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Cellulose nanofibrous membranes made by electrospinning are characterized by their high porosity and
interconnectivity, and therefore, considered potential candidates for ultrafiltration processes. Due to the
difficulty to dissolve cellulose, electrospinning of cellulose derivatives followed by regeneration of cel-
lulose is a more convenient approach. Using a previously optimized set of electrospinning parameters,
the effects of thermal and chemical treatment of cellulose acetate (CA) nanofibers on their structural
stabilities are thoroughly discussed in the current article. Nanofibrous membranes initially made from

Ic(?l/l‘lllvﬁ:sd: solutions containing 10-20 wt% CA were investigated. Structural stability was monitored using infrared
Nanofibers spectroscopy (IR), differential scanning calorimetry (DSC), and scanning electron microscopy (SEM) tech-

niques. Results showed the possibility of de-acetylation of CA nanofibers during the thermal treatment
step, more precisely on the procedure and temperature of treatment. Combining thermal and alkali
treatment of CA nanofibers was found crucial to their morphologies. Optimization of these processes is,

Thermal stability
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Microstructure

therefore, attempted. Phase purity of the regenerated cellulose nanofibers was investigated.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Natural cellulose fibers normally have dimensions within the
micrometer scale. Recently, the formation of cellulose nanofibers
has attracted a great deal of attention due to their good thermal
stability, chemical resistance, biodegradability, and others (Kaur,
Ma, Chan, Ramakrishna, & Matsuura, 2006). These properties have
resulted in a wide range of applications in affinity membranes,
biosensors, chemosensors, protective cloths, reinforced nanocom-
posites, and others (Kaur et al., 2006). Among the different methods
of making cellulose nanofibers, an electrospinning has been widely
used. This technique is based on the application of a high voltage on
a polymeric solution with an appropriate viscosity (Zeleny, 1914).
If the applied voltage overcomes the surface tension of polymer
droplet, the later elongates as it exits a spinneret and deposits on a
grounded collector in the form of nanofibers (Zeleny, 1914). These
nanofibers could be made uni-directionally aligned or non-woven.
A non-woven network of polymeric nanofibers is characterized by
the presence of highly interconnected pores, which make these
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membranes viable for filtration industry (Barhate & Ramakrishna,
2007).

Electrospinning of cellulose is not an easy process because
of its weak solubility in traditional solvents (Kim, Kim, Kang,
Marquez, & Joo, 2006; Xu et al., 2008). Solvents such as N-
methyl-morpholine N-oxide/water (NMMO/water), lithium chlo-
ride/dimethylacetamide (LiCI/DMAc) and other ionic liquids have
been recently used to fabricate electrospun cellulose nanofibers
(Han, Son, Youk, & Park, 2008; Han, Youk, Min, Kang, & Park, 2008;
Kim, Frey, Marquez, & Joo, 2005; Kim et al., 2006; Kulpinski, 2005;
Xu et al., 2008; Zhang, Menkhaus, & Fong, 2008). However, these
solvents cannot completely evaporate during the electrospinning
process, while removal of lithium or chlorine ions from the elec-
trospun fibers was very difficult (Frey, 2008). On the other hand,
cellulose nanofibers were made by high temperature electrospin-
ning of cellulose melts (Kim, Chen, Kang, Park, & Schwartz, 2008).
Thicker fibers with diameters up to 1000 nm were obtained. To
enhance the solubility of cellulose and hence its electrospinnabil-
ity, cellulose derivatives have been extensively exploited (Frenot,
Henriksson, & Walkenstrom, 2007; S.O. Han et al., 2008; Han, Son,
Youk, Lee, & Park, 2005; S. Han et al.,, 2008; Liu & Hsieh, 2003;
Park, Han, & Lee, 2007; Son, Youk, Lee, & Park, 2004; Tungprapa
et al., 2007; Wang, Wang, & Huang, 2007; Wu, Wang, Yu, &
Huang, 2005; Zhao, Wu, Wang, & Huang, 2003; Zhao, Wu, Wang,
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Fig. 1. Schematic diagram of (A) the electrospinning setup, and (B) chemical structure of cellulose and cellulose acetate.

& Huang, 2004). Among these derivatives, cellulose acetate was
used in different solvent systems to produces nanofibers that were
then converted to cellulose by de-acetylation (Chen, Bromberg,
Hatton, & Rutledge, 2008; Liu & Hsieh, 2002; Lu & Hsieh, 2009;
Ma & Ramakrishna, 2008; Ritcharoen, Supsphol, & Pavsdsnt, 2008;
Yoon, Moon, Lyoo, Lee, & Park, 2009; Zhao et al., 2003). Investiga-
tors concluded that a proper solvent system for cellulose acetate
should be a mixture of polar and non-polar solvents. Rheology
and homogeneity of the obtained solutions using each solvent dic-
tated the produced nanofibers’ characteristics. It was found that
stand-alone solvents were not useful in obtaining homogeneous
nanofibers. Instead beads were formed within the nanofibrous
membranes obtained (Zhao et al., 2003). In a previous article, we
have successfully optimized the conditions of electrospinning of
cellulose acetate in an acetone/dimethyl acetamide solvent system
(Al Shamsi, 2009). In order to re-generate cellulose, chemical treat-
ment of CA nanofibers in alkaline solutions was suggested. Before,
doing that, researchers have recommended the thermal treatment
of the as-spun CA nanofibers to maintain the mechanical integrity
of the formed CA nanofibers. Thermal treatment is carried out at
temperatures above the glass transition temperatures of CA and
below their melting points. Ma et al. thermally treated CA sheets
sandwiched between Teflon plates at 208-210°C for 1 h, followed
by treatment in 0.1 M NaOH solution in water/ethanol for 24 h at
room temperature (Ma, Kotaki, & Ramakrishna, 2005). Son et al.
carried out the same process in 0.5N ethanolic solution of KOH
for 24 h after swelling the as-spun CA nanofibers in acetone/water
(1:1) solutions for 24 h (Son et al., 2004). Han et al. conducted this
process on the as-spun CA nanofibers in both aqueous and ethano-
lic solutions of KOH (0.5 N in each) for 3 h and observed swelling of
those fibers treated in aqueous media compared to those treated in
ethanolic media (S.0. Han et al., 2008; S. Han et al., 2008). Using a
more diluted ethanolic solution of 0.05 M NaOH, Zhang et al. (2008),
Lu and Hsieh (2009), and Tang and Liu (2008) conducted this pro-
cess in 24 h on the as-spun CA nanofibers. Liu and Hsieh (2002)
conducted the same process, also on as-spun nanofibers, in 0.05N
NaOH aqueous and ethanolic solutions for up to 140 and 60 min
in aqueous and ethanolic solutions, respectively. The current arti-
cle investigates the effect of thermal treatment of CA nanofibrous
membranes at temperatures up to 208 °C in different conditions,
followed by detailed quantification of the de-acetylation of CA to
regenerate cellulose nanofibers in alkaline media. De-acetylation
of the as-spun non-thermally treated nanofibers was also carried
out.

2. Experimental work

Cellulose acetate (CA) used in the current study was obtained
from Sigma-Aldrich, USA, with a 39.7 wt% acetyl content and an

average Mj, ca.of 50,000 (by gel permeation chromatography; GPC);
Fig. 1A. As a reference material, cellulose in the form of micro-
crystalline powder with an average particle size of 20 wm was
used. Solvent system used to dissolve CA included N,N-dimethyl
acetamide (DMAC); obtained as a ReagentPlus® with a min. assay
of >99%, and acetone; that was purchased from Merck, Darm-
stadt, Germany with a min assay of >99.8%. Ethyl alcohol and
tetrahydrofuran were also obtained from Sigma-Aldrich, USA as
analytical reagents with a min assay of 96%. Sodium hydroxide was
also obtained from Sigma-Aldrich, USA in a powder form as A.C.S.
reagents of 99+% min assay. A solvent mixture containing acetone
and DMAC, at a volume ratio of 2:1, was prepared by stirring their
respective volumes at room temperature for 1 h. Solutions contain-
ing 10, 12, 15, 17 and 20% of CA, as weight of CA per volume of
the solvent mixture, were prepared by dissolving the appropri-
ate amount of CA powder in the solvent mixture with warming
at a temperature around 30-35°C. Solutions were kept in their
beakers, completely sealed by a parafilm and aluminum foil to
avoid evaporation of the solvents, until being used in electrospin-
ning.

Parameters affecting the morphology and fiber size distribution
of the obtained nanofibrous membranes were previously opti-
mized (Greish et al., unpublished work). In brief, a high voltage
power supply, Gamma High Voltage Research, FL, USA, operat-
ing at 12kV was used. All polymer solutions were electrospun
onto a grounded collector covered by an aluminum foil, vibrating
at 100rpm, in a home-made plexiglass chamber that was pre-
saturated with acetone for 30 min. Pre-optimized electrospinning
conditions utilized with all CA solutions included a flow rate of
4mlL/h, and a needle tip-to-collector distance of 14cm. At the
end of every experiment, the fibrous membranes collected on the
Al foil was kept in the fuming hood at room temperature for
24h, to evaporate the remaining solvents. Each membrane was
further dried at 100°C for another 24h to ensure the removal
of all trapped solvents. In order to study the effect of apply-
ing a high voltage on the structural integrity of cellulose acetate,
phase purity, molecular weight, and thermal characteristics of
the prepared nanofibrous media were investigated by infrared
spectroscopy (IR), gel-premeation chromatography (GPC), and dif-
ferential scanning calorimetry (DSC) techniques, respectively, and
were compared to those of the as-received CA material. Phase
composition and molecular weight of a representative electrospun
CA sample were determined and compared to those of the as-
received CA polymer, using IR and GPC techniques, respectively.
IR characterization was carried out using a Nicolet Nexus 470
IR spectrosphotometer, USA. All samples, pre-pressed with KBr,
were scanned over the normal range of 4000-400cm~! using a
reflectance mode. GPC was carried out using an Agilent HP 1200
apparatus, Santa Clara, USA, connected to HPchem data acquisi-
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tion system. An Agilent PLgel mixed-C separation column; 300 mm
length, 7.5 internal diameter, and 5 pm packing particle size oper-
ating at a temperature of 25°C, was used in this regard. THF was
used as a mobile phase at a flow rate 1.0 mL/min isocratic elu-
tion was used over 15 min. Injection volume was 20 L. Detection
was obtained using refractive index detector and a UV detec-
tor at a wavelength 254nm. The GPC was pre-calibrated with
12 narrow molecular weight distribution polystyrene standards
over the molecular weight range of 162 g/mol to 5.0 x 106 g/mol.
Thermal characteristics of the electrospun CA nanofibers were
also investigated and compared to the as-received CA polymer.
Together with IR and GPC techniques, thermal characteristics fur-
ther confirm the structural integrity and stability of the electrospun
CA nanofibers. A differential scanning calorimeter (DSC 200F3-
NETZSCH), Germany, was used. Based on preliminary experiments,
samples were heated in air at a rate of 20°C/min for a maximum
temperature of 270°C, which is slightly higher than the melt-
ing temperature of CA (Liu & Hsieh, 2002; Meier, Kanis, & Soldi,
2004).

Thermal treatment of the nanofibrous media was carried out
at temperatures of 100, 150, and 200°C in an oven. Selected CA
membranes, 9 cm? surface area/each, were placed between 2 Teflon
sheets, 100 cm? in surface area and 3 mm in thickness/each. Each
assembly was heated for 1h at the previously mentioned tem-
peratures. In a parallel experiment, selected CA membranes were
placed in open Pyrex beakers and heated at the same temper-
atures for the same time periods. At the end of each thermal
treatment, the heated membranes were taken to room tempera-
ture, and then analyzed for their structure and morphology using IR
and scanning electron microscopy (SEM), respectively. Morpholo-
gies of the nanofibrous membranes were assessed using a Quanta
inspect scanning electron microscope, The Netherlands, operating
at a maximum voltage of 20kV. Uncoated samples morphologies
were collected at both low and high vacuum modes; depending on
the samples surfaces features and charging problems faced during
the SEM sessions.

The effects of treatment of CA nanofibrous membranes with
alkaline solutions on the composition, thermal characteristics and
morphology of these media were studied. As spun-CA membranes
were first weighed, on dry basis, then soaked in aceton/de-ionized
water (1:1 by volume) mixtures for 24 h. Exactly 10 cc of a 0.5M
solution of NaOH was added to each membrane soaked in the
acetone-water solutions. Membranes were removed from these
alkaline solutions after 5, 10, 15, 20 and 24 h, rinsed with fresh
de-ionized water for more than five times, then dried until a con-
stant weight. Each of the post-treatment alkaline solutions was
titrated against 0.5 M HCI solution to determine the exact volume
of NaOH used in the de-acetylation of CA nanofibrous membranes.
Completely dry CA membranes were then examined for their com-
position and morphology by IR and SEM techniques, respectively. A
representative CA sample, that was thermally treated at 208 °C for
1 h, was also subjected to further treatment in an alkaline solution
for 24 h. Its phase composition and morphology were also investi-
gated.

3. Results and discussion

3.1. Characteristics of optimally prepared cellulose acetate
nanofibers

In a previous article, the different parameters governing the
electrospinning of CA were optimized. Those were CA concentra-
tion in the acetone-DMAC solvent mixture, the applied operating
voltage, the flow rate, and the spinning distance. It was also
shown that pre-saturating the electrospinning chamber with ace-

Fig. 2. Scanning electron micrographs of (A) as-received CA powder, (B) electro-
spun cellulose acetate nanofibers, and (C) a cross section of an electrospun cellulose
acetate membrane showing its thickness.

tone and using a vibrating grounded collector have also helped
fine tune the characteristics of the produced fibers. The main cri-
teria that were used to optimize the electrospinning parameters
was the fiber morphology; its diameter and smoothness, as well
as the homogeneity of the fiber and pore size distribution within
a nanofibrous membrane. Fig. 2A and B shows the morphology
of as-received CA powder compared to as-electrospun CA sam-
ple. It is shown that irregular shaped CA particles were converted
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to fine homogeneous nanofibers with an average fiber diameter
of 380 nm, together with a uniform pore size distribution. Fig. 2C
illustrates a cross section of a typical nanofibrous membrane pre-
pared at the previously optimized conditions, showing that an
average thickness of a nanofibrous membrane of 150 nm could be
achieved. The randomness of the fibers distribution is a main char-
acteristic of fibers made by electrospinning (Taylor, 1964). This
results in an interlocking between the fibers, creating intercon-
nected porosities with different dimensions. Despite its random
depositions, the overall distribution of the fibers is still homoge-
neous, and is thus expected to result in a homogeneous pore size
distribution as well. It should be mentioned that thicker mem-
branes could be prepared at the optimized conditions if more
volume of the polymer solution was injected through the spin-
neret.

The structural stability of the electrospun fibers was maintained
during the electrospinning process. This was confirmed by com-
paring the infrared spectra of the as-received CA to the as-spun
CA sample; Fig. 3A. Both spectra showed the characteristic bands
of CA, especially the presence of both -OH and —-C=0 character-
istic stretching bands at 3600-3200, and 1760cm™!, respectively
(Barud et al., 2008). These bands confirm the partial substitution
of —OH groups along the cellulose structure by the acetyl groups,
where CA is known to contain 39.7 wt% acetyl content. However,
the uniformity of substitution, and the presence of this percent-
age of acetate groups in the structure of CA could not be confirmed
by IR. The effect of applying electrostatic forces on the structural

stability of CA during its spinning into nanofibers was also stud-
ied by following up the changes, if any, in the molecular weight
of CA after spinning. Fig. 3B shows GPC spectra of as electrospun
CA fibrous sample from a solution containing 17 wt% of CA. Molec-
ular weight analysis obtained using the UV and refractive index
detectors revealed the same M, value of 46,000 for the as spun
sample, which is the same as what was previously measured for the
as-received sample. Both IR and GPC results indicated that electro-
spinning did not affect the structural characteristics of the polymer
nor did reflect signs of degradation as a result of the high voltage
imposed on the polymer.

3.2. Effect of thermal treatment on cellulose acetate nanofibers

Fig. 3C shows the DSC spectra of the as-spun versus the as-
received CA samples, both heated up to 270 °C. The glass transition
(Tg) and melting (T;;) temperatures of CA are known to be around
198-205°C and 224-230°C, respectively (Liu & Hsieh, 2002; Meier
et al., 2004). The glass transition temperature of the as-received CA
was calculated to be around 180 °C. Fig. 3C show two endotherms
with peak temperatures of 107.2 and 236.1 °C, respectively in the
graph of the as-received CA sample. The first broad endotherm
is attributed to the evolution of water vapor, which is strongly
adsorbed on the CA powder by hydrogen-bonding. The second
endotherm may be attributed to Ty, of CA. Thermal results of CA
thus confirm its structure. Thermal treatment of CA nanofibers

Fig. 3. (A) Infrared spectra of (a) as-received and (b) as electrospun cellulose acetate. (B) Gel permeation chromatographic diagrams of (a) as-received and (b) as electrospun
cellulose acetate. (C) Differential scanning calorimetric curves of (a) as-received and (b) as electrospun cellulose acetate.
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Fig. 4. Scanning electron micrographs of nanofibers electrospun from solutions containing (A) 10 wt%, (B) 12 wt%, (C) 15 wt%, (D) 17 wt%, and (E) 20 wt% cellulose acetate
after thermal treatment in air at 208 °C for 1 h, (F) average fiber size distribution as a function of distance.

was previously recommended in order to confirm the removal of
remaining solvents and improve the mechanical integrity of the
membranes (Ma et al., 2005). The current results suggest a temper-
ature range for thermal treatment of CA to be within a range of >180
to <236 °C to avoid degradation of CA. DSC of the as-electrospun CA
membrane; shown in Fig. 3C, indicates the absence of the dehydra-
tion endotherm. This is attributed to the evolution of all water of
hydration as a result of drying these membranes at 100°C for 24h
before carrying out its DSC testing. A couple of enotherms were
observed between 190 and 235 °C. The last endotherm, at 230°C, is
attributed to the melting temperature (T;;) of CA nanofibers, which
is in accordance with that observed for as-received CA. The three
endotherms at 190, 208 and 215°C are, therefore, attributed to a
series of events taking place at these temperatures before melt-
ing of the fibers, as will be shown later in the current manuscript.
A glass transition temperature (Tg) of around 186°C was calcu-
lated for the as-electrospun CA sample, which is slightly higher
than that of the as-received CA shown in Fig. 3C. A final conclusion
in this respect is the absence of any thermal events at temper-
atures below 186 °C, indicating its expected stability up to this
temperature. In fact, at temperatures below the melting temper-
ature of CA, the chemical structure stability of CA is presumably
constant.

Based on the above findings, a temperature of 208°C was
selected to thermally treat the nanofibrous membranes electro-
spun from solutions containing various concentrations of CA.
Previous studies have shown that this temperature was optimum
to strengthen the fibers and confirm the removal of any remaining
solvents. The micrographs in Fig. 4 ensure the complete removal
of solvents. However, a gradual increase in the fiber diameter was
also observed with increasing the CA concentration; Fig. 4F. The
least average fiber diameter of 200 nm was achieved in those ther-
mally treated membranes spun from solutions containing 12 wt%
of CA. There was no indication from the micrographs of these ther-
mally treated membranes of structural deformation of the fibers
as a result of thermal treatment. Fig. 5 shows the IR spectra of
these membranes. The IR spectra of CA 10 and 12 illustrate the
thermal stability of the CA fibers as indicated by their similarity
to that of as received and as spun CA samples shown in Fig. 3A.
The IR spectra of CA 15, 17 and 20, however, reflected the absence
of the C=0 group that is characteristic to the acetyl group around
1750 cm~!. This indicates the de-acetylation of the CA fibers and
the formation of cellulose fibers instead, reflecting the instability of
membranes made of these concentrations in particular to thermal
treatment at 208 °C. Visually, these later sheets showed brown-
ish yellow color after thermal treatment, compared to a stable
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Fig. 5. Infrared spectra of nanofibers electrospun from solutions containing (a)
10wt%, (b) 12wt%, (c) 15wt%, (d) 17wt% and (e) 20wt% cellulose acetate after
thermal treatment in air at 208 °C for 1 h.

white color of the CA 10 and 12 membranes. Despite this col-
oration of the sheets, their mechanical integrity was not affected.
A closer investigation of all samples indicated that those thermally
affected sheets were originally thinner (around 100 wm) than the
CA 10 and 12 membranes (around 150 pwm). It should be men-
tioned that each membrane was originally sandwiched between
3 mm Teflon sheets to avoid direct exposure of the sheets to heat
(Ma et al,, 2005). The thermal instability is, therefore, attributed
to a local concentration of heat on these thin sheets, resulting in
their instability. To confirm these findings, A CA 12 membrane,
with a thickness of around 100 wm, was cut to four equal sections.
These were thermally treated at 150 and 200 °C for 1 h at each tem-
perature. Two samples were similarly sandwiched between Teflon
sheets, while the two other samples were kept in a Pyrex beaker
at these temperatures. Fig. 6 shows IR spectra of the fours samples.
These spectra show the disappearance of the acetyl carbonyl (C=0)
group at 150 and 200°C in samples sandwiched between Teflon
sheets. On the other hand, those samples treated in an open Pyrex
beaker showed an initial decrease in the intensity of the acetyl car-
bonyl group at 150°C compared to that of the as-spun spectrum.
This band showed a further decrease in intensity by raising the
temperature to 200 °C. These results are therefore in agreement
with those obtained for the CA 15, 17, and 20 samples previously
shown in Fig. 5. These findings indicate that what was known as
thermal stability of CA up to 208°C (Ma et al., 2005), was most
probably of thick samples (>100 pm thickness). Careful investi-
gation of the IR outcomes, therefore, leads to an explanation of
the thermal events previously shown as endotherms at 190, 208
and 215°C in the DSC spectrum of CA nanofibers; Fig. 3C. It can
be concluded at this point that the removal of the acetate group
from the CA nanofibers starts at temperatures right below 190°C,
especially in thin membranes and/or small CA nanofibers, where
both are characterized by high surface area, which can be consid-
ered a strong parameter that enhanced the thermal de-acetylation
process.

3.3. Effect of alkali treatment on cellulose acetate nanofibers

Treatment of cellulose acetate in alkaline solutions is known to
result in the removal of the acetate groups and the regeneration
of cellulose (Son et al., 2004). Therefore, the objective of this step
was to investigate its effect on the integrity and morphology of the
regenerated cellulosic fibrous membranes. As was discussed above,
thermal treatment was found to result in the partial removal of the

Fig. 6. Infrared spectra of cellulose acetate nanofibrous membranes electrospun
from solutions containing 12 wt% of cellulose acetate and thermally treated at (a)
150°C and (b) 200 °C while (A) sandwiched between 4 mm thick Teflon sheets and
(B) left in pyrex beakers.

acetate group from the CA chains. Therefore, the first experiment
in this regard was to confirm the removal of this group from a ther-
mally treated membrane in which traces of acetate group was still
observed in its IR spectrum. Fig. 7A shows a SEM micrograph of a
CA 12 membrane, 100 wm thickness, that was sandwiched between
Teflon sheets, thermally treated at 208 °C followed by soaking in
0.5M NaOH solution for 24 h, then completely dried at 100°C for
24 h. Distortion of the fibers morphology is the main observation
that can be implied from the micrograph. This is expected to highly
influence the mechanical integrity of the treated membranes. On
the other hand, this was not found to affect the chemical composi-
tion of the membranes where its IR spectrum revealed the presence
of cellulose as the only phase; Fig. 7B. These findings indicate that
regeneration of cellulose from thermally treated membranes may
take place completely but on the expense of the quality of the fibers
morphology. To avoid these circumstances and to fabricate un-
deformed high quality cellulose fibrous membranes, regeneration
of cellulose was decided to be carried out on fibrous membranes
that were only dried at 100 °C without further thermal treatment.
As aresult of the alkali treatment, the volume of un-reacted NaOH
was determined by titrating the remaining NaOH against a standard
0.5 M HCl solution. Fig. 8A shows the volumes of HCl needed to neu-
tralize the un-reacted NaOH in each of the alkaline solutions after
each time period of soaking the different membranes in them. All
samples showed a decrease in the volume of HCl needed to neutral-
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Fig. 7. (A) Scanning electron micrograph of a cellulose acetate nanofibrous mem-
branes electrospun from a solution containing 12 wt¥% cellulose acetate, thermally
treated at 208°C for 1h then alkali treated in 0.5M NaOH solution for 24 h. (B)
Infrared spectrum of a cellulose acetate nanofibrous membranes electrospun from
a solution containing 12 wt% cellulose acetate, thermally treated at 208°C for 1h
then alkali treated in 0.5 M NaOH solution for 24 h.

ize the remaining NaOH compared to the standard membrane-free
titrations. This decrease is attributed to the consumption of vari-
able amounts of NaOH for the removal of acetyl groups from the CA
structure, and the consequent regeneration of cellulose. This takes
place according to the following reaction:

cellulose — (CH300)3 + 3NaOH

(cellulose acetate: CA)

— cellulose — (OH);
(regenerated cellulose: RC)

+ 3CH3COONa

The difference in the volumes consumed between the various
types of membranes may be attributed to the original difference in
their weights. It should be mentioned that the variation of the vol-
umes of HCI needed for each type of CA was not pronounced after
a maximum of 10h treatment. This indicates a possible comple-
tion of the removal of acetyl groups after a maximum of 10 h only.
Lu and Hsieh (2009) previously regenerated cellulose by treating
CA membranes in 0.05 M aqueous NaOH solution for 24 h. Ma and
Ramakrishna (2008) and Ma et al. (2005) carried out the same reac-
tion for 24 hina 0.1 M NaOH in an (ethanol:water of 2:1 by volume)
or (ethanol:water of 4:1 by volume) solvent mixtures, respectively.
Using higher concentration of NaOH in the current studies is thus
considered the main cause of lowering the time needed for the de-
acetylation reaction to take place. To confirm the deacetylation of
the nanofibrous membranes in the current study, they were inves-
tigated by IR spectroscopy as a function of alkali treatment time. A

Fig. 8. (A) Volumes of HCl required to neutralize the un-reacted NaOH in each of the
alkaline solutions after each time period of soaking the different cellulose acetate
nanofibrous membranes. (B) Relative intensity of the C=0 characteristic band at
1750 cm~"! to the C-C characteristic band at 1375 cm~" as a function of soaking time
(in h) during the alkaline treatment of CA10-17 nanofibrous membrane.

semi-quantitative analysis was carried out to follow-up the disap-
pearance of the acetyl carbonyl group at 1750 cm~! with time, using
a band at 1375cm™!, which is characteristic to the C-C absorp-
tion, as a reference band. Variation in the relative intensity of the
carbonyl band to that of the C-C band (Ic-q/Ic_c) with time was
followed. Results are shown in Fig. 8B, and revealed the complete
disappearance of this band after a maximum of 10 h, and the conse-
quent regeneration of cellulose. These findings, therefore, confirm
the titration results previously shown in Fig. 8A.

The variation in the morphology of the membranes as a result
of treating them in alkaline solutions is shown in Fig. 9. Unlike the
conclusions drawn from Fig. 7, cellulose regeneration without a
thermal pre-treatment seems not to affect the overall integrity of
the fibers, where no distortion of the fibers was observed in all
samples. However, comparing the fiber size distribution of these
membranes, given in Fig. 9E, indicates a relative increase in the
diameter of all fibers compared to the as spun and those ther-
mally treated at 208 °C. This could be attributed to the swelling step
that was carried out to increase the spacings between the fibers to
facilitate the alkaline treatment reaction.

Thermal analysis of a representative regenerated cellulose
membrane; RC12, was carried out by DSC. Compared with the
DSC graphs in Fig. 3C, the DSC of the regenerated cellulose (RC12)
showed an average Ty of 192.1°C. The previous confirmation of
the de-acetylation process by IR analysis excludes the possibility
of presence of remaining CA in the tested membrane. Therefore,
the presence of a Ty in the RC12 sample may be attributed to par-
tial crystallization of the regenerated cellulose, although it was not
easily identified by X-ray diffraction (Fig. 10).



576 Y.E. Greish et al. / Carbohydrate Polymers 82 (2010) 569-577

Fig. 9. Scanning electron micrographs of nanofibers electrospun from solutions containing (A) 10 wt%, (B) 12 wt%, (C) 15wt%, and (D) 17 wt% cellulose acetate after thermal
treatment in air at 208 °C for 1 h followed by soaking in 0.5 M NaOH solutions for 24 h, (E) average fiber size distribution as a function of distance.

Fig. 10. Differential scanning calorimetric curve of a regenerated cellulose mem-
brane made by alkaline treatment of a cellulose acetate nanofibrous membrane
containing 12 wt% of cellulose acetate (insert shows details of the DSC graph with
an arrow pointing at the T of the regenerated cellulose sample).

4. Summary

The current article investigated the effect of thermal and
alkali treatment on the structural stability of cellulose nanofibrous

membranes made by an electrospinning technique. Nanofibrous
membranes made from solutions containing 10-20wt% of CA
in acetone-DMAc solvent mixtures were investigated. Results
showed the dependence of structural stability of the fibers on the
procedure of thermal treatment, and the thickness of the mem-
branes. An evidence of de-acetylation of the membranes as a result
of thermal treatment was observed. Thermal treatment of thin
CA sheets (<100 nm in thickness) followed by de-acetylation in
alkaline solution showed damage of the nanofibers’ morphology.
De-acetylation of the as-spun nanofibrous membranes in alkaline
solutions reached completion in less than 10 h without deteriorat-
ing the morphology of the nanofibers.
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