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Abstract−The current study focuses on the electrospinning of chitosan (CHT)/multi walled carbon nanotubes (MWNTs)

composite nanofiber using a highly stable dispersion. The acetic acid (1-100%) and trifluoroacetic acid/dichlo-

romethane (TFA/DCM 70 : 30) was tested as solvent, and the TFA/DCM (70 : 30) is most preferred for fiber formation

process with acceptable electrospinnability. Moreover, a new protocol was used to establish proper technique for pre-

paration of electrospinning solution. FT-IR spectroscopy utilized to infer the extent of interaction between CHT polymer

chain and MWNT filaments. A quite simple technique was employed to show the stability of electrospinning solution

before nanofiber formation process. Scanning electronic microscope (SEM) was employed to show the influence of

spinning parameters on surface morphology of electrospun fiber. Under optimized condition, homogeneous and bead-

free CHT/MWNTs nanofibers and known physical characteristics were prepared. The formation of conducting nano-

fibers based on CHT nanocomposites can be considered as a significant improvement in electrospinning of CHT/CNT

dispersion. The direct outcome of the current study includes the homogeneous CHT/MWNTs nanofibers with an average

diameter of 275 nm and a conductivity of 9×10−5 S/cm. These results are extremely important for further investiga-

tion regarding biomedical applications.
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INTRODUCTION

Over the recent decades, scientists have been interested in the

creation of polymer nanofibers due to their potential in many engi-

neering and medical applications [1]. According to various out-

standing properties such as very small fiber diameters, large surface

area per mass ratio, high porosity along with small pore sizes and

flexibility, electrospun nanofiber mats have found numerous appli-

cations in diverse areas. For example, in the biomedical field nano-

fibers play a substantial role in tissue engineering [2], drug delivery

[3], and wound dressing [4]. Electrospinning is a sophisticated and

efficient method by which fibers are produced with diameters in

nanometer scale entitled as nanofibers. In the electrospinning pro-

cess, a strong electric field is applied on a droplet of polymer solution

(or melt) held by its surface tension at the tip of a syringe needle

(or a capillary tube). As a result, the pendent drop will become highly

electrified and the induced charges distributes over its surface. In-

creasing the intensity of the electric field, the surface of the liquid

drop will be distorted to a conical shape known as the Taylor cone

[5]. Once the electric field strength exceeds a threshold value, the

repulsive electric force dominates the surface tension of the liquid

and a stable jet emerges from the cone tip. The charged jet then ac-

celerates toward the target and rapidly thins and dries because of

elongation and solvent evaporation. As the jet diameter decreases,

the surface charge density increases and the resulting high repulsive

forces split the jet to smaller jets. This phenomenon may take place

several times leading to many small jets. Ultimately, solidification

occurs and fibers deposit on the surface of the collector as a ran-

domly oriented nonwoven mat [6,7]. Fig. 1 shows a schematic illus-

tration of the electrospinning setup.

The physical characteristics of electrospun nanofibers such as

fiber diameter depend on various parameters which are mainly di-

vided into three categories: solution properties (solution viscosity,

solution concentration, polymer molecular weight, and surface ten-

sion), processing conditions (applied voltage, volume flow rate, spin-

ning distance, and needle diameter), and ambient conditions (tem-

perature, humidity, and atmosphere pressure) [9]. Numerous appli-

cations require nanofibers with desired properties, suggesting the

importance of process control. It does not come true unless having

a comprehensive outlook of the process and quantitative study of

the effects of governing parameters. In this context, Sukigara et al.

[10] assessed the effect of concentration on diameter of electrospun

nanofibers.

Beside physical characteristics, medical scientists have shown a

remarkable attention to biocompatibility and biodegradability of nano-

Fig. 1. A typical setup of the electrospinning process [8].
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fibers made of biopolymers such as collagen [11], fibrogen [12],

gelatin [13], silk [14], chitin [15] and chitosan [16]. Chitin is the

second-most abundant natural polymer in the world and Chitosan

(poly-(1-4)-2-amino-2-deoxy-β-D-glucose) is the deacetylated prod-

uct of chitin [17]. CHT is well known for its biocompatible and bio-

degradable properties [18].

Chitosan (CHT) is insoluble in water, alkali, and most mineral

acidic systems. However, though its solubility in inorganic acids is

quite limited, CHT is in fact soluble in organic acids, such as dilute

aqueous acetic, formic, and lactic acids. CHT also has free amino

groups, which makes it a positively charged polyelectrolyte. This

property makes CHT solutions highly viscous and complicates its

electrospinning [19]. Furthermore, the formation of strong hydro-

gen bonds in a 3-D network prevents the movement of polymeric

chains exposed to the electrical field [20].

Different strategies were used for bringing chitosan in nanofiber

form. The three top most abundant techniques include blending of

favorite polymers for electrospinning process with CHT matrix [21,

22], alkali treatment of CHT backbone to improve electro spin-

nability through reducing viscosity [23] and employment of con-

centrated organic acid solution to produce nanofibers by decreasing

of surface tension [24]. Electrospinning of polyethylene oxide (PEO)/

CHT [21] and polyvinyl alcohol (PVA)/CHT [22] blended nanofiber

are two recent studies based on first strategy. In the second proto-

col, the molecular weight of chitosan decreases through alkali treat-

ment. Solutions of the treated chitosan in aqueous 70-90% acetic

acid produce nanofibers with appropriate quality and processing sta-

bility [23].

Using concentrated organic acids such as acetic acid [24] and

triflouroacetic acid (TFA) with and without dichloromethane (DCM)

[25,26] has been reported exclusively for producing neat CHT nano-

fibers. They similarly reported the decreasing of surface tension and

at the same time enhancement of charge density of CHT solution

without significant effect on viscosity. This new method suggests

significant influence of the concentrated acid solution on the reduc-

ing of the applied field required for electrospinning.

The mechanical and electrical properties of neat CHT electro-

spun natural nanofiber mat can be improved by addition of the syn-

thetic materials including carbon nanotubes (CNTs) [27]. CNTs are

one of the important synthetic polymers that were discovered by

Iijima in 1991 [28]. CNTs, either single-walled nanotubes (SWNTs)

or multiwalled nanotubes (MWNTs), combine the physical proper-

ties of diamond and graphite. They are extremely thermally con-

ductive like diamond and appreciably electrically conductive like

graphite. Moreover, the flexibility and exceptional specific surface

area to mass ratio can be considered as significant properties of CNTs

[29]. Scientists are becoming more interested in CNTs for exist-

ence of exclusive properties such as superb conductivity [30] and

mechanical strength for various applications. To the best of our knowl-

edge, there has been no report on electrospinning of CHT/MWNTs

blend, except those [30,31] that use PVA to improve spinnability.

Results showed uniform and porous morphology of the electrospun

nanofibers. Despite adequate spinnability, total removing of PVA

from nanofiber structure to form conductive substrate is not feasi-

ble. Moreover, thermal or alkali solution treatment of CHT/PVA/

MWNTs nanofibers extremely influence on the structural morphol-

ogy and mechanical stiffness. The CHT/CNT composite can be pro-

duced by the hydrogen bonds due to hydrophilic positively charged

polycation of CHT due to amino groups and hydrophobic negatively

charged of CNT due to carboxyl and hydroxyl groups [32-34].

In the current study, we have attempted to produce a CHT/MWNTs

nanofiber without association of processing agent to facile electro-

spinng process. In addition, a new approach was explored to pro-

vide highly stable and homogeneous composite spinning solution

of CHT/MWNTs in concentrated organic acids. This in turn pre-

sents a homogenous conductive CHT scaffolds which is extremely

important for biomedical implants.

EXPERIMENTAL

1. Materials

CHT with degree of deacetylation of 85% and molecular weight

of 5×105 was supplied by Sigma-Aldrich. The MWNTs, supplied by

Nutrino, have an average diameter of four nm and purity of about

98%. All of the other solvents and chemicals were commercially

available and used as received without further purification.

2. Preparation of CHT-MWNTs Dispersions

A Branson Sonifier 250 operated at 30 W used to prepare the

MWNT dispersions in CHT/organic acid (90%wt acetic acid, 70/30

TFA/DCM) solution based on different protocols. In the first ap-

proach, 3 mg of as received MWNTs was dispersed into deionized

water or DCM using solution sonicating for 10 min (current work,

sample 1). Different amount of CHT was then added to MWNTs

dispersion for preparation of a 8-12 wt% solution and then soni-

cated for another 5 min. Fig. 2 shows two different protocols used

in this study.

In the next step, organic acid solution was added to obtain a CHT/

MWNT solution with total volume of 5 mL and finally the disper-

sion was stirred for another 10 hours. Sample 2 was prepared using

the second technique. Same amount of MWNTs was dispersed in

CHT solution, and the blend with total volume of 5 mL was soni-

cated for 10 min and dispersion was stirred for 10 hr [35].

3. Electrospinning of CHT/MWNT Dispersion

After the preparation of spinning solution, it was transferred to a

Scheme 1. Chemical structures of chitin and chitosan biopolymers.
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5 mL syringe and became ready for spinning of nanofibers. The

experiments carried out on a horizontal electrospinning setup are

shown schematically in Fig.1. The syringe containing CHT/MWNTS

solution was placed on a syringe pump (New Era NE-100) used to

dispense the solution at a controlled rate. A high voltage DC power

supply (Gamma High Voltage ES-30) was employed to generate

the required electric field for electrospinning. The positive electrode

and the grounding electrode of the high voltage supplier attached,

respectively, to the syringe needle and flat collector wrapped with

aluminum foil where electrospun nanofibers accumulates via an

alligator clip to form a nonwoven mat. The voltage and the tip-to-

collector distance fixed, respectively, on 18-24 kV and 4-10 cm. In

addition, the electrospinning was carried out at room temperature

and the aluminum foil was removed from the collector.

4. Measurements and Characterizations Method

A small piece of mat was placed on the sample holder and gold

sputter-coated (Bal-Tec). Thereafter, the micrograph of electrospun

CHT/MWNT fibers was obtained using scanning electron micro-

scope (SEM, Phillips XL-30). Fourier transform infrared spectra

(FTIR) were recorded using a Nicolet 560 spectrometer to investi-

gate the interaction between CHT and MWNT in the range of 800-

4,000 cm−1 under a transmission mode. The size distribution of the

dispersed solution was evaluated with a Zetasizer (Malvern Instru-

ments). The conductivity of nanofiber samples was measured with

a homemade four-probe electrical conductivity cell operating at con-

stant humidity. The electrodes were circular pins with separation

distance of 0.33 cm and fibers connected to pins by silver paint (SPI).

Between the two outer electrodes, a constant DC current was applied

by Potentiostat/Galvanostat model 363 (Princeton Applied Research).

The generated potential difference between the inner electrodes and

the current flow was recorded by digital multimeter 34401A (Agi-

lent). Fig. 3 illustrates the experimental setup for conductivity meas-

urement. The conductivity (δ: S/cm) of the nanofiber thin film with

rectangular surface can then be calculated according to Eq. (1), which

parameters call for length (L: cm), width (W: cm), thickness (t: cm),

DC current applied (mA) and the potential drop across the two

inner electrodes (mV). All measuring was repeated at least five times

for each set of samples.

(1)

RESULTS AND DISCUSSION

1. The Characteristics of MWNT/CHT Dispersion

Utilization of MWNTs in biopolymer matrix initially requires

δ = 

I L×

V W× t×
--------------------

Fig. 2. Two protocols used in this study for preparation of MWNTs/CHT dispersion (a) current study (b) ref. [35].

Fig. 3. The experimental setup for four-probe electrical conductivity measurement of nanofiber thin film.
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their homogeneous dispersion in a solvent or polymer matrix. Dy-

namic light scattering (DLS) is a sophisticated technique used for

evaluation of particle size distribution. DLS provides many advan-

tages for particle size analysis to measure a large population of parti-

cles in a very short time period, with no manipulation of the sur-

rounding medium. Dynamic light scattering of MWNTs dispersions

indicates that the hydrodynamic diameter of the nanotube bundles

is between 150 and 400 nm after 10 min of sonication for sample 2

(Fig. 4).

MWNTs bundle in sample 1 (different approach but same son-

ication time compared to sample 2) shows a range of hydrodynamic

diameter between 20-100 nm (Fig. 4). The lower range of hydro-

dynamic diameter for sample 1 correlates to more exfoliated and

highly stable nanotubes strands in CHT solution. The higher stabil-

ity of sample 1 compared to sample 2 over a long period of time is

confirmed by solution stability test. The results presented in Fig. 5

indicate that procedure employed for preparation of sample 1 (cur-

rent work) was an effective method for dispersing MWNTs in CHT/

acetic acid solution. However, MWNTs bundles in sample 2 were

found to re-agglomerate upon standing after sonication, as shown

in Fig. 5 which indicates the sedimentation of large agglomerated

particles.

Despite the method reported in ref 35, neither sedimentation nor

aggregation of the MWNTs bundles was observed in the first sam-

ple. Presumably, this behavior in sample 1 can be attributed to con-

tribution of CHT biopolymer to forming an effective barrier against

re-agglomeration of MWNTs nanoparticles. In fact, using sonication

energy, in the first step without presence of solvent, makes very tiny

exfoliated but unstable particle in water as dispersant. Instantaneous

addition of acetic acid as solvent and long mixing most likely helps

the wrapping of MWNTs strands with CHT polymer chain.

Fig. 6 shows the FTIR spectra of neat CHT solution and CHT/

MWNTs dispersions prepared using strategies explained in the ex-

perimental part. The interaction between the functional group asso-

ciated with MWNTs and CHT in dispersed form have been under-

stood through recognition of functional groups. The enhanced peaks

at ~1,600 cm−1 can be attributed to (N-H) band and (C=O) band of

amid functional group. However, the intensity of amid group for

CHT/MWNTs dispersion increases presumably due to contribution

of G band in MWNTs. More interestingly, in this region, the FTIR

spectra of MWNTs-CHT dispersion (sample 1) have been highly

intensified compared to sample 2 [35]. It correlates to higher chemi-

cal interaction between acid functionalized C-C group of MWNTs

and amid functional group in CHT.

This probably is the main reason of the higher stability and lower

MWNTs dimension demonstrated in Fig. 4 and Fig. 5. Moreover,

the intensity of protonated secondary amine absorbance at 2,400

cm−1 for sample 1 prepared by new technique is negligible com-

pared to sample 2 and neat CHT. Furthermore, the peak at 2,123

cm−1 is a characteristic band of the primary amine salt, which is as-

sociated with the interaction between positively charged hydrogen

of acetic acid and amino residues of CHT. In addition, the broad

peaks at ~3,410 cm−1 are due to the stretching vibration of OH group

superimposed on NH stretching bond and broadened due to hydro-

gen bonds of polysaccharides. The broadest peak of hydrogen bonds

was observed at 3,137-3,588 cm−1 for MWNTs/CHT dispersion pre-

pared by new technique (sample 1).

2. The Physical and Morphological Characteristics of MWNTs/

CHT Nanofiber

Different solvents including acetic acid 1-90%, pure formic acid,

and TFA/DCM were tested for preparation of spinning solution using

the protocol explained for sample 1. Upon applying of the high volt-

age even above 25 kV no polymer jet formed using acetic acid 1-

30% and formic acid as the solvent for chitosan/carbon nanotube.

Fig. 4. Hydrodynamic diameter distribution of MWNT bundles
in CHT/acetic acid (1%) solution for different preparation
technique.

Fig. 5. Stability of CHT-MWNT dispersions (a) current work (sam-
ple 1) (b) ref. [35] (sample 2).

Fig. 6. FTIR spectra of CHT-MWCNT in 1% acetic acid with dif-
ferent techniques of dispersion.



Conductive chitosan/MWNTs electrospun nanofiber feasibility 115

Korean J. Chem. Eng.(Vol. 29, No. 1)

However, experimental observation shows bead formation when

acetic acid (30-90%) was used as the solvent. Therefore, one does

not expect the formation of electrospun fiber of MWNT/CHT using

prescribed solvents (data not shown).

Fig. 7 shows scanning electronic micrographs of the MWNTs/

CHT electrospun nanofibers in different concentration of CHT in

TFA/DCM (70 : 30) solvent. As presented in Fig. 7(a), at low con-

centrations of CHT the beads deposited on the collector and thin

fibers co-existed among the beads. When the concentration of CHT

increases as shown in Fig. 7(a)-(c) the bead density decreases. Fig.

7(c) shows homogeneous electrospun nanofibers with minimum

beads, thin and interconnected fibers. More increasing of concen-

tration of CHT led to increasing of interconnected fibers at Fig. 7(d)-

(e). Fig. 8 shows the effect of concentration on average diameter of

MWNTs/CHT electrospun nanofibers. Our assessments indicate

that the fiber diameter of MWNTs/CHT increases with the increas-

ing of the CHT concentration. In this context, similar results were

reported in previously published work [36-37]. Hence, MWNTs/

CHT (10%wt) solution in TFA/DCM (70 : 30) considered as result-

ing as optimized concentration. An average diameter of 275 nm

(Fig. 7(c): diameter distribution, 148-385) was investigated for these

conditions. Table 1 lists the variation of nanofiber diameter and four

Fig. 7. Scanning electron micrographs of electrospun nanofibers at different CHT concentration (wt%): (a) 8, (b) 9, (c) 10, (d) 11, (e) 12,
24 kV, 5 cm, TFA/DCM: 70/30, (0.06%wt MWNTs).
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probe electrical conductivity based on the different loading of CHT.

One can expect lower conductivity once the CHT content increases.

Fig. 8. The effect of the CHT concentration in CHT/MWNT dis-
persion on nanofiber diameter.

Table 1. The variation of conductivity and mean nanofiber diameter versus chitosan loading

% CHT (%w/v) % MWNT (%w/v) Voltage (KV) Tip to collector (cm) Diameter (nm) Conductivity (S/cm)

08 0.06 24 5 137±58 NA

09 0.06 24 5 244±61 9×10−5

10 0.06 24 5 275±70 9×10−5

11 0.06 24 5 290±87 8×10−5

12 0.06 24 5 Non uniform NA

Fig. 9. Scanning electronic micrographs of electrospun fibers at different voltage (kV): (a) 18, (b) 20, (c) 22, (d) 24, 5 cm, 10 wt%, TFA/
DCM: 70/30. (0.06%wt MWNTs).

However, the higher the CHT concentration, the thinner fiber forms.

Therefore, the decreasing of conductivity at higher CHT concen-

tration damps by decreasing of nanofiber diameter. This led to a

nearly constant conductivity over entire measurements.

Fig. 9 shows the influence of voltage on morphology of CHT/

MWNT electrospun nanofibers acquired SEM images. In our ex-

periments, 18 kV attains as threshold voltage, where fiber formation

occurs.

For lower voltage, the beads and some little fiber are deposited

on the collector (Fig. 9(a)). As shown in Fig. 9(a)-(d), the beads de-

crease while voltage is increasing from 18 kV to 24 kV. The col-

lected nanofibers by applying 18 kV (9a) and 20 kV (9b) were not

quite clear and uniform. The higher the applied voltage, uniform

nanofibers with narrow distribution start to form. The average diam-

eter of fibers, 22 kV (9c), and 24 kV (9d), respectively, was 204

(79-391), and 275 (148-385). The conductivity measurement given

in Table 2 confirms our observation in the first set of conductivity

data. As can be seen from the last row, the amount of electrical con-

ductivity reaches a maximum level of 9×10−5 at prescribed setup.

The distance between tips to collector is another parameter that
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controls the fiber diameter and morphology. Fig. 10 shows the change

in morphologies of CHT/MWNTs electrospun nanofibers at differ-

ent distance. When the distance is not long enough, the solvent could

not find opportunity to be separated, hence, the interconnected thick

nanofiber deposits on the collector (Fig. 10(a)). However, the ad-

justing of the distance on 5 cm (Fig. 10(b)) leads to homogeneous

nanofibers with negligible beads and interconnected areas. How-

ever, the beads increase by increasing of distance of the tip-to-col-

lector as represented from Fig. 10(b) to 10(f). Similar results were

observed for CHT nanofibers reported by Geng et al. [24]. Also,

the results show that the diameter of electrospun fibers decreases

by increasing of distance tip to the collector in Fig. 10(b), 10(c),

10(d), respectively, 275 (148-385), 170 (98-283), 132 (71-224). Simi-

larly, the previous works report a decreasing trend in nanofiber diam-

Table 2. The variation of conductivity and mean nanofiber diameter versus applied voltage

% CHT (%w/v) % MWNT (%w/v) Voltage (KV) Tip to collector (cm) Diameter (nm) Conductivity (S/cm)

10 0.06 18 5 Non uniform NA

10 0.06 20 5 Non uniform NA

10 0.06 22 5 201±66 6×10−5

10 0.06 24 5 275±70 9×10−5

Fig. 10. Scanning electronic micrographs of electrospun fibers of Chitosan/Carbon nanotubes at different tip-to-collector distances (cm):
(a) 4, (b) 5, (c) 6, (d) 7, (e) 8, (f) 10, 24 kV, 10 wt%, TFA/DCM: 70/30.
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eter once distance increases [38,39]. A remarkable defect and non-

homogeneity appears for those fibers prepared at a distance of 8 cm

(Fig. 10(e)) and 10 cm (Fig. 10(f)). However, a 5 cm distance was

selected as the proper amount for CHT/MWNT electrospinning

process. Conductivity results also are in agreement with those data

obtained in previous parts (Table 3).

The non-homogeneity and huge bead densities act as a barrier

against electrical current and still a bead-free and thin nanofiber mat

shows higher conductivity compared to other samples. Experimen-

tal framework in this study was based on parameter adjusting for

electrospinning of conductive CHT/MWNTs nanofiber. It can be

expected that the addition of nanotubes can boost conductivity and

change morphological aspects, which is extremely important for

biomedical applications.

CONCLUSIONS

Conductive composite nanofiber of CHT/MWNTs was produced

using conventional electrospinning technique. A new protocol is

suggested for preparation of electrospinning solution, which shows

much better stability and homogeneity compared to previous tech-

niques. Several solvent including acetic acid 1-90%, formic acid,

and TFA/DCM (70 : 30) were investigated in the electrospinning

of CHT/MWNTs dispersion. Using DLS and dispersion stability

tests showed that the TFA/DCM (70 : 30) solvent is most preferred

for nanofiber formation process with acceptable electrospinnability.

The formation of nanofibers with conductive pathways regarding

to exfoliated and interconntected nanotube strands is a breakthrough

in chitosan nanocomposite area. This is a significant improvement

in electrospinning of chitosan/carbon nanotube dispersion. It has

been also observed that the homogeneous nanofibers with an aver-

age diameter of 275 nm could be prepared with a conductivity of

9×10−5.
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