-PM composite structure was formed. The figure

illustrates how the microgels structure of PM stabilizes the

dispersion of PANI. The fibrillar structure of PM adsorbs the

aniline to form the aniline-PM complex after aniline poly-

merization in order to obtain the PANI-PM composite,

withholding the chain of PANI into the PM matrix. Thus, a

modified uniform surface of PANI-PM was formed. The

resulting precipitate was filtered and washed thoroughly

with deionized water and acetone. It was then dried under

vacuum for 24 h in order to achieve a constant weight. The

characterization of the powder samples and the preparation

of thin films of the obtained composites were described in

our earlier research.25,26 The DC electric measurements of

the obtained composite films were performed within the

temperature range of 300-500 K using the four-probe

technique with a Keithly 224 constant current source and a

Keithly 617 digital electrometer.

Results and Discussion

DC electrical properties of PANI-PM composites. To

investigate the charge transport mechanism in the PANI-PM

composites, electrical conductivity’s temperature depend-

ence is studied for all compositions. Figure 2 shows the

variation of electrical resistance with temperature for PANI,

PANI-15 and PANI-25. The electrical resistance decreased

exponentially with temperature which is similar to semi-

conducting behavior and it rises with the increase in the

content of PM. The temperature coefficient of resistivity

(TCR) was determined from the variation of electrical

resistivity with temperature using the following relation:32 

TCR = (1)

where Δρ = ρ(T1) − ρ(T2), and ΔT = T2 − T1. Table 1 shows

the calculated TCR values for different composites. They

have negative values and decreases with temperature as the

content of PM increases. The increase of conductivity with

increasing temperature indicates the composites’ semicon-

ducting behavior. The results of conductivity in the com-

posites suggest that PM wields a positive influence on the

composites’ conducting property, which is triggered by the

mobility of PM counterions at a higher temperature. The

molecular dispersion of PM in the solution results in a

micro-gel state, which molds the particles in a continuous

electron path generating an increased number of active sites

for the charge transfer through the interface inside the

electrode; this is achieved through constant contact with the

PANI matrix. The PM’s molecular chain is flat and ribbon-
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Figure 1. Polymerization of PANI in the presence of PM microgels
to form PANI-PM composite. (a) Incorporation of Aniline into the
PM network. (b) Polymerization of aniline-PM to form PANI-PM
composite. (c) Formation of PANI-PM thin films

Figure 2. Temperature dependence of electrical resistance for
PANI, PANI-15 and PANI-25. 

Table 1. Calculated values of the temperature coefficient of resist-
ivity (TCR) for PANI, PANI-15, and PANI-25

Temperature 

(K)

Temperature coefficient of resistivity (TCR)

PANI PANI-15 PANI-25

290-350 −0.0094 −0.0135 −0.01390

350-400 −0.017 −0.0140 −0.01470

400-450 −0.01 −0.0165 −0.01760

450-500 −0.002 −0.0027 −0.00297
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like, and its conformation is stabilized by the formation of an

intramolecular hydrogen bond in the solution. As a result,

the PANI-PM composite macromolecules display very rigid

and extended patterns. These form a continuous electron

path by charge transfer at the interface between the elec-

trodes.25-30 The formation of a chain structure containing

PANI particles aligned in the form of interspersed chains

with regions11,31-41 results in the increased conductivity pro-

perties of the crystalline-like polymer.

Figure 3 shows a relation for the DC conductivity vs.

temperature of composites with different wt % of PM. These

values vary exponentially with temperature. The results show

that PM has a positive influence on the temperature depen-

dent conducting property of PANI, which may be caused by

the mobility of counterions of PM at higher temperature.

This is attributed to the modification of bulk morphology of

PANI by PM. Figure 4 shows a relation for logarithm of

conductivity vs. temperature inverse for PANI, PANI-15 and

PANI-25 which is exactly a reverse of Figure 3.

The conductivity behavior depending on temperature can

be ascribed by two mechanisms for electrical conduction in

the composites. The reason for the increase in the conduc-

tivity is attributed to the thermal energy at higher temper-

ature to excite electrons to the conduction band (thermal

process). Such behavior can be expressed by the Arrhenius

equation:33 

σ = σ0 exp (2)

where σ is the DC conductivity, σ0 is constant for a material

and kB is the Boltzmann constant, T is absolute temperature,

and Ea is the activation energy. The other mechanism takes

place in the low-temperature region i.e. around 300-350 K

and is attributed to the hopping process, in which the excited

electrons in this region lose their ability transition to the

conduction band with lowering temperature. Thus, the elec-

tron attempts to find a state of similar energy by tunneling

beyond its nearest neighbors to hop into more distant sites.

This hopping leads to a greater selection of possible energy

levels of electrons. The behavior of DC conductivity in this

region is called variable range hopping (σv), which is ex-

pressed in Mott’s theory as follows:33,34 

σv = (3)

where A is Arrhenius constant. The values of Ea was

determined from the slopes of the fitted lines as in Figure 4

(best fit of Arrhenius curves), and they are indicated in Table

2 at different temperature ranges. These values show the
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Figure 3. Temperature-dependent DC electrical conductivity of
PANI, PANI-15, and PANI-25 composites.

Figure 4. Inverse of temperature dependence of conductivity in
logarithm for PANI, PANI-15 and PANI-25. 

Table 2. Calculated values of the activation energy for PANI,
PANI-15, and PANI-25

Temperature 

(K)

Activation energy (kcal/mol)/(103)

PANI PANI-15 PANI-25

300-400 (2.54 ± 0.3 ) (5.56 ± 0.25) (7.26 ± 0.25) 

400-450 (7.96 ± 0.25) (7.36 ± 0.2) (10.65 ± 0.32) 

450-500 (10.67 ± 0.26) (12.85 ± 0.15) (14.87 ± 0.17) 

Figure 5. Plot of log(σT ½ ) as a function of T-¼ for PANI, PANI-15
and PANI-25. 
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dependence of the thermal rate process of electron transport

within these temperature ranges. The difference in the values

of the apparent activation energy (Table 2) for the three

temperature ranges show different electrical mechanisms

that are taking place in the bulk of these composites. 

Figure 5 presents the relation of log (σvT
1/2) versus T-¼ for

three different composites. This figure shows a nearly linear

relation within the temperature range which supports the

assumed mechanism. This observation is consistent with

Mott’s variable range hopping process.32-34 Overall the

dependence on temperature of the dc electrical conductivity

of the composites is similar to semiconducting behavior with

negative TCR. The electrical conductivity of these compo-

sites increases with temperature in all these composites as

the PM concentration is increased, and this exhibits a

thermal electron process (high-temperature region) and a

hopping process (low-temperature region). The apparent

activation energy shows a pronounced effect with the increase

in the content of PM with temperature. By our study of this

report, the synthesized composites are thermally more con-

ducting than PANI and have a stable DC conductivity which

changes with temperature. 

Conclusion

PANI-PM composites were synthesized by the chemical

method using aniline in an aqueous media containing well-

dissolved PM. The DC conductivity was studied within the

temperature range of 300-500 K. The increase in conduc-

tivity suggests that the PM acts as a suitable material for

making PANI composites. Understanding the utilization of

PM as a functional material may ultimately allow polysac-

charides with designed architecture to be utilized in a host of

biomimetic soft nanotechnology applications including sen-

sors and advanced materials. The method described here

may be useful for developing new applications of these

nano-composite films in molecular electronics and other

fields. The potentials offered by the PANI-PM host matrix

may be exploited in the development of biosensors based on

microorganisms.
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