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ABSTRACT: In this work, we present the preparation of polylactic acid (PLLA)/polyaniline (PANI) conductive composite nano-

fibers mats. They are prepared by bulk oxidative solution polymerization of PANI onto electrospun non-woven fibers mats of

PLLA. The PANI ratio in the composite is about 70%w/w. Scanning electron microscopy (SEM) shows that PLLA nanofibers are

randomly oriented, beads free with diameters of 186 6 85 nm, The PLLA/PANI composite nanofibers diameter values are 518

6 128 nm with a good adherence between PANI and PLLA nanofibers. DSC and XRD measurements reveal an amorphous struc-

ture of the electrospun PLLA fibers due to the rapid evaporization of the solvent. FTIR and UV–vis spectra reflect good mutual

interactions between PANI and PLLA chains. The DC-conductivities (r50:0720:13 S:cm21) far better than other published ones 
for similar composites prepared by bulk oxidative solution polymerization of PANI onto other electrospun nanofiber mats

or with electrospun nanofibers from a solution mixture of PLLA and PANI.
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INTRODUCTION

In recent years, conducting polymers have received important

attention because of their potential applications in chemical

and biological sensors, electronic devices, batteries, supercapa-

citors, and solar cells. . ., due to their remarkable physical and

electrical properties such as low operating temperature, low

cost, flexibility, and moderate processibility.1–5 Polyaniline

(PANI) is one of the most studied electrically conductive poly-

mers and it was an attractive choice for researchers to develop

many techniques to produce PANI nanostructures especially

nanofibers.6–9 PANI is relatively more difficult to process com-

pared to other polymers as it has a fairly rigid backbone due

to the high aromaticity and as there are very few good solvents

to dissolve it, so the elasticity of its solutions is generally

insufficient to be electrospun directly into nanofibers.10 To

overcome this obstacle many approaches have been proposed

to prepare PANI nanofibers, such as seeding polymeriza-

tion,11–13 interfacial polymerisation,14–16 electrospinning PANI

blends with more flexible, high molecular weight polymers

that serve as processing aids,6,10,17,18 and coating PANI onto a

non-conducting nanofiber substrates using bulk oxidative solu-

tion polymerization process.19–22

On the other hand, polylactic acid (PLLA) is biodegradable and

biocompatible. It presents good thermoplastic processability.

Because of its biocompatibility, it’s used as scaffolds for tissue

engineering and a substrate for implant devices. Recently, it has

been used for the preparation of conducting nanofibers in com-

bination with PANI for sensors and tissue engineering applica-

tions by electrospinning a mixture of the two polymers

solutions.23,24

In this study, we present the preparation of PLLA/PANI com-

posite nanofibers mats by bulk oxidative solution polymeriza-

tion of aniline hydrochloride onto electrospun PLLA nanofibers

mats. To the best of our knowledge, this is the first preparation

of PLLA/PANI composite nanofibers mats by this method. This

work is a new approach to realize a good intercalation of PANI

molecules with the PLLA nanofibers to form composite mats

with promising electrical conductivities to be used in chemical

sensors or as scaffolds for tissue engineering.

EXPERIMENTAL

Reagents and Chemicals

PLLA (Mw 5 150,000 g/mol) from NatureWorks was kindly

offered by ENSAM/PIMM laboratory (Paris-France). Anilinium
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chloride monomer, tetra n-butyl ammonium bromide (TBAB),

ammonium peroxydisulfate [(NH4)2S2O8, APS], dichlorome-

thane, hydrochloric acid and acetone, all of analytical reagent

grade, were purchased from Merck. Chemicals were used as

received without further purifications.

Electrospining of PLLA

Electrospinning solution of PLLA with concentration of 6 wt %

was prepared by dissolving PLLA granules in dichloromethane

under magnetic stirring for 5 h, 1 wt % of TBAB was added as

an electrolyte to enhance the conductivity of the electrospun

solution. The electrical conductivity of spinable PLLA solution

was 2 lS cm21 without TBAB and 380 lS cm21 with 1 wt %

TBAB at 24�C. Polymer solution was added to 10 mL glass

syringe with hypodermic needle used as nozzle. The inner and

outer diameter of the needle is 0.6 and 0.8 mm, respectively.

The flow of the polymer solution was controlled using a pro-

grammable syringe pump (TOP-5300, Japan). The high-voltage

power supply was an ES813-D50.1 Dual output: 0 to 6 50 kV/1

mA Electrostatic/HV Generator (Rolla, USA). The collector was

a sheet of aluminum (0.4 3 25 3 40 cm) covered with an alu-

minum foil.

The solution feed rate was kept at 1 mL h21 and the distance

between the collector and the needle tip was maintained at 13 cm.

As the electric field increased beyond 20 kV, the surface tension

of the polymer solution was overcome by the electric force and

the Taylor cone was initiated. A stable jet began to form a white

nanofibers adhered smoothly to the aluminum foil collector.

The voltage was kept in the range 20–22 kV during the experi-

ments. The experimental temperature inside the electrospinning

chamber was 22 6 2�C, and the relative humidity was main-

tained between 40 and 50% to have a good evaporation of the

solvent. The duration of each electrospinning process was 1 h.

The as-spun fibers were left on the aluminum foil inside the

electrospinning chamber for at least 24 h at the room tempera-

ture and at about 45% relative humidity to complete the volatil-

ization of dichloromethane. Then they were peeled off from the

aluminum foil for further experiments.

Preparation of PLLA/PANI Composite Nanofiber Mats

The PLLA nanofibers mat had a circular shape with a diameter

of about 15 cm and a thickness of approximately 0.1 mm. PLLA/

PANI composite nanofiber mat was produced using the oxidative

solution polymerization process. Typically (1.295 g, 10 mmol) of

aniline hydrochloride was dissolved in 25 mL of deionized water

with ultrasonication aid. Ammonium peroxydisulfate (APS)

(2.855 g, 12.5 mmol) was dissolved in 25 mL of deionized water

using magnetic stirring. Both solutions were kept for 1 h at

room temperature (�20–24�C). PLLA nanofibers mat was then

immersed into the aniline hydrochloride solution under the

ultrasonic stirring for 30 min. When the PLLA nanofibers mat is

saturated with aniline solution, the APS solution is then added

dropwise to the above mixture always under ultrasonic stirring

for another 30 min. The polymerization reaction begins as the

first drop of APS solution is added, and the aniline monomer is

oxidized with APS and doped with hydrochloride acid. The mix-

ture was left for 5 h to insure that most of aniline monomers

had been consumed and the polymerization reaction was almost

finished. Next, the film was washed repeatedly with deionized

water and acetone until the acetone washings were colorless, then

washed three times with 50 mL of 0.2M HCl, and similarly with

acetone. Finally, the nanofiber mats were dried in a desiccator at

40�C and stored in a closed vessel in the dark.

Characterization

PLLA and PLLA/PANI Composite Nanofiber Mats Morphol-

ogy. The nanofibers morphology was analyzed using Tescan

Vega-II XMU5136 variable pressure scanning electron micros-

copy (SEM).

The nanofiber mats thickness was measured using a digital

micrometer (Mitutoyo CLM1).

X-ray Diffraction (XRD) Measurements. XRD patterns were

performed with PHILIPS-PW3710X-RAY diffractometer operat-

ing at 60 kV using Cu-Ka radiation (k5 0.154 nm). X-ray dif-

fractograms were recorded in the 2h range: 5�–60�.

Differential Scanning Calorimetry (DSC). DSC analyses were

carried out with a computerized SETARAM-INSTRUMENTATION

TGA-DSC. Samples were heated to 200�C at a ramping rate of

10�C/min in nitrogen atmosphere. Crystallinity of the PLLA fiber

films was investigated according to following equation:25

Crystallinityð%Þ5 DHm2DHcc

DH0
m3C

(1)

where DHm and DH0
m are the endothermic enthalpy of the sam-

ples and that of 100% crystallized PLLA (DH0
m593 J=mol

respectively.25 DHcc is the enthalpy of cold crystallization. C is

the PLLA mass percentage (m%) in the tested sample.

FTIR Spectroscopy. FTIR spectra were recorded by BRUKER-

VECTOR22 FTIR spectrophotometer. Samples of PLLA nano-

fiber mats and PLLA/PANI composite nanofiber mats were fixed

on the support directly in the path of the optical beam. PANI

powder was mixed with KBr and pressed in pellets. All spectra

were corrected for the presence of moisture and carbon dioxide

in the optical pathway.

UV–Vis Spectroscopy. UV–Vis spectra were recorded by JASCO

V-350 UV–vis spectrophotometer in a wavelength range of 300–

1100 nm. Samples of PLLA nanofiber mats and PLLA/PANI

composite nanofiber mats were held perpendicularly to the path

of the beam. PANI powder was dissolved in dimethylformamide

(DMF) in a quartz cellule. All spectra were corrected for the

presence of moisture and carbon dioxide.

DC-Electrical Conductivity. DC-conductivity (r) was per-

formed by four-probe technique using KEITHELY-220 program-

mable Current Source and KEITHELY-617 programmable

electrometer. PLLA/PANI composite nanofiber mats were tested

using four-probe homemade device consisting of four parallel

platinum wires of 0.4-mm diameter positioned 2 mm away

from each other. The contact length for each probe was 2.3 cm

as shown in Figure 1.

r was calculated using Van der Pauw relation r5 d
t3w

I
V

, where d

is the distance between the electrodes (cm), t and w are the

sample’s thickness and width respectively (cm).

http://onlinelibrary.wiley.com/
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RESULTS AND DISCUSSION

Morphology of the Composite Nanofiber Mats

The peeled nanofiber mats of PLLA have a smooth and homo-

geneous surface as shown in Figure 2(a) with circular shape of

about 15 cm diameter and about 0.1-mm thickness with good

mechanical toughness and high flexibility.

SEM micrographs [Figure 3(a–d)] show that PLLA nanofibers

are smooth and hollow, as they are very transparent with very

thin nanofibers walls. PLLA fibers have a statistical distribution

of diameters with values of 186 6 85 nm and they are beads

free.

The surface of nanofiber mats becomes rough with less elastic-

ity. The mat diameter shrunk to about 10 cm and the thickness

increased to about 0.2 mm. The dark green color of the com-

posite fiber mat indicated that PANI is in its emeraldine con-

ductive form as shown in Figure 2(b).

SEM micrographs [Figure 3(e,f)] revealed that PANI polymer

shields homogeneously the PLLA nanofiber with some aggrega-

tions of PANI adhered to the composite fiber surface. SEM

micrographs [Figure 3(g,h)] of the cross section of PLLA/PANI

composite nanofiber mat show that all the hollow PLLA nano-

fibers were shielded with PANI. This indicates that the anili-

nium chloride monomer was very well penetrated inside the

mat before the beginning of the polymerization process by vir-

tue of ultrasound stirring and indicate also the good distribu-

tion of the APS oxidant (dropwise added) under ultrasound

stirring. So, this allowed to the polymerization process to pro-

ceed homogeneously in all parts of the mat. The diameter val-

ues of PLLA/PANI nanofibers are also statistical with values of

518 6 128 nm.

DSC Characterization

DSC was employed to characterize thermal properties of PLLA

nanofiber mats and PLLA/PANI composite nanofiber mats. For

all composite fiber mats prepared in this work, the PANI con-

tent was about 70%w/w.

From Figure 4(a), the glass transition ðTg Þ temperature was found

at 53.8�C followed by a distinctive endothermic aging peak at

about 62.4�C. A cold crystallization exothermic peak ðTccÞ was

observed at 90�C and a sharp melting peak ðTmÞ at 167�C.6,26,27

Integrating the two peaks ðTccÞ and ðTmÞ of PLLA nanofiber mat

showed that they have the same absolute values

(DHm � DHcc546 J=mol) which means that the melting phenom-

ena that follows the cold crystallization concerned only the PLLA

crystal phase developed during the heating scan. This indicates that

the electrospun PLLA nanofibers were completely amorphous as

it’s predicted elsewhere by Gualandi et al.28

As for PLLA/PANI composite nanofiber mat DSC curve, it

showed [Figure 4(b)] a small shift in temperatures values men-

tioned above, where Tg was found at 55.5�C followed by aging

peak at 76.7�C. Tcc was mounted up to 104�C and Tm was

shifted to 168.5�C. The aging peak of PANI was not observed in

this spectrum because it is out of the heating range (250–

260�C).29 One can attribute these shifts in temperatures posi-

tions to the mutual interactions between PLLA and PANI chains

which create intermolecular bonds like Van der Waals bonds

and hydrogen bonds between these molecules.

FTIR Spectra

From Figure 5(a) it can be seen the eight main characteristic

peaks of PLLA which were located at 3495, 2970, 2882, 1755,

1456, 1365, 1196, 1103 cm21. These peaks were assigned as fol-

lows: the weak peak at 3495 cm21 is assigned to OAH stretch-

ing vibration. The bands located at 2970 cm21 and 1456 cm21

were assigned to CAH stretching vibration and ACH(CH3)

Figure 1. Photo of four-probe homemade device. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Photos of (a) PLLA nanofiber non-woven mat, (b) PLLA/PANI

composite nanofiber non-woven mat. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com
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bend vibration. The characteristic peak of ACH3 bending was

located at 1365 cm21. The weak shoulder at 2882 cm21 was

assigned to ACH2 stretching vibration. The peak at 1755 cm21

was assigned to C@O stretching vibration and the two peaks at

1196 and 1103 cm21 were attributed to CAO stretching

vibration.25,30,31

For PANI powder FT-IR spectrum, there are seven characteristic

peaks situated at 3230, 1566, 1478, 1300, 1240, 1135, 804 cm21

[Figure 5(b)]. The weak and broad band at 3230 cm21 is

assigned to the free N-H stretching vibration of secondary

amines.

The peak at 1566 cm21 corresponds to the C@C stretching of

quinonoid rings, while the peak at 1478 cm21 is assigned to

C@C stretching of benzenoid rings. The peaks at 1300 cm21

and 1240 cm21 are assigned to CAN and CAN1 stretching

vibration respectively. The strong peak centered at 1135 cm21 is

assigned to the vibration mode of N1@C. The peak at 804

cm21 is characterized to the aromatic CAH out-of-plane bend-

ing vibration.32–35

Figure 5(c) shows the FT-IR spectrum of PLLA/PANI composite

nanofiber mat. It combines the main characteristic peaks of

PLLA and PANI. There is a slight deviation in peaks positions

Figure 3. SEM micrographs of: PLLA nanofiber mat (a) without coating, (b–d) with graphite coating, (e, f) PLLA/PANI composite nanofiber mat and

(g, h) cross section of PLLA/PANI composite nanofiber mat after immersing it in liquid nitrogen (SEM micrographs of composite are without coating).

http://onlinelibrary.wiley.com/
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with a red shift which reveals the mutual interaction between

PLLA and PANI chains in the composite nanofiber and reflects

the existence of intermolecular bonds between the PLLA and

PANI chains.

XRD Measurements

Figure 6(a) shows no peaks for PLLA nanofibers over all the

scanning range with an expressive amorphous halo around 10�,
referring to their completely amorphous structure as most of

PLLA electrospun nanofibers.28,36,37 This XRD result is in

accordance with the results obtained from DSC measurements

which proves that there is no crystalline phase in these fibers.

During the electrospinning process the solvent evaporizes

quickly and since PLLA crystallizes slowly compared to other

conventional thermoplastic polymers,38 polymer chains don’t

have enough time to be arranged in a crystalline structure, so

PLLA crystallization is inhibited.

Two broad peaks appear in PANI powder spectrum [Figure

6(b)], centered at 2h 5 20� and 25� ascribed respectively to

periodicity parallel and periodicity perpendicular to the poly-

mer chain, showing that the resulting PANI is

amorphous.21,39–41

X-ray diffractogram of PLLA/PANI composite nanofiber [Figure

6(c)] is almost identical to PANI spectrum but with weak peaks

intensities. One can deduce that the presence of PLLA nanofiber

scaffold during the oxidative solution polymerization of PANI

didn’t affect the dominant tendency to form an amorphous

structure for this polymer.

UV–Vis Spectroscopy

Figure 7(a) presents the UV–vis spectrum of PLLA. No charac-

teristic bands appear in this spectrum with slight decrease in

absorption intensity. PLLA fibers can be considered almost

transparent in the wavelength region of 300–1000 nm.42,43

Figure 4. DSC analysis of (a) PLLA nanofiber mat and (b) PLLA/PANI

composite nanofiber mat. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. FT-IR spectra of (a) PLLA nanofiber mat, (b) PANI powder and

(c) PLLA/PANI composite nanofiber mat. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. X-ray diffractograms of (a) PLLA nanofiber mat, (b) PANI pow-

der and (c) PLLA/PANI composite nanofiber mat. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. UV–vis spectra of (a) PLLA nanofiber mat, (b) PANI in DMF

and (c) PLLA/PANI composite nanofiber mat. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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From Figure 7(b), one can see three characteristic bands for

PANI at 310, 458, and 618 nm, the first and the third bands

can be attributed to the p-p* transition of the benzenoid ring

and exciton absorption of the quinonoid rings, respectively. The

band at 458 nm can be assigned to polarn transition.40,44–46

The UV–vis spectrum of PLLA/PANI composite nanofiber mat

[Figure 7(c)] shows the three absorbance bands of PANI at 310,

420!465, 632 nm with a slight shift, and additional broad

band at 900 nm indicating that PANI is in its conducting state.8

DC-Conductivity

For DC conductivity (r), 30 measurements were carried out for

each of the 12 PLLA/PANI composite nanofiber mats prepared

as mentioned above with 15 measurements on each side. r val-

ues were in the range of 0:0720:13 S: cm21 with good homoge-

neity in r values for each film. We can attribute the difference

in r values between different composite films to the accumula-

tion of small process deviations committed during the prepara-

tion of each composite film from solutions preparation until

the final product.

Comparing r values of these composite films with those reported

for compressed pellets of PANI powder prepared with the same

polymerization conditions, we find bigger r values in the range

4–6 S cm21.47 We can attribute this difference to the high poros-

ity of the non-woven mats and to the random orientation of the

fibers in the composite mat which implicates a random move-

ment of the charge carrier between electrodes. The electrical con-

ductivity could also be affected by the morphology of p-

conjugation polymers from respect of density of electrons and

arrangement of PANI molecular chains in the composite mat.48

Comparing our r values with that of other composite nanofiber

films produced by oxidative solution polymerization like poly(vi-

nylchloride-acrylonitrile)/PANI composite nanofibers mats where

r52:231028 S cm21,20 and PMMA/PANI composite nanofiber

mats where r � 1026 S: cm21,19 we find that our r values are

many orders of magnitude bigger. We may attribute our high r
values to the effectiveness of ultrasound stirring, used by us but

not by the previous works, that allowed very good penetration of

the monomer and the oxidant into the mat, so the PANI has com-

pletely shielded all the nanofibers of PLLA. In fact the SEM

micrographs confirmed this assumption. To the best of our

knowledge, the only bigger value than ours reported in the litera-

ture was for the composite nylon-6/PANI,22 and it was

r51:5 S cm21. It’s one order of magnitude bigger than ours.

By comparing also our r values with the conductivity of elec-

trospun nanofibers of PLLA blends with PANI where their con-

ductivities are in the range 1026 ! 1029 S cm21,17,30,49 we

can deduce that mats produced by oxidative solution polymer-

ization of PANI onto PLLA nanofibers have higher conductivity

than mats resulting from electrospinning of PLLA and PANI

blends.

CONCLUSION

Conductive PLLA/PANI composite nanofiber mats were success-

fully prepared by bulk oxidative solution polymerization

method of PANI onto PLLA nanofibers produced by electro-

spinning of 6% w/w PLLA in dichloromethane solution with

the presence of 1% w/w TBAB as an electrolyte. PLLA nanofib-

ers were beads free with good shielding of PLLA nanofibers by

PANI and with a good electrical conductivity. The PANI pro-

duced in this less harmful method is the standard emeraldine,

without the need to distillate the monomer and with no need

to further doping of the resulting polymer as the starting

monomer is the powder of aniline hydrochloride.
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