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Aqueous mixture of NaOH/poly(ethylene glycol) (PEG) at a ratio of 9/1 was found
to be an excellent solvent for untreated cellulose. Na-Cellulose complex and
hydration of the subsequent alkali ions are the key factors to the dissolution

mechanism. The role of PEG molecules is believed to be the acceptor of hydrogen
bonding which connects the hydroxyl groups in cellulose and prevents the regeneration
of cellulose through the inter- and intra-chains association. The formation of a high 
concentration of spinning dope in NaOH/PEG aqueous solution provided an excellent
potential for formation cellulosic fibres with high mechanical properties. Novel 
cellulose multi-filament fibres were spun successfully, for the first time, from the 
cellulose-NaOH/PEG dope on a laboratory scale spinning machine. Coagulation was
accomplished in a bath with H2SO4/Na2SO4 (10 / 5 wt%) aqueous solution. The tensile
strength, elongation-at-break, and crystallinity of the resulting fibres, in the given order
correspond to 1.94 cN/dtex, 5.72% and 54%. The morphology and structure of the
regenerated fibres were characterized by different techniques, e.g., scanning 
electron microscopy (SEM), nuclear magnetic resonance (13C NMR), wide-angle X-ray
diffraction (WAXD), and Fourier transform infrared (FTIR) spectroscopy. The novel
fibres possess circular cross-sections as well as relatively high molecular weights, and
crystallinity indexes comparable with cellulose II family crystal structure, leading to
good mechanical properties. This new approach offers great potential for cellulose
fibres on an industrial scale with a cheap, non-polluting and shorter production cycle
compared to that of viscose technology.

INTRODUCTION

In recent years, the development of
bio-based materials has received an
increased interest due to the energy
crisis and global warming [1]. It is
worth noting that polymers from
renewable resources have attracted
much attention because of their
biodegradability and potential to
replace some petrochemical 
materials [2]. Cellulose is an 
environmentally friendly material
as the most abundant natural poly-

mer which yields various useful
products because of its renew-
ability, biodegradability, biocom-
patibility, and multitude of chemi-
cal derivations [3,4]. Regeneration
of cellulose fibres is one of the
most important tasks for the 
application of the native cellulose.

However, a bottleneck question
in restraining cellulose applications
is its dissolution in a simple 
solvent system. The existence of the 
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crystalline cellulose makes it difficult to dissolve. The
oldest technology for producing regenerated cellulose
fibres (e.g., rayon fibres) is the viscose process 
that was developed over 100 years ago [5,6].
Unfortunately, this process generates several 
environmentally hazardous byproducts, including
CS2, H2S and heavy metals, etc. In this respect, it is
imperative to identify new spinning systems for 
cellulose industries that can overcome these 
environmental problems.

In the past century, although many new solvent
systems were found, e.g., liquid ammonia/ammonium
thiocyanate (NH3/NH4SCN) [7], metal thiocyanate
salts (Ca(SCN)2, NaSCN, KSCN, LiSCN) [8], zinc
chloride (ZnCl2) [9], lithium chloride/N,N-dimethy-
lacetamide (LiCl/DMAC) [10], and dimethyl
sulphoxide (DMSO) [11], still most of these systems
were limited to laboratory scale applications due to
volatility, toxicity and high cost. In recent years, few
"green" solvent systems have been developed by 
different research groups which include N-methyl-
morpholine-N-oxide (NMMO) [1], ionic liquids (IL)
[12]. However, these innovative technologies also
produce considerable amounts of byproducts and
require effective recovery of the expensive solvents,
and thus it is not suitable for replacing viscose 
technology on full scale. Lately, a series of 
water-based solvent systems for cellulose have been
reported. It is found that cellulose dissolves easily
and quickly in any of the pre-cooled aqueous 
solutions of NaOH/thiourea [13], NaOH/urea [14] or
NaOH/thiourea/urea [15,16], producing stable 
cellulose solutions. All these solvent systems are
inexpensive, with minor toxicity though, and the
properties of the cellulose solutions and their 
resulting fibres have been investigated to some
extent. 

In this study, we attempted to prepare a new class
of cellulose fibres from conventional cotton linter
pulp by using NaOH/PEG aqueous solution which
has been proved to be a novel "green" and direct 
solvent system for dissolving cellulose [17,18]. The
formation of a high concentration of spinning dope
provided an excellent potential for forming cellulosic
fibres with high mechanical properties. Compared
with the viscose route, NaOH/PEG aqueous solution
is a much simpler and lower cost solvent system of

cellulose. It is suggested that this solvent system has
great promise and great potential in the manufacture
of cellulose film and fibres. The production of such a
fibre from a relatively inexpensive solvent, renewable
raw material would offer considerable potential for a
variety of applications. 

This work represents a first attempt to prepare the
wet-spun regenerated cellulose fibres from cellulose
in the NaOH/PEG aqueous system on a laboratory
scale via a pilot machine to attract the industrial 
interest. It is our intention that the results may 
contribute towards a meaningful pathway that can
help us to develop much more simply the production
of regenerated cellulose materials including fibres,
functional fibres, non-woven fabrics and blended
nanomaterials.

EXPERIMENTAL

Materials
Cellulose samples (cotton lint pulp (DP=620) 
supplied by Xinxiang Bailu Chemical Fibres Co. Ltd.
(Henan, China). Sodium hydroxide and PEG-2000
were purchased from Shanghai Ling Feng Chemical
Reagent Co. Ltd., and they were used without further
treatments.

Preparation of Concentrated Fibre Spinning
Dopes
The sheets of cellulose were shredded and dried for 
8 h in a vacuum oven and stored in a desiccator prior
to use. Five grams of PEG-2000 and 45.0 g of NaOH
were added into 450 mL of ultrapure water to prepare
a mixture of aqueous solution of 9/1 wt% NaOH/
PEG. Then, 35.0 g of cellulose was dispersed inside
the mixture and allowed to swell for 3 h at room 
temperature. The resulting suspension was cooled
down to -20°C and held at that temperature overnight
(12 h) until it became a solid frozen mass. The frozen
solid was then allowed to thaw out at room 
temperature under vigorous stirring at ambient 
temperature for 5 min, and at the end a homogeneous
cellulose solution was obtained. To ensure a 
continuous spinning dope, the resulting cellulose
solution was filtered through 400 pores meshes to
remove insoluble particles and it was degassed in a
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vacuum oven under reduced pressure for 15 h at 10°C.
The solution (7 wt %) thus obtained was immediately
employed in wet-spinning of the cellulose fibres.

Preparation of Novel Cellulose Fibres
Multifilament spinning of the cellulose solution was
carried out on a laboratory scale spinning apparatus
(Figure 1). The cellulose solution was introduced into
the cylinder at room temperature. A pressure of 
0.1 MPa was applied to the spinning dope to extrude
it into a coagulation bath using a spinneret of 12 
orifices, with the orifice diameter of 0.1 mm. The 
1/2 wt% H2SO4/Na2SO4 aqueous solution was 
selected as coagulation bath. The temperature of the
coagulation bath was pre-set at 20°C. The apparent jet
stretch ratio (the ratio of the take-up velocity to the
dope extrusion velocity) was 90%. The fibres were
subsequently washed in boiling water until the pH
value of the fibres was about 7, and further drawn up,
while the post-drawing ratio was adjusted as 120%.
After spinning and washing thoroughly, the blend
fibres were dipped through the finishing oil bath 
and gradually dried by a heating roller (surface 

temperature 65-80°C) and woven on a spool. 

Characterization
Dissolution of cellulose in aqueous NaOH/PEG 
system was observed by the disappearance of the
highly crystalline cotton linter using an Olympus
polarized light microscope (PLM, RX51-P, Japan).

Morphology of the fibres was observed with 
scanning electron microscope (SEM, JSM-5600LV,
Jeol, Japan), The free surface and cross-section of the
fibres after freezing in liquid nitrogen and snapping
immediately, followed by vacuum-drying and 
sputtering with gold were observed by SEM, with 
10 kV as the accelerating voltage. 

Solid-state 13C NMR spectra of the fibres and 
cellulose pulp were recorded at ambient temperature
on an advance 400 spectrometer (Bruker,
Switzerland) at resonance frequency of 75.4 MHz 
for 13C. The spinning rate and the contact time were
5.0 kHz and 5.0 ms, respectively.  

Fourier transformed infrared spectroscopy (FTIR)
of the pulp and regenerated fibres were recorded with
FTIR spectroscopy (model 1600, Perkin Elmer,
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Figure 1. Sketch of multifilament spinning machine: 1- A pressure extruder with a stainless cylinder 
having cooling jacket (the temperature of the spinning solution is preserved at 10°C); 2- gauging device;
3- coagulation bath(10 wt% H2SO4/5 wt% Na2SO4 aqueous solution, 20°C); 4- Nelson-type roller; 5- water
spray device; 6- washing bath (hot water, 70°C); 7- post drawing roller; 8- post treatment device (finishing
oil bath); 9- heating roller; 10- take-up device.



USA). The tested samples were prepared as KBr-
disks. The FTIR spectrum (4000-400 cm-1) of each
cellulose samples was recorded using a Nicolet 410
spectrometer with a resolution of 4 cm-1 and 64 scans
per sample.

Crystalline structure of the cellulose fibres was 
analyzed by a Rigaku-D/MAX wide-angle X-ray 
diffraction (WAXD) of Uitima III, Japan. These 
cellulose samples prepared by powder were laid on
the glass sample holder and analyzed under plateau
conditions. Ni-filtered CuKa radiation generated at a
voltage of 40 kV and current of 150 mA was utilized,
and a scan speed of 5°/min was used within 5-60°
range. The degree of crystallinity was calculated by
the method of peak separation and Gaussian peak fit
with the software Origin 7.5. The formula is as 
follows:

(1)

where Xc is the crystallinity of the cotton fibre, Ic is
the sum of all crystal diffraction peak intensities, and
Ia is the diffraction intensity of the amorphous peak.  

The tensile strength and elongation-at-break 
values of the dried fibres were measured on a 
universal tensile tester (XQ-1, Donghua University,
China) according to ASTM method D2256-80. The
fibres were first preconditioned for one day at room
temperature and 65 wt% room humidity (R.H.); a test
length of 50 mm was used for fibres at a speed of 
5 mm/min.

RESULTS AND DISCUSSION

Dissolution Process in Cellulose in NaOH/PEG
Aqueous Solution
During the dissolution process, the cellulose 
morphology in solvents was observed by polarized
optical microscopy. As shown in Figure 2, before 
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Figure 2. Photos of: (a) original cotton linter pulp , (b) 7 wt% cellulose in NaOH/ PEG (9/1 wt%) aqueous solution;
the polarized optical images of cellulose: (c) before dissolution and (d) after a cooling-thaw treatment in NaOH/PEG
(9/1 wt%) aqueous solution. 
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dissolving, the cellulose exists in aggregation state,
and the size of the aggregates is about 10 μm in 
diameter and several millimeters in length. However,
the complete dissolution has occurred after a 
freezing-thawing treatment of the cellulose in
NaOH/PEG (9/1 wt%) aqueous solution. The 
proposed mechanism is that NaOH hydrates-PEG
hydrates-free water-cellulose form a special complex
in the solution at low temperature. While NaOH 
molecules destroy the inter- and intra-hydrogen bonds
of cellulose molecules the PEG hydrates act as hydro-
gen-bonding acceptor between the solvent 
molecules and prevent the re-association of cellulose
molecules, thus leading to dissolution of cellulose
molecules. 

In addition, freezing temperature appeared to play
an important role in affecting the dissolution process.
As the temperature is lowered, the network of the 
hydrated solvent becomes stronger, probably due to
the increased hydrogen bonding strength. Taking
NaOH hydrates for example, the Na+ and OH- ions
are surrounded by a "cage" of water molecules
because of ionization equilibrium and hydration. That
is, the Na+ ion exists as [Na(H2O)m]+, and the OH-

ion as [OH(H2O)n]- at sub-zero temperatures [19]. At
room temperature, the fast exchange between bulk
and coordinated water molecules cannot sustain such
[Na(H2O)m]+ and [OH(H2O)n]- structures. 

When cellulose is dissolved at low temperatures,
this strong network of solvent hydrates would 
cleavage mainly the closely chain packed cellulose
chains through the formation of new hydrogen bonds
between cellulose and NaOH hydrates. Meanwhile,
PEG associates with the cellulose hydroxyl groups
and prevents the aggregation of cellulose chains
through the inter- and intra-molecular hydrogen
bonds association. This behaviour is similar to the
cuprammonium solvation of cellulose, in which
ammonia molecules coordinated to copper ions are
hydrogen-bonded to cellulose as blockers. When the
temperature is raised, the hydrogen bonds are 
weaker, and the network of hydrates is gradually
destroyed [20]. 

Structure Formation during Cellulose
Regeneration Process
SEM images of regenerated fibres prepared by wet 

Figure 3. SEM Images of (a) the surface and (b) cross-sec-
tion and (c) enlargement of the cross-section of novel fibres.

spinning and the fractured surface of these fibres are
shown in Figure 3. The fibres were fractured in a 
brittle fashion which can be attributed to high 
modulus. The fibres exhibit a dense and homogeneous
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structure with small voids of pore size from 20 to 
200 nm (Figures 3b and 3c) indicating that 
wet-spun cellulose fibres are a kind of coagulation of
gels containing a large amount of solvent, similar to
the formation of voids in concretionary fibres on wet
spinning [21]. It has been observed that the initial
fibres from NaOH/PEG (9/1 wt%) aqueous cellulose
solution, which emerged from the coagulant bath,
exhibit a soft and elastic gel state because of the fast
ion exchange and neutralization processes. The dense
structure is formed in such a highly swollen filament
in which cellulose molecules more easily self-
organize into a fibrillar structure. 

It is reasonable to believe that the coagulation of
the spinning dope follows the well-known principles
of phase separation in polymer solutions, valid in
other wet shaping processes. In this case, the wet-
spinning is just a physical sol-gel transition process
caused by the non-solvent diffusion into the cellulose
dope while that of solvent leaving. Subsequently, uni-
form physical regeneration of the fibres directly from
cellulose "solution" in a quasi-gel state is formed
mainly by physical cross-linking and residual 
hydrogen bonds without an asymmetrical chemical
reaction on the fibres, leading to the circular/oval
cross-section. 

Meanwhile, the void structure originates from the
cellulose gels filled with water during the precipita-
tion process. The regenerated fibres also exhibit a
smooth surface structure, indicating that the wet-spun
cellulose fibres started as a kind of coagulated gel,
being markedly different from that of viscose fibres
(globulate skin-core structure) that are determined by
acid-alkali neutralization and the reverse xanthation
reaction [22]. The specific gravity of the regenerated
fibres determined by the floatation method 
(tetrachloroethane/n-heptane system at 25°C) was
found to be 1.43 which is in good agreement with that
of the natural cellulose fibres.

The 13C NMR spectra of the cellulose pulp and the
regenerated fibres are shown in Figure 4. Fibres of the
regenerated cellulose exhibit four main peaks at
105.3, 88.1, 75.3 (77.2, 73.4) ppm assigned to the C1,
C4, C5 (C3, C2) as well as the C6 peak which lies at
62.8 ppm, which is assigned to cellulose II. The
results strongly indicate that the cellulose dope 
transforms into regenerated cellulose II when the 

Figure 4. Solid-state 13C NMR spectra of cellulose pulp and
regenerated fibres

cellulose gel is regenerated in the coagulation bath,
leading to the transformation of the crystalline 
structure. Moreover, the crystalline/amorphous
regions are clearly distinguished in the C4 and C6 res-
onances [23]. The signals of C4 at around 
89.3 ppm and its shoulder peak at 82.9 ppm are 
related to the status of carbons located in either 
the crystalline or the amorphous regions [24], 
respectively. 

For the regenerated fibres, the broad shielding
shoulders appear in the C4 regions which correspond
to the peaks in the amorphous region. The C4 peaks
located at 88.1 ppm are shifted to higher magnetic
field compared to the native cellulose (89.3 ppm) and
with intensity being significantly lower would suggest
decreases in their crystallinity. The C6 signal of the
novel fibres obviously shifts from 65.1 ppm to 62.8
ppm as a single peak, indicating that the "t-g" 
conformation of the C6-OH group of cellulose I 
crystals changed into a "g-t" conformation of 
cellulose II crystals during cellulose regeneration
process [25]. 

Figure 5 shows IR spectra of the original cotton
linters and the cellulose fibres. Although the 1113 cm-1

band seems strong in the spectrum of cellulose pulp
but it almost disappears in the case of fibres. Nelson
and O'Connor reported in 1964 that the 1113 cm-1

band is relatively strong in the spectrum of cellulose I
and appears only as a shoulder in cellulose II and
amorphous cellulose spectra [26]. The absorption 
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Figure 5. FTIR Spectra for cellulose pulp and fibres.

band at 1421 cm-1 for the cellulose fibres assigned to
CH2 scissoring motion, is weakened and shifted to
low wavenumber compared to the 1430 cm-1 peak for
the cotton linters, indicating the destruction of an
intramolecular hydrogen bond involving O6 [27].
Moreover, a new shoulder at 990 cm-1 belonging to
the CO stretching vibration in the amorphous region
emerges in the cellulose fibres but not in the cellulose
I crystallites. 

X-ray diffraction has been often used to 
investigate the crystalline structure of fibrous 
materials. The X-ray diffraction patterns of cellulose
pulps and regenerated fibres are shown in Figure 6.
The cellulose pulps exhibit a strong diffraction peak
at 22.5 while two peaks at 14.8 and 16.4, correspon-
ding to their (200), (110), and (110) planes, are 
attributed to cellulose I crystalline form; whereas, the
pattern from the fibres is resolved to show two 
peaks, at 11.9 and 21.6, corresponding to (110) and

Figure 6. WAXD Curves of the cellulose for cellulose pulp
and fibres.

(200) planes, as observed for viscose rayon and
cuprammonium rayon being attributed to the typical
cellulose II crystalline form [28]. 

These results further confirm that the cellulose I
crystalline structure is transformed into cellulose II
crystalline structure during the regeneration process
of cellulose. The crystallinity of cellulose pulp and
fibres were measured by X-ray diffraction with the
respective order of 71% and 54% (Table 1), which
reveal that the fibres show crystalline structures 
similar to those of Lyocell fibres (~55%) and higher
than that of common viscose yarn (~30%). Moreover,
the Mη value of the cellulose fibres was determined
to be 9.26×104, namely the degree of polymerization
(DPV) is about 570, which is higher than that of 
viscose rayon, and similar to that of Lyocell (Table 1).
The relatively high molecular weight and 
crystallinity index of our fibres suggest that no

Structure and Properties of Novel Cellulose Fibres ...Zhang S et al.

Iranian Polymer Journal / Volume 19 Number 12 (2010) 955

 

Fibre Cross-section Crystallinity
(%)

DPV Ref.

Shape Morphology

Cuprammonium fibre 
Viscose rayon 
Lyocell fibres 
Novel fibres

round/oval
lobate
round/oval
round/oval

multilayers
core/skin
homogeneous 
homogeneous 

ca. 43
ca. 30
ca. 55
ca. 54

ca. 500
ca. 300
ca. 600
ca. 570

[1]
[1]
[1]

this work

Table 1. Structural comparison of novel cellulose fibres and other regenerated fibres.

 



noticeable degradation in cellulose molecules occurs
during the dissolution and regeneration processes. 

Tensile strength and elongation-at-break values 
of the fibres were measured in a given order to be 
1.94 cN/dtex and 5.72%, which were in the range 
similar to that of the commercial fibres, suggesting
the dissolution and regeneration process of cellulose
in the NaOH/PEG aqueous solution facilitated 
retaining the elastic properties of natural cellulose
fibres. Moreover, Laszkiewiz et al. have reported that
the tensile strength of viscose fibres depends not only
on the cellulose concentration and coagulation 
conditions, but also on the draw ratio of fibres during
the spinning [29]. Therefore, it is anticipated that the
mechanical properties may be improved significantly
by decreasing the molecular weight or crystallinity of
cellulose to increase the cellulose concentration 
further or by an improved spinning pilot machine with
special attention on coagulation and multi-stage draw
processes. 

CONCLUSION   

Regenerated cellulose fibres were fabricated 
by dissolution of cotton linter pulp in NaOH/PEG 
(9/1 wt%) aqueous solution followed by wet-
spinning. Compared with commercial rayon fibres
fabricated by the viscose process, the regenerated 
cellulose fibres exhibited higher crystallinity and still
similar mechanical properties. Structural analyses
demonstrate that the transformation of cellulose of
type I into type II occurs during the regeneration
process of cellulose. The dissolution and regeneration
of the cellulose in the NaOH/PEG aqueous solutions
were a physical process and a sol-gel transition rather
than a chemical reaction, leading to the smoothness
and luster of the fibres. It is noted that the coagulated
fibres are rolled up at one roller, namely the 
orientation of the novel fibres is not full, which is 
different from commercial products. In general, the
low cost and low toxicity of the NaOH/PEG solvent
system followed by wet spinning process appear quite
promising for the development of an economically
feasible and more environmental friendly process 
for industrial scale production of cellulose fibres, 
functional fibres and nanomaterial.
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