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Nanofibers composed of cellulose acetate (CA) andmontmorillonite (MMT) were prepared by electrospinning method. MMTwas
first dispersed in water and mixed with an acetic acid solution of CA. The viscosity and conductivity of the CA/MMT solutions
with different MMT contents were measured to compare with those of the CA solution. The CA/MMT solutions were electrospun
to fabricate the CA/MMT composite nanofibers. The morphology, thermal stability, and crystalline and mechanical properties of
the composite nanofibers were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM),
energy dispersive X-ray spectroscopy (EDX), thermogravimetric analysis (TGA), X-ray diffraction (XRD), and tensile test. The
average diameters of the CA/MMT composite nanofibers obtained by electrospinning 18wt%CA/MMT solutions in amixed acetic
acid/water (75/25, w/w) solvent ranged from 150∼350 nm. The nanofiber diameter decreased with increasing MMT content. TEM
indicated the coexistence of CAnanofibers.TheCA/MMTcomposite nanofibers showed improved tensile strength compared to the
CA nanofiber due to the physical protective barriers of the silicate clay layers. MMT could be incorporated into the CA nanofibers
resulting in about 400% improvement in tensile strength for the CA sample containing 5wt% MMT.

1. Introduction

Electrospinning is a unique technique for producing nonwo-
ven fabrics of nanofibers, which exhibit high specific surface
area and porosity on account of their potential applications,
such as sensors [1, 2], filtration [3–5], membranes, tissue
engineering, and drug delivery [6–9]. In addition, electro-
spinning is a good and effective method for fabricating
micro- to nanoscale fibers from a variety of polymers, such
as cellulose acetate [10], polystyrene [11], polybutadiene [12],
and polycaprolactone [13]. In electrospinning, a high voltage
(ca. 10–30 kV) that is sufficient to overcome the surface
tension of a pendant drop of polymer solution is applied to a
capillary containing polymer solution to induce the ejection
of fine charged jets toward a target. These jets are stretched

and elongated before they reach the target and are then dried
and collected as an interconnected web of small fibers [14].

Cellulose is the most abundant natural polymeric mate-
rial with a polyfunctional macromolecular structure and
environmentally benign nature. Despite being characterized
by its extensive linearity, good flexibility, excellent durability,
biodegradability, chemical resistance, mechanical strength,
nontoxicity, and low cost, cellulose suffers from a lack of
solubility in most organic solvents due to its supramolecular
architecture. However, one of its organic soluble derivatives,
cellulose acetate (CA), carries all of the aforementioned
remarkable features as well as good solubility in organic
solvents, making it an excellent material for electrospinning
[15]. The electrospinning of CA has been studied using
various solvents [10, 16].
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Functional nanomaterials, such as metal nanoparticles,
carbon nanotubes, and nanoclays, can be incorporated into
the electrospun CA nanofibers. The incorporation of func-
tional nanomaterials into a CA nanofibrous structure is
an attractive hybridization method, because nanomaterials
distributed evenly in the CA nanofibrous structure can be
used for novel specific applications. The CA nanocomposites
reinforced with nanoclay (montmorillonite, MMT) can be
quite promising due to the remarkable improvement in the
material properties of polymer composites with only a low
percentage of MMT added. The main advantages of these
nanocomposites are the improvements in mechanical prop-
erties, reduced flammability, and superior barrier properties
compared to polymers or conventional micro- and macro-
composites. Nanocomposites of CA and MMT have been
prepared into film- or paper-shaped composite structures
by conventional compounding methods, such as solution
casting [16],melt processing [17], and dispersionmethod [18],
and mechanical properties of CA/MMT composites have
been further improved by the addition of compatibilizer or
plasticizer [19, 20].On the contrary, nanofiber-nanoclay com-
posites of CA andMMThave unique advantages compared to
conventional CA/MMT nanocomposites, because of higher
surface area and biodegradability. However, there is no report
on the electrospinning of CA nanofiber incorporated with
MMT.

In this study, CA/MMT composite nanofibers were pre-
pared by facile compounding and electrospinning. The mor-
phological, thermal, structural, and mechanical properties
of CA/MMT nanofibers were analyzed by scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), thermogravimetric analysis (TGA), X-ray diffraction
(XRD), and tensile test. In addition, the effect of electro-
spinning parameters on the distribution of MMT in the CA
nanofibers was described.

2. Materials and Methods

2.1. Materials. Cellulose acetate (CA, acetyl content 39.8%,
MW = 30,000 g/mol) was purchased from Aldrich Co.,
USA. Acetic acid (>99%) was purchased from DC chemical
Pure Chemical Co., Korea. The clay (montmorillonite, MMT
cloisite 93A) was supplied by Southern Clay Products Co.,
USA. Acetic acid and water were mixed to a weight ratio
of 75 : 25. The resulting solution is abbreviated to acetic
acid/water (75/25).

2.2. Preparation of CA/MMT Solution for Electrospinning.
The CA and CA/MMT solutions were prepared using an
ultrasonic treatment. MMT powders were dried at 80∘C for
24 h under vacuum prior to use. For the CA solution, CA at
a concentration of 18 wt% was dissolved in acetic acid/water
(75/25) between 65∘C and 75∘C for 5 h. For the CA/MMT
solutions, a predetermined amount ofMMTwas dispersed in
water with constant stirring for one day after ultrasonication
for 2 h. The CA/MMT solutions were compounded with a 1,
3, 5, 7, or 9wt% of MMT and CA solution. The CA/MMT
composites electrospun from these solutions are referred to
as CA/MMT-1, CA/MMT-3, CA/MMT-5, CA/MMT-7, and
CA/MMT-9, respectively.

2.3. Electrospinning of CA/MMTNanofibers. Electrospinning
was performed using a single syringe attached to a needle (ID
= 0.84mm), a ground electrode (𝑑 = 21.5 cm, aluminum
sheet on a drum with a variable rotation speed), and high
voltage supply (ChungPaEMTCo., Korea). Each solutionwas
fed at a rate of 2mL/h using a syringe pump and electrospun
at a positive voltage of 27 kV.The tip-to-collector distancewas
10 cm and all electrospinning procedures were carried out at
19∘C.

2.4. Characterization of CA/MMT Solutions and Nanofibers.
The viscosity and conductivity of the CA and CA/MMT
solutions were determined using a Brookfield digital vis-
cometer (Model-DV-prime) and a conductivity meter (Isteck
model 455C) at 19∘C, respectively. The thermal properties
of the electrospun nanofibers were characterized by TGA
(TGA Q 500, TA Instruments) at a heating rate of 10∘C/min
with purging nitrogen gas at 100mL/min. The derivative
thermogravimetric (DTG) curves were also recorded. The
crystallinity of the CA and CA/MMT nanofibers was inves-
tigated by XRD (D/MAX-2500 diffractometer, Rich. Rigaku
Co., Japan) with Cu-K𝛼 radiation (100mA, 40 kV). The
tensile strength of the electrospun nanofibers was examined
under tensile loading conditions using an Instron tensile
testing machine (model 4467, Instron Co., USA) according
to the ASTM D-638 method. The crosshead speed was
5mm/min. At least twenty measurements were taken for
each sample, and the results were averaged to obtain a
mean value. The surface morphology of the CA and the
CA/MMT nanofibers was characterized by SEM (S-4700,
Hitachi, Japan) at an acceleration voltage of 15–25 kV. Prior
to the measurement, the specimens were coated with Au to
prevent surface charging. Field emission TEM (FE-TEM, FEI,
Tecnai F30 Super-twin operated at an accelerating voltage
of 200∼300 kV with a Gatan imaging filter (GIF) model
2002) was performed to confirm existence of theMMT layers
within the nanofibers that were directly electrospun onto
carbon-coated TEM grid with a 300 mesh. The composition
of the nanofibers was confirmed from the energy dispersive
X-ray spectroscopy (EDAX, Genesis) spectrum andmapping
images.

3. Results and Discussion

3.1. Characterization of CA Solution. Han et al. reported that
CA nanofibers could be electrospun continuously using a
mixed acetic acid/water solvent and the optimum concen-
tration of CA for long uniform nanofibers was 17 wt% [10].
In this study, the viscosities of CA and CA/MMT-5 solutions
were measured to determine the optimum concentration of
CA solution and the effect of MMT addition on the CA solu-
tion for electrospinning. Figure 1 shows the viscosity of the
CA and CA/MMT solutions with various CA concentrations
in the range of 13∼23wt% in the acetic acid/water (75/25)
solvent system. The viscosities of the CA and CA/MMT
solutions were similar and the addition of 5 wt% MMT to
CA solutions had little effect on the viscosity at CA solution
concentrations < 18 wt%.The viscosity of CA and CA/MMT-
5 increased relatively rapidly at CA concentrations > 18 wt%.
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Figure 1: Changes in the viscosities according to the CA concentration.
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Figure 2: Changes in the conductivities with the MMT weight (1: pure CA, 2: CA/MMT1wt%, 3: CA/MMT3wt%, 4: CA/MMT5wt%, 5:
CA/MMT7wt%, and 6: CA/MMT9wt%).

The 18wt% CA and CA/MMT-5 solutions were quite stable
during the electrospinning process and could be electrospun
continuously in a mixed acetic acid/water (75/25) solvent.
Therefore, the CA nanofiber electrospun at 18 wt% was
assigned as a standard nanofiber to examine the effect of
MMT addition. CA and CA/MMT nanofibers with 18wt%
CA could be electrospun continuously using a mixed acetic
acid/water (75/25) solvent.

Figure 2 shows the conductivity of the CA/MMT solu-
tions with different MMT concentrations of 1, 3, 5, 7, and
9wt% in the 18 wt% CA solution. The conductivity was rela-
tively constant over the range of 1–5wt%MMT but increased
dramatically atMMTconcentrations> 7wt%.MMTaddition
at lower concentrations enhanced the mobility, but MMT
concentrations> 7wt% caused an increase in repulsion in the
CA/MMT solution due to the charge of excess MMT. Some
MMT did not interact with CA molecules and separately

located in the solution at higher concentrations > 7wt%,
because there was lack of miscibility in those concentrations.
The high conductivity due to excess MMT seemed to induce
the formation of smaller nanofibers with some beads, as
shown in Figures 3(e) and 3(f).

3.2. Morphology of CA and CA/MMT Nanofibers. Figure 3
shows the SEM images of the electrospun CA fiber and
CA/MMTcomposite fiberswith differentMMT loadings pre-
pared from 18wt%CA in the acetic acid/water (75/25) solvent
system. CA nanofibers were well electrospun and formed
a fibrous web with diameters ranging from 150 to 350 nm.
The diameter of the nanofibers was reduced by adding
MMT. In case of CA/MMT-5, a relatively uniform nanoweb
was obtained through the continuous electrospinning from
the solution to the charged target wrapped with aluminum
sheet. However, the diameters of the nanofibers electrospun
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Figure 3: SEM images of (a) CA, (b) CA/MMT1wt%, (c) CA/MMT3wt%, (d) CA/MMT5wt%, (e) CA/MMT7wt%, and (f) CA/MMT9wt%.
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Figure 4: XRD patterns of CA nanofibers with various MMT
contents (a, pure MMT; b, CA/MMT9wt%; c, CA/MMT7wt%; d,
CA/MMT5wt%; e, CA/MMT3wt%; f, CA/MMT1wt%; g, pure CA).

from higher MMT concentrations, such as CA/MMT-7 and
CA/MMT-9,were decreased, but not uniformwith increasing
MMT concentration. An increase in the Si and Al peaks
was observed with the addition of higher concentrations of
MMT from the EDAX analysis of CA/MMT nanofibers. The
addition of a quaternary ammonium salt of MMT increased
the charge density in the ejected jets and imposed stronger
elongation forces to the jets because of the self-repulsion
of the excess charges under the electrostatic field, resulting
in electrospun fibers with a substantially smaller diameter
[19, 20]. As expected, the increase in the conductivity of
CA/MMT with higher MMT concentrations caused a signif-
icant decrease in the diameter of the CA/MMT nanofibers.

The extent of MMT intercalation and dispersion can
be usually obtained from the WAXS and TEM results
[21]. Figure 4 shows the XRD patterns of MMT, CA, and
CA/MMT nanofibers with different MMT contents. The
patterns revealed changes in the interlayer distances. The
CA nanofibers did not show any XRD, but MMT showed a
(001) diffraction peak at 3.8∘ 2𝜃. This diffraction peak was
not observed in the CA/MMT-1 and CA/MMT-3 samples,
indicating that most of the MMT had been exfoliated and
well-dispersed in the CA matrix. However, the CA/MMT-
5, CA/MMT-7, and CA/MMT-9 samples showed a broad
weak diffraction peak at 3.5∘ 2𝜃 due to a small amount of
intercalatedMMT layers.This peakwas shifted towards lower
2𝜃 values (by 0.3 2𝜃), indicating that the polymer chains had
diffused into the clay galleries, expanding the clay structure
[22].

Figure 5 shows the TEM and EDX results of CA/MMT-
5 that support MMT incorporation into CA fibers. The
TEM image showed that the exfoliated MMT layers were
distributed within the CA/MMT composite nanofibers. The
EDX spectra recorded at two points identified C, Al, Si, and
O in the CA/MMT composite nanofibers (right insets of (a)).
A detail observation in scanning TEM (STEM) mode clearly
showed that theMMT layers appeared to be incorporated into
the CA/MMT composite nanofibers.Themapping data of the

Table 1: The residue and decomposition temperature at onset and
20% rate of pure MMT and nanofibers (pure CA, CA/MMT-1,
CA/MMT-3, CA/MMT-5, CA/MMT-7, and CA/MMT-9).

Materials 𝑇

𝑑

onset (∘C) 𝑇
𝑑

20% (∘C) Residue at 500∘C (%)
Pure CA 280 340 13
Pure MMT 280 380 65
CA/MMT-1 275 330 13
CA/MMT-3 275 325 14
CA/MMT-5 270 315 15
CA/MMT-7 270 310 17
CA/MMT-9 270 310 18

STEM image revealed that C element is a primary component
of the CA/MMT composite nanofibers, and MMT layers
composed of Al, Si, and O elements were evenly distributed
in the CA nanofibers. These results were well consistent with
previous reports [20].

3.3. Thermal and Mechanical Properties of CA and CA/MMT
Nanofibers. The thermal stability of the electrospun fibers
was evaluated using TGA in a nitrogen atmosphere. Figure 6
shows the TGA curves of MMT, pure CA nanofiber, and
CA/MMT composite nanofibers with different MMT load-
ings. Both the MMT and the CA nanofibers began to decom-
pose at 280∘C. However, they have single maximum decom-
position temperatures of 390∘Cand 350∘C, respectively (Sam-
ples a and b). In addition, the residues of MMT and CA
nanofibers after thermal decomposition at 500∘C were 65%
and 13%, respectively (Table 1). However, the decomposition
peaks for the CA/MMT composite nanofibers were divided
into two peaks, at approximately 300∘C and 350∘C, as clearly
seen from DTG curves. A higher concentration of MMT
in the CA nanofiber induced a lower onset temperature of
decomposition for CA/MMT composite nanofibers (Table 1).
This is because the alkylammonium cations of MMT were
thermally unstable and decomposed at lower temperatures.
These aspects would reduce the thermal stability of CA
nanofibers with the addition of MMT. However, the silicate
clay layers could act as a superior insulator and mass-
transport barrier and mitigate the escape of volatile products
generated during thermal decomposition [23, 24].

Figure 7 shows the tensile strength of the CA/MMT
nanofibers with different MMT concentrations. The tensile
strength of the CA nanofibers increased with increasing
MMT concentration reaching the highest tensile strength of
3.2MPa (about 400% increase) at 5 wt% MMT. At higher
MMT concentration (7wt%), the tensile strength decreased
abruptly to 1.5MPa.The improvement in tensile strength was
mainly due to reinforcing effect of MMT layers originated
from the good dispersion of MMT layers in the CA fibrous
matrix. However, some excess MMT seemed to be phase-
separated and poorly dispersed in CA/MMT nanofibers
at higher MMT concentration (7wt%), whereas the exfo-
liated MMT layers were well-dispersed within CA/MMT
nanofibers at 5 wt% MMT. The tensile strength of CA/MMT
composite nanofibers was consistent with the results of XRD
and EDX.
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Figure 5: (a) TEM image and EDX spectra (right insets) of the CA/MMT nanofibers. (b) STEM image and mapping images clearly showed
the existence of a MMT layer, composed of Al, Si, and O, within the CA/MMT nanofibers.
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Figure 6: (a) TGA and (b) DTG thermograms showing the thermal stability of electrospun CA nanofiber and CA/MMT nanofiber (a, pure
MMT; b, CA/MMT9wt%; c, CA/MMT7wt%; d, CA/MMT5wt%; e, CA/MMT3wt%; f, CA/MMT1wt%; g, pure CA).
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Figure 7: Tensile strength of CA, CA/MMT1wt%, CA/MMT3wt%,
CA/MMT5wt%, and CA/MMT7wt% nanofibers.

4. Conclusions

The CA/MMT composite nanofibers were prepared using
a facile compounding and electrospinning technique. The
structures, thermal stability, and crystalline properties of
the electrospun composite nanofibers were investigated. The
average diameters of the CA/MMT nanofibers obtained by
electrospinning 18wt% CA/MMT solutions in a mixed acetic
acid/water (75/25, w/w) solvent ranged from 150∼350 nm.
The nanofiber diameter decreased with increasing MMT
content. TEM indicated the coexistence of CAnanofibers and
MMT layers. The CA/MMT composite nanofibers showed
improved tensile strength compared to the CA nanofiber due
to the physical protective barriers of the silicate clay layers.
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