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a b s t r a c t

In this work, bacterial cellulose (BC) was dissolved in N-methylmorpholine-N-oxide monohydrate
(NMMO·H2O), and regenerated BC fibers were prepared. Structure and properties of the regenerated BC
fibers were characterized by different techniques such as scanning electron microscopy (SEM), fourier
transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), thermogravimetric analysis (TGA), and
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single filament electric tenacity tester. Results revealed that whole fibers showed a circular shape with
fairly regular size along the fiber axis. There was no significant difference between the structure of native
BC and the regenerated BC fibers. The regenerated BC fibers had a cellulose II crystalline structure, lower
degree of crystallinity, smaller crystallite sizes, and better thermal stability than the native BC. Tensile
strength of the regenerated BC fibers was 0.5–1.5 cN/dtex, and their extension at break was 3–8%.
onohydrate (NMMO·H2O)
et spin

. Introduction

Bacterial cellulose (BC) is a kind of biosynthetic polymer, which
s a kind of specific product of primary metabolism and synthe-
ized by bacteria such as Acetobacter, Rhizobium, Agrobacterium,
nd Sarcina (Jonas & Farah, 1998). Its most efficient producers
re acetic acid bacteria Acetobacter xylinum (Brown, 1886; Ross,
ayer, & Benziman, 1991). As opposed to plant cellulose (PC), BC

oes not require remedial process to remove unwanted polymers
nd contaminants, therefore retains a greater degree of polymer-
zation. In a native state, BC has many excellent properties, such
s high purity, high degree of polymerization (DP), crystallinity,
ydrophilicity and biocompatibility, etc. Because of its unique
roperties resulting from the ultrafine reticulated structure, BC has
multitude of applications in different fields, including composite
embranes, medicine, artificial skins, blood vessels, and binding

gents (Pommet et al., 2008; Svensson et al., 2005).
N-methylmorpholine-N-oxide (NMMO) is usually used as a sol-

ent for direct dissolution of cellulose in industrial fiber-making
e.g. Lyocell process) (Fink, Weigel, Purz, & Ganster, 2001; Lock,
992). The process is environmentally protective because the

MMO is nontoxic and can be almost completely recycled with
ore than 99% recovery proportion (Rosenau, Potthast, Sixta, &

osma, 2001). The hydration number of NMMO hydrates has a
ignificant effect on the solution’s solubility. N-methylmorpholine-
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N-oxide monohydrate (NMMO·H2O) could fully dissolve cellulose
which produce a solution with good spinnability. In this article,
the NMMO·H2O was used as the solvent of BC, the BC/NMMO·H2O
solution was then used to spin the regenerated BC fibers, and the
structure and properties of the regenerated BC fibers were com-
pared with those of native BC.

2. Materials and methods

2.1. Materials

Bacterial cellulose powder was bought from shengfengdengtai
Biotechnology Co., Ltd. (Jiang Su, China). Its degree of polymeriza-
tion (DP) was about 2700. N-methyl-morpholine-N-oxide (NMMO)
powder, obtained from commercial sources, was mixed with a cer-
tain amount of H2O to be NMMO·H2O. Propyl gallate (PG), obtained
from commercial sources too, was used as an antioxidant to avoid
oxidation and degradation during the bacterial cellulose dissolving
(Rosenau et al., 2002).

2.2. Dope preparation

To obtain NMMO·H2O solution, an adequate amount of H2O was
added to NMMO power (the value of H2O was about 13.3%, w/w).

The mixture was heated at 90 ◦C for 30 min. After that, BC powder
was added into that NMMO·H2O solution (the BC concentration was
7 wt% in the obtained BC/NMMO·H2O solution). In order to prepare
a homogeneous solution, the dispersions were heated at 80 ◦C for
12 h, with a fast energetic stirring. Air bubbles were trapped in the

ghts reserved.
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Fig. 1. Schematic representation of the wet spinning line.

olutions, due to the fast energetic stirring. So before spinning, the
entrifugation of the dopes at high temperature was used in order
o disengage air bubbles. After the centrifugation step, no phase
eparation was observed.

.3. Spinning

Fig. 1 shows the wet spinning line used to produce the regener-
ted BC fibers. This wet spinning line is composed of an extrusion
nit with varied extrusion rate and spinneret diameter, a coagu-

ation bath and two sets of spools, thread take-up and roller. The
ollecting rate of the spinning line can be varied so that fibers are
ollected with different drawn ratios, defined as the ratio between
pools’ speed and fiber velocity at the spinneret hole, or rather
hen no stretch is applied during coagulation. There are 30 holes

n the spinneret, and the diameter of these holes is 0.08 mm. About
00 g fibers can be prepared in 24 h. In this article, the extrusion rate
as 14.67 m/min, BC solutions were spun at 80 ◦C and coagulated

n deionized water at 0 ◦C, and then collected fibers were washed in
eionized water for about 48 h in order to extract residual NMMO
nd dried under vacuum at 50 ◦C for 24 h. At last, the fibers were
tored over silica gel until testing.

.4. Microscopic analysis

Scanning electron microscopy (SEM) was used to observe sam-
le morphology and microstructure. Samples were sputter coated
ith gold and examined using a JEOL JSM-5600LV microscope

Japan).

.5. Fourier transform infrared spectroscopy (FTIR) analysis

The surface properties of the samples were tested using a fourier
ransform infrared spectrometer (FT-IR NEXUS-670, USA). The FT-
R spectra were recorded in a spectral range of 400–4000 cm−1 at a
esolution of 4 cm−1, and the scan speed was 0.2 cm/s. The samples
ere mixed with potassium bromide (KBr) and pressed into pellets.

he background spectrum was subtracted from the sample spectra.

.6. X-ray diffraction (XRD) analysis

The crystalline structure of the samples was examined using
wide angle x-ray diffractometer (D/max-2550 PC, Japan) .The

amples were scanned from 2� = 0–60◦, the operating voltage and
urrent were 40 kV and 200 mA, respectively. The radiation was
i-filtered Cu-Ka radiation of wavelength 1.54056 Å.

The degree of crystallinity (Xc) was calculated by the ratio of the
rea in a diffractogram corresponding to the crystalline region to

hat of both crystalline (Sc) and amorphous regions (Sa) (Dwianto
t al., 1998):

c = Sc

(Sc + Sa)
(1)
ers 83 (2011) 1253–1256

The crystal sizes of the cellulose samples were calculated by
Scherrer equation:

L(hkl) = K�

ˇ cos �
(2)

where � is the wavelength of the employed x-ray radiation,
1.54056 Å, K = 0.9, ˇ is the full width half maximum, in radian, and
� is the diffraction angle (Hindeleh & Johnson, 1972; Zhu, Zhang,
Hong, & Yin, 2005).

2.7. Thermal analysis

Thermogravimetric analysis (TGA) measurements on samples
were performed with a TGA instrument (TGA 309F1, USA), from
room temperature to 700 ◦C, at a heating rate of 10 ◦C/min, on
2–5 mg samples. The open Al2O3 cell was swept with N2 during
the whole analysis.

2.8. Mechanical properties

Mechanical properties of single fibers were measured using XQ-
1 single filament electric tenacity tester (China), with a 20 mm
gauge length at a crossbar rate of 30 mm/min. The tenacity and
extension at break of the regenerated BC fibers were calculated as
the average of at least 30 measurements.

3. Results and discussion

3.1. SEM morphology

Fig. 2 shows the scanning electron microscope (SEM) pho-
tographs of the native BC and the regenerated BC fibers. Picture (a)
was the SEM photo of the native BC which was powdered. Picture
(b) indicated the surface of the regenerated BC fibers. The whole
fibers showed a circular shape with fairly regular size along the
fiber axis. However, the surface of the fibers was not smooth, there
were some longitudinal striations. Those striations were benefi-
cial to later dyeing. Picture (c) showed the cross-sections of the
regenerated BC fibers. The regenerated BC fibers showed a compact
structure, even though there were a few voids in the cross-sections.

3.2. FT-IR data

Fig. 3 shows the FT-IR spectra of the native BC and the regen-
erated BC fibers. In these data, the –OH stretching peak was
3416 cm−1, and the –CH2 stretching peak 2921 cm−1. The band
at 1644 cm−1 was due to the stretching of H–O–H (Belousova,
Shablygin, Belousova, Golova, & Papkov, 1986), which was
adsorbed on the surface of BC. The absorption bands present in both
native BC and regenerated BC fibers were 1375 cm−1, 1160 cm−1

and 1065 cm−1, which can be attributed to C–H scissor vibra-
tion (Belousova et al., 1986), –OH wagging vibration (Liang &
Marchessault, 1959), and C–O and C–C stretching vibration respec-
tively (Smidt, Lechner, Schwanninger, Haberhauer, & Gerzabek,
2002). From the figure we can see both the native BC and the regen-
erated BC fibers shows a similar FT-IR spectra, which means there
was no significant difference between the structure of the native BC
and regenerated BC fibers. There were only some physical changes
during the whole dissolving and spinning process.

3.3. X-ray data
With most synthetic and natural polymeric fibers, their
mechanical properties were largely affected by various structural
parameters such as crystallinity and molecular orientation. In order
to determine the structural parameters of the fibers, the XRD
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Table 1
Degree of crystallinity and the crystallite sizes of native BC and the regenerated BC
fibers.

Sample Xc (%) L (hkl) (Å)
Fig. 2. SEM photographs of the n

easurements were conducted. The results showed that the regen-
ration of BC resulted in significant changes in crystalline structure,
rystallinity, and degree of orientation. In curve a (Fig. 4), native
C showed three strong Bragg peaks at about 2� = 14.4◦, 16.7◦ and
2.6◦ which were indexed as the (1 0 1), (1 0 1̄) and (0 0 2) peaks
f the typical cellulose I structure respectively. In the XRD curve of
he regenerated BC fibers (Fig. 4b), we also found three strong Bragg
eaks at about 2� = 11.9◦, 20.2◦ and 21.9◦ which were indexed as
he (1 1̄ 0), (1 1 0) and (2 0 0) peaks of the cellulose II crystal struc-
ure respectively (Zhang et al., 2010). These results indicated that
he transformation from cellulose I to cellulose II occurred after the
issolution and spinning.

The degree of crystallinity and the crystallite sizes calculated

rom XRD data using Eqs. (1) and (2) were listed in Table 1. They
learly demonstrate that the degree of crystallinity of native BC was
4.14%, but the degree of crystallinity of the regenerated BC fibers
as 60.83%. The crystallite sizes of the regenerated BC fibers were

Fig. 3. FT-IR spectra of the native BC (a) and the regenerated BC fibers (b).
(101) (1 0 1̄) (002) (1 1̄ 0) (110) (200)

Native BC 74.14 80 120 81 – – –
Regenerated BC fibers 60.83 – – – 26 30 54

smaller than the native BC. Since the growing of crystallites after
regeneration was incomplete.

3.4. TGA data
Thermal behaviors of the samples were investigated by TGA
from 30 ◦C to 600 ◦C at 10 ◦C/min (Fig. 5). The curve of the native
BC (Fig. 5a) showed that the weight loss due to the evaporation of

Fig. 4. X-ray diffraction curves of the native BC (a) and the regenerated BC fibers
(b).
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Fig. 5. TGA curves of the native BC (a) and the regenerated BC fibers (b).

Table 2
Tenacity and extension at break of some kinds of fibers.

Tenacity (cN/dtex) Extension at break (%)
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Regenerated BC fibers 0.5–1.5 3–8
Cuprammonium rayon 1.5–2.0 7–23
Viscose rayon 2.0–2.4 20–25
Lyocell fiber 4.0–4.4 14–16

he H2O adsorbed on the surface of BC cellulose mostly occurred up
o about 85 ◦C. From 85 ◦C to 310 ◦C, the mass almost unchanged.
urther weight loss from 310 ◦C to 365 ◦C was relatively fast, which
as due to dehydration and decomposition of the molecules. The
ass decreased about 66.69%. At last, from 365 ◦C to 700 ◦C, the
ass decrease was less from the curve. However, the curve of the

egenerated BC fibers (Fig. 5b) illustrated that the dehydration and
ecomposition of the molecules began at 320 ◦C, and the residual
ass of curve (b) was more than curve (a). All of above showed that

he thermal stability of the regenerated BC fibers was better than
he native BC.

.5. Mechanical properties of regenerated cellulose fibers

The mechanical properties of the regenerated BC fibers studied
ere presented in Table 2. It was noted that the regenerated BC
bers possessed relatively low tensile strength (0.5–1.5 cN/dtex),
losed to Cuprammonium rayon (1.5–2.0 cN/dtex). The tenacity of
he commercial viscose rayon (2.0–2.4 cN/dtex) (Liu, Shao, & Hu,
001) and Lyocell fiber (4.0–4.4 cN/dtex) (Liu, Shen, Shao, Wu, &
u, 2001) were higher than the regenerated BC fibers. So more

esearch should be made to improve the mechanical properties of
he regenerated BC fibers.

. Conclusion
This study shows the possibility to obtain regenerated BC fibers,
y using a wet spinning line, starting from BC/NMMO·H2O solu-
ions. The microscopic analysis, thermal analysis, FTIR analysis, XRD
nalysis, and mechanical properties of the native BC powder and
ers 83 (2011) 1253–1256

regenerated BC fibers were investigated. It was demonstrated that
there were some longitudinal striations on surface of the fibers.
There was no significant difference between the structure of the
native BC and the regenerated BC fibers. The regenerated BC fibers
had a cellulose II crystalline structure, lower degree of crystallinity,
smaller crystallite sizes, and better thermal stability than the native
BC. Moreover, tensile strength of the regenerated BC fibers was
0.5–1.5 cN/dtex, and their extension at break was 3–8%. Therefore,
regenerated bacterial cellulose fibers prepared by the NMMO·H2O
process could be a new kind of environment friendly cellulose fiber.
But more work should be done to improve its mechanical properties
of the regenerated BC fibers.
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