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Cellulose acetate (CA) and cellulose acetate-Fe; 03 composite nanofibrous materials were successfully
prepared via the electrospinning technique. The composite materials were fabricated by the electro-
spinning of CA solutions with dispersed Fe, 03 nanoparticles. A mixture of N,N-dimethylacetamide and
acetone was used, in all cases, as the polymer solvent. The Fe,03 nanoparticles were dispersed, in 20%
(w/v) CA solution, at concentrations varying between 1.4% and 4.5% (w/v). The influence of Fe, O3 concen-
tration on the thermal behavior (glass transition and thermal stability) of the material was examined by
Cellulose acetate means of differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and infrared spec-
Electrospinning troscopy (FTIR). Also the influence of Fe,O3 concentration on the size and morphology of the fibers was
Fe, 05 examined by scanning electron microscopy (SEM). For the explanation of the obtained results, viscosity
and conductivity measurements were carried out. In general, fairly uniform composite fibrous struc-
tures with enhanced properties were prepared, for potential use in separation processes or in biomedical
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applications.
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1. Introduction

Electrospinning is an established technique for the fabrica-
tion of micro- and nanofibrous polymer structures. Although the
basic principle of the process is quite simple, there are too many
parameters involved (e.g. applied voltage, concentration, con-
ductivity and viscosity of the solution). The influence of such
parameters has been studied (Deitzel, Kleinmeyer, Harris, & Beck
Tan, 2001; Tungprapa, Puangpam, et al., 2007). The electrospin-
ning technique has been widely used, for fabricating fibrous
structures based on biocompatible-biodegradable polymers and
polymer-inorganic composite materials, especially for biomedical
applications (Dalton, Klinkhammer, Salber, Klee, & Moller, 2006;
Fujihara, Kotaki, & Ramakrishna, 2005; Marras, Kladi, Tsivintzelis,
Zuburtikudis, & Panayiotou, 2008; Tserki, Philippou, & Panayiotou,
2006; Zhou, Green, & Joo, 2006).
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Cellulose acetate (CA) is a well known derivative of cellu-
lose and has been used in a broad field of applications such as
adhesive, film base in photography or in separation processes
(e.g. filtering, reverse osmosis) (Rodrigues Filho et al., 2008).
Cellulose acetate is produced either by heterogeneous or homo-
geneous acetylation of cellulose (Rodrigues Filho et al., 2008; Wu,
Jhang, He, Ren, & Guo, 2004). The homogeneous acetylation of
cellulose and also the fabrication of porous and fibrous mate-
rials have been enabled by the use of ionic liquids as cellulose
solvents (Tsioptsias & Panayiotou, 2008; Tsioptsias, Stefopoulos,
Kokkinomalis, Papadopoulou, & Panayiotou, 2008; Viswanathan et
al., 2006; Wu et al., 2004). In contrast to cellulose, cellulose acetate
possesses a much less crystalline structure and thus exhibits bet-
ter solubility in common organic solvents such as acetone. Porous
structures based on CA have been developed (Fischer, Rigacci,
Pirard, Berthon-Fabry, & Achard, 2006; Reverchon & Cardea, 2007).
However, since CA is widely used as synthetic fiber, preparation of
CA fibrous structures is more popular. CA fibrous structures have
been produced via the electrospinning technique and the influence
of different parameters on the fiber size and morphology (such as
nature of solvent and applied voltage) has been extensively stud-
ied (Han, Youk, Min, Kang, & Park, 2008; Tungprapa, Puangpam, et
al., 2007). Also encapsulation of drugs and other substances into CA
nanofibers has been reported (Chen, Bromberg, Hatton, & Rutledge,
2008; Tungprapa, Jangchud, & Supaphol, 2007). Electrospun CA
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Fig. 1. TGA curves (for mass loss 0-30%) of cellulose acetate and cellulose
acetate—-iron oxide composite materials.

Table 1
Temperature of 3% loss mass and temperature of maximum decomposition rate of
cellulose acetate and cellulose acetate-iron oxide composite materials.

% (w/w) Fe;03 Temperature of Temperature of

content in 20% 3% mass loss maximum
(w/v) polymer (°C) decomposition
solution rate (°C)

0% Fe,03 205 358

1.4% Fe,03 233 342

1.9% Fe, 05 246 345

2.7% Fe, 03 284 353

4.5% Fe; 03 299 351

membranes have been used in separation processes (Ma, Kotaki,
& Ramakrishna, 2005; Zhang, Menkhaus, & Fong, 2008). CA-silver
composite (Son, Youk, & Park, 2006) and CA-polymer blends (Chen,
Wang, & Huang, 2007; Zhang & Hsieh, 2008) have been successfully
electrospun. Other CA-polymer blends have been used as tissue
engineering scaffolds (Entcheva et al., 2004; Salgado et al., 2002).
Iron oxides (Fe3O4 and Fe,03) exhibit biocompatibility and
magnetic properties and have gained attention, in the field of
biomedical applications, for clinical diagnosis (imaging) and cell
labeling, drug targeting, and enzyme immobilization (Heymer et
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Fig. 2. FTIR spectra of cellulose acetate and cellulose acetate partially degraded
(heated up to 230°C).
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Fig.3. Average fiber diameter of the produced samples as function of applied voltage
and iron oxide content.

al., 2008; Morales et al., 2008). Usually iron oxide nanoparticles
are synthesized in situ in a polymer solution and a polymer-iron
oxide composite is obtained. Although the in situ synthesis exhibits
certain advantages (e.g. control of particle size), it can be applied
mainly to water-soluble polymers. By this approach, a gelatin-iron
oxide composite material has been developed and it was proposed
as tissue engineering scaffold (Hu, Liu, Tsai, & Chen, 2007).

In this study, cellulose acetate-iron oxide composite materials
with nanofibrous structure were developed via the electrospinning
technique. The iron oxide nanoparticles were dispersed in the poly-
mer solution at different concentrations. The influence of iron oxide
concentration on the fiber size and morphology and on the thermal
behavior of the materials was examined. The produced materi-
als have potential use in separation processes and in biomedical
applications (e.g. tissue engineering scaffolds).

2. Experimental
2.1. Materials and instruments

Cellulose acetate (Mn=30,000, 39.8 wt% acetyl content) and
iron(Ill) oxide (nanopowder, particle size <50 nm) were purchased
from Sigma Aldrich. N,N-dimethylacetamide (purity >98%) was
purchased from Fluka. All other chemicals were purchased from
Merck. All chemicals were used as received.
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Fig. 4. SEM pictures of pure cellulose acetate samples for different applied voltages: (a) 13kV; (b) 16.5kV; (c) 20kV.

The home-made electrospinning apparatus that was used is
described in detail elsewhere (Marras et al., 2008; Tserki et al.,
2006). Briefly, it consists of a cylindrical drum rotating along its
axis, a high-voltage supplier (Spellman High Voltage DC SUPPLY,
model RHR30P30) and a syringe pump (HARVARD APPARATUS,
model 2274). The polymer solution was flowing through a needle
of 1 mm inside diameter.

The morphology of the produced materials was examined with
a Jeol (JSM-840A) scanning electron microscope (SEM). Average
fiber diameter was calculated from the SEM pictures by the use
of appropriate software. Calorimetric and thermogravimetric mea-
surements were carried out with a Shimadzu differential scanning
calorimeter (DSC-50) and a Shimadzu thermogravimetric analyzer
(TGA-50) respectively. Also a conductive-meter (WTW, type LBR), a
Cannon Fenske viscometer and an ultra sonicator (HEAT SYSTEMS-
ULTRASONICS, INC., W-375) were used during the experiments.
Infrared spectroscopic measurements were carried out with a Bio-
rad FTS-175 spectrometer.

2.2. Solution and composite materials preparation

All solutions used in the experiments had concentration in cel-
lulose acetate 20% (w/v). The solvent was mixture of acetone and
N,N-dimethylacetamide (DMA) in 2/1 (acetone to DMA) volume
proportion. Five solutions were prepared with only difference in
the concentration of the dispersed particles of Fe, O3 (0%, 1.4%, 1.9%,
2.7%, 4.5% (W/v)).

The procedure for the solution preparation was as follows: cel-
lulose acetate and Fe, 03 were accurately weighted in a Sartorius
scale (+0.1 mgaccuracy) at certain proportion in order to obtain the
desired concentrations. Then, the weighted solids were placed in a
glass and acetone was added in order to form a dilute dispersion.
Dissolution of the polymer and dispersion of the Fe,05 particles
were rapidly achieved by application of ultrasound. During this
procedure evaporation of acetone occurred. After complete dissolu-

tion and dispersion, the solutions were cast in Petri-dishes at room
temperature in a fume hood. Operation of the fume hood ensured
an unsaturated atmosphere, which results in a more intense sol-
vent evaporation and this, in turn, results in a faster increase in the
viscosity of the solution. As the viscosity of the solution increases
sedimentation of the dispersed particles is prevented. After evap-
oration of the solvent at room temperature for at least 12 h, the
films were further dried for another 12 h under vacuum at 60°C.
Then they were dissolved in the mixture of acetone and DMA in
the desired concentrations. To avoid sedimentation of the parti-
cles, the dissolution of the films was carried out in a shaking bath
at room temperature.

These solutions were used for the electrospinning experiments
and for the viscosity and conductivity measurements. The con-
ductivity measurements were carried out at room temperature
(~27°C) and the viscosity measurements at 24.96 & 0.02 °C.

The dry films (pure cellulose acetate and cellulose
acetate-Fe; 03 composite materials) besides the solutions prepa-
ration were also used for the DSC and TGA measurements. TGA was
performed at air atmosphere, with a heating rate of 10°C/min up
to 100°C, the temperature was held at 100 °C for 10 min, and then
with a heating rate of 10°C/min the temperature was increased
up to 700°C. The mass at 140°C was set as the 100% mass. DSC
measurements were performed using a heating rate of 5°C/min
under a constant nitrogen flow of 20cm3min~!. The sample
weight was kept at low levels (5mg) in order to minimize any
possible thermal lag during the scans. Two samples of cellulose
acetate were examined with FTIR. One sample was from the
above-mentioned dry cellulose acetate film. A small quantity of
this sample was placed in the TGA and heated in air atmosphere
with a heating rate of 10°C/min up to 230°C. Afterwards it
was removed from the TGA and examined with FTIR. The FTIR
measurements were performed with a resolution of 2cm~! and
16 scans. The samples were mixed with KBr and processed into
pellets.
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Fig. 5. Representative SEM pictures of the produced materials: (a) 0% and 13 kV; (b) 1.4% and 13 kV; (¢) 1.9% and 13 kV; (d) 2.7% and 13 kV; (e) 4.5% and 20 kV.

2.3. Electrospinning experiments

The electrospinning of the solutions was carried out by keeping
constant flow solution rate (0.38 ml/h), constant needle to target
distance (5cm) and by applying three different voltages (13, 16.5,
20kV) between the target and the needle. The target was a rotating
drum covered with aluminum foil. The samples were observed with
SEM.

3. Results and discussion
3.1. Thermal behavior of the composite materials

In Fig. 1 the TGA curves are presented. In Table 1 the tem-
peratures at which 3% mass loss occurs and the temperatures of
maximum decomposition rate are presented. The temperature of
maximum decomposition rate was estimated from the differential
TGA curves (curves not shown).

The addition of iron oxide does not have any tremendous influ-
ence on the glass transition temperature of the material. For all
materials, the glass transition temperature was 180+10°C. In

contrast to this, the thermal stability of the materials is strongly
influenced by the iron oxide content (Fig. 1 and Table 1). For exam-
ple, by increasing the iron oxide content from 0% to 1.9%, in order
to have 3% mass loss (or 97% remaining mass), the material must be
heated to 205 and 246 °C (respectively for 0% and 1.9% iron oxide
content). The composite materials start to degrade in higher tem-
peratures, however the maximum decomposition rate occurs for
all samples in the narrow temperature range between 340 and
360°C. Also it is worth mentioning that all samples, at around
230°C exhibit a sharp alteration in the slope of the mass loss curve.
This sharp alteration becomes less intense by increasing the iron
oxide content.

To examine which groups are responsible for this, a cellulose
acetate sample was heated up to 230°C and the FTIR spectra was
compared with a thermally untreated cellulose acetate sample.
The FTIR spectra are presented in Fig. 2. As can be seen there is
a dramatic reduction in the intense of the peaks corresponding
to the absorption at wavenumbers between 1000 and 1800 cm™!.
The band at ~1750cm™~! corresponds to the C=0 stretching of
ester groups (carbonyl groups) (Rodrigues Filho et al., 2008). The
absorbance of C=0 stretching at 1750 cm~!, was compared to the
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Fig. 6. Representative SEM pictures of the produced materials at higher magnifications (scale bar 5 pum): (a) 1.9% and 20kV; (b) 2.7% and 20kV (c) 4.5% and 13 kV.

absorbance of OH stretching at 3480 cm~!. The absorbance ratio
A3480/A1750 was found to be 0.2 (for the cellulose acetate sample)
and 0.98 for (the sample heated to 230°C). This increase in the
ratio indicates a considerable decrease in the ester groups com-
pared to hydroxyl groups. Similar increases were found for other
band ratios such as A34g0/A1050 (C-O-C stretching) and A34g0/A1255
(C-0).

3.2. Fibrous structures of cellulose acetate-iron oxide composites

In Fig. 3 the average fiber diameter (average value +average
deviation from the average value) of all the produced samples is
presented, and the influence of applied voltage and iron oxide con-
centration on the fiber size can be seen. Usually the increase of
applied voltage leads to decrease in average fiber size (Zhou et al.,
2006). However, a different behavior was observed in our case. As
can be seen in Fig. 3a and b and in Fig. 4 (SEM pictures of cellulose
acetate fibrous structures for three different voltages), by increas-
ing the applied voltage the structure becomes less uniform (almost
same average value but a small increase in deviation). Similar are
the conclusions for the composite materials regarding the influence
of voltage. For the explanation of this, it must be taken into account
that the solvent mixture that was used had a quite high boiling point
(due to the addition of DMA) and in contrast to common volatile
organic solvents (e.g. dichloromethane, acetone, chloroform) the
solvent used in the experiments was not so volatile. By increasing
voltage the instability of the jet becomes more intense, and thus, the
fibers are formed in a more random and rapid way. The more ran-
dom production of fibers may result, to some extent, less uniform
structures. Also, less time is available for solvent evaporation as the
production of the fibers becomes more rapid. Subsequently, resid-
ual solvent remains in the fibers when they reach the target. This

leads to coalescence of neighboring fibers and thus the produced
structure is less uniform.

Rather peculiar were the results considering the influence of
iron oxide concentration on the fiber size. By adding only 1.4% of
iron oxide, a dramatic decrease in the average fiber diameter is
observed (independently from the applied voltage), as can be seen
in Fig. 3a. However, further increase of the iron oxide content does
not seem to have any major influence on the fiber size (Fig. 3b).
Usually, by increasing the concentration of the solution, the fiber
size is also increased, due to increase in the viscosity (Deitzel et al.,
2001). Also by increasing the conductivity of the solution the fiber
size decreases (Marras et al., 2008; Zong et al., 2002).

The electric conductivity and viscosity measurements of the
solutions are presented in Table 2. As can be seen, by increasing the
iron oxide content the conductivity also increases in all cases. The
viscosity however, decreases (compared to the pure polymer solu-
tion) when iron oxide is added in 1.4% but increases for all other
iron oxide concentrations. It must be taken into account that the
addition of the nanoparticles into the polymer solution has a dou-
ble effect. Firstly, it is reasonable to expect increased viscosity due
to the increase of the total dispersion concentration. However, the
solid nanoparticles hinder polymer chain interactions by increasing
their distance. The second phenomenon prevails in the 1.4% iron
oxide dispersion, while with further increase of iron oxide con-
tent, the first phenomenon becomes dominant and the expected
increase of the viscosity is observed. It should be mentioned here,
that unexpected decrease in viscosity of polymer blend, due to
nanoscale effects, has been reported in the literature (Mackay et
al., 2003).

Thus when adding 1.4% of iron oxide, both the increase in the
conductivity and the decrease in the viscosity tend to decrease the
fiber size. This is the explanation for the dramatic decrease in the
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Table 2

Viscosity and conductivity of the solutions used in electrospinning experiments.

% (w/v) Fe; 03 content in 20% (w/v) polymer solution
0% Fe,03

1.4% F6203

1.9% F€203

2.7% Fe, 03

4.5% Fe;03

Viscosity at 24.96 +0.02 °C (cSt)

781.2
718.6
789.8
850.3
858.9

Conductivity at 27 °C (S/cm)
5x10°6

8.6 x 1076

12x107°

1.4x 107>

1.6 x 107>

fiber size in the 1.4% composite material. By increasing even more
the iron oxide content, the conductivity increases (tendency for
smaller fiber size) but also the viscosity increases (tendency for
larger fibers). These two effects seem to cancel out each other, and
no tremendous influence of the iron oxide content on the fiber size
can be seen.

Representative SEM pictures of the composite materials are pre-
sented in Figs. 5 and 6. In Fig. 6 high magnification (10,000x or
9000x ) images can be seen. In the 4.5% composite some iron oxide
aggregates can be seen upon the fibers. In the composite of 2.7%,
iron oxide aggregates are hardly visible, while in the composites of
lower iron oxide content, no aggregates can be seen. These are evi-
dence for good dispersion of the particles into the polymer matrix
and are in agreement with the TGA results.

Finally it is worth mentioning that all of the composite materials
could be magnetized. Thus, they could possibly be used in advanced
separation processes induced by external magnetic field (separa-
tion due to pore structure and due to magnetism), for controlled
drug delivery or in more common applications of polymer-iron
oxide composites such as sound recording media (magnetic tapes).

4. Conclusions

Cellulose acetate—iron oxide composite nanofibrous materials
were successfully prepared via the electrospinning technique. The
composite materials exhibit enhanced thermal stability compared
to pure cellulose acetate. The addition of iron oxide in 1.4% con-
centration causes a decrease in the viscosity and increase in the
conductivity of the solution, which lead to a considerable decrease
in the fibers diameter. Further addition of iron oxide does not
have any tremendous influence on the fibers size, due to the com-
petitive effects of viscosity and conductivity increase. At higher
values of applied voltages, less uniform structures are produced,
due to incomplete solvent evaporation (fiber coalescence occurs).
The produced materials could be used in biomedical applications
(e.g.tissue engineering scaffolds) or in high temperature separation
processes (e.g. filters).
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