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Bacterial cellulose (BC) was dissolved in zinc chloride aqueous solution (ZnCl,-3H,0) with a maximal
concentration of 5.5wt%, and regenerated bacteria cellulose (RBC) nascent fibers were spun with a
wet-spinning process. The behavior of the BC/ZnCl,-3H,0 solution was investigated, together with the
structure and properties of the RBC nascent fibers. Results revealed that the BC/ZnCl,-3H,0 solution
showed typical shear thinning behavior. Though there was no chemical reaction occurred during the
dissolution and spinning process, crystal forms of the RBC were transformed from cellulose I to cellulose
II. Compared with the original BC fibers, the RBC fibers had lower degree of crystallinity and thermal sta-
bility, and showed round brilliants along the fiber axis with surface cracks and fibrillation, which caused
lower tensile strength of 0.66-0.83cN/dtex, and extension at break of 1.95-3.66%.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, a new kind of cellulose source, bacterial cellulose
(BC), also known as microbial cellulose, has emerged. BC, ini-
tially reported by Brown in 1886 (Brown, 1886), is a kind of
unbranched polymer with the same (3-1,4-linked glucopyranose
residues as plant cellulose. But unlike the plant cellulose, BC
consists of extremely fine fibrils and contains no biopolymers
such as lignin, pectin, and hemicelluloses in the plant cellulose.
Accordingly, BC has many excellent properties, such as unique
nanostructure, high purity, high degree of polymerization, high
crystallinity, biocompatibility, and biodegradability (Chen, Cho, &
Jin, 2010a). Researches were made on its scientific applications on
organic light emitting devices (Legnani et al., 2008; Nogi & Yano,
2008), food (Nguyena, Gidleyb, & Dykes, 2008), and medical mate-
rial (Czaja, Young, Kawecki, & Brown, 2007; Maneerung, Tokura, &
Rujiravanit, 2008; Zaborowska et al., 2010).

For more applications in different fields, researches should be
made on solution of BC, as well as its regeneration, but further
development is impeded for its poor solubility in common sol-
vents. Up to now, much work has been focused on finding a good
solvent for BC, and a few have been found which can be used
to dissolve bacteria cellulose directly, e.g. lithium chloride/N,N-
dimethylacetamide (LiCl/DMAc) (Chen, Kim, Kwon, Yun, & Jin,
2009; Shen, Ji, Wang, & Yang, 2010), NaOH/urea aqueous solution
(Laskiewicz, 1998; Phisalaphong, Suwanmajo, & Sangtherapitikul,
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2008), ionic liquids (Chen, Cho, & Jin, 2010b; Gericke, Schlufter,
& Heinze, 2009), N-methylmorph-oline-N-oxide (NMMO) (Gao,
Shen, & Lu, 2011). Furthermore, inorganic molten salts, which were
cheap and environmentally friendly, were also used as efficient sol-
vents for cellulose and its derivatization in a wide range of degrees
of polymerization (Fischer, Leipner, Thiimmler, Brendler, & Peters,
2003; Grinshpan et al., 1988; Leipner, Fischer, Brendler, & Voigt,
2000).

In this work, ZnCl, -nH, 0 was used as solvent of BC, and the RBC
nascent fibers were spun with a wet-spinning process. The solubil-
ity of bacterial cellulose in ZnCl,-nH,0 was investigated, together
with the structure and properties of the prepared bacterial cellulose
fibers.

2. Experimental
2.1. Raw materials

Bacterial cellulose in our experiments was supplied by
Jiangsu Dengtai Bio-Technology (China) with the DP value of
4135 determined according to DIN 54270 applying copper
(II)-ethylenediamine (Cuen) as solvent. Zinc chloride (ZnCl,) was
supplied by Sinopharm Chemical Reagent Co., Ltd.

The degree of polymerization (DP) of BC or RBC from the intrin-
sic viscosity was calculated according to the following equations
(Heinze, Schwikal, & Barthellonic, 2005):

t—to
Nsp = t

=nr—1 (1)
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1y is the relative viscosity; nsp is the specific viscosity; ty is the flow
rate of the solution (s); t is the flow rate of the solvent (s); [] is the
intrinsic viscosity (mlg=1); C is the concentration of the solution
(gml~1); k™ is the instrument constant k™ =0.29.

2.2. Preparation of the solution

The preparation of the BC solution was carried out as follows.
A certain amount of ZnCl, was dissolved in deionized water and
put into a three-necked flask, and the flask was heated at 80°C
temperature.

Then, a certain amount of dried bacteria cellulose was added
and stirred rapidly at different temperatures. The mixture gradually
turned into a homogeneous solution. Every fifteen minutes, a few
solution samples were taken out to observe the dissolved state of
BCon XP51 optical polarized light microscope (Olympus Co., Japan).
When the image had turned from colored to almost black, the trans-
formation time was recorded. The influence was also examined of
dissolution temperature and strength of the ZnCl,, respectively.

2.3. Spinning

In this work, the wet spinning line used to produce the RBC
nascent fibers was made by ourselves. Solution with the concen-
tration of 5.0 wt% BC was spun at 50 °C and coagulated in different
coagulation baths (absolute alcohol, acetone and 50% aqueous alco-
hol) at 20°C to prepare RBC fiber [, II, IIl, with extrusion speed (V7),
pulling speed (V,) and take-up speed (V3) of 8.2 m/min, 3.5 m/min
and 3.5 m/min, respectively. The collected fibers were washed in
deionized water for about 24 h to remove residual solvent and dried
under vacuum at 60°C for 12 h.

2.4. Rheological measurements

The rheological measurements were made on RS150L Rotational
rheometer (Thermo Haake, Karlsruhe, Germany), and a cone plate
was used. The rheological properties of the BC/ZnCl,-3H,0 solution
were determined at 40°C, 50°C, 60°C, 70°C, 80 °C, respectively.

2.5. Fourier transform infrared spectroscopy (FT-IR) analysis

KBr slices of samples were prepared by mixing (1mg) BC
or regenerated BC fibers with 100 mg KBr (spectroscopic grade).
The background spectrum was subtracted from the sample spec-
tra. IR-spectra were recorded using a Fourier transform infrared
spectrometer (FT-IR, Nicolet 8700, USA) in a spectral range of
400-4000cm~! at a resolution of 4cm~!. The scan speed was
0.2 cm/s and 32 scans were taken per sample.

2.6. Wide angle X-ray diffraction (XRD) analysis

The crystalline structure of the samples was examined using a
wide angle X-ray diffractometer (D/max-2550 PC, Japan). The sam-
ples were scanned from 26 =5-60°, and the operating voltage and
current were 40kV and 200 mA, respectively. The radiation was
Ni-filtered Cu-Ka radiation of wavelength 1.54056 A.

2.7. Thermo gravimetric-differential thermal analysis

The TG instrument (TG 309F1, USA) was used in this study to
test the changes of material mass loss and heat release with tem-
perature. Test conditions were as follows: using an open aluminum
sample cell in a nitrogen flow of 20 ml min~! from 30°C to 900 °C,
using 2-3 mg as a standard for all samples, and 10°C/min as the
rate of increasing temperature. TG-DTA data were collected every
second.

2.8. Mechanical properties

The single filament fineness was measured using a XQ-1 single
filament fineness tester (Made in China), and mechanical properties
of single fibers were measured using a XQ-1 single filament tenacity
tester (Made in China), with a 20 mm gauge length at a crossbar
rate of 20 mm/min. The tenacity and extension at break of the RBC
fibers were calculated as the average of at least 25 measurements.
All measurements were performed at room temperature and 65%
relative humidity.

2.9. Microscopic analysis

Images of the regenerated fibers were taken by scanning
electron microscopy (SEM) to observe the morphology and
microstructure of the nascent fibers. The nascent fibers were
frozeninliquid nitrogen, fractured immediately, and vacuum dried.
The fracture surface of the fibers was also investigated. For SEM
analysis, the fabric materials were sputtered with gold and then
examined with a JSM 5600LV scanning electron microscope (JEOL,
Tokyo, Japan), operated at 10 kV.

3. Results and discussion
3.1. Dissolution investigations of BC in ZnCl,-nH,0

In order to determine the degree of polymerization (DP) of RBCs
at different dissolution temperatures, the RBC films were coag-
ulated in acetone and the viscometric degree of polymerization
(DP;) determined by viscosimetry in copper Il ethylene diamine.
In Table 1, with the dissolution temperature increasing, the vis-
cometric degree of polymerization (DP;) of the RBC descended
sharply and the dissolution time also decreased obviously. Ther-
mal degradation of DP was inevitable during the dissolving process
at any convenient dissolution temperature. Taking all factors into
consideration, 80°C was chosen as the swelling and dissolution
temperature. We also found that the BC sample would be gradually
dissolved if placed at room temperature for some time long enough
after full swelling at higher temperature (80°C), which would be
a better way to prevent the degradation of RBC and improve the
properties of the RBC fibers.

The effects of water amount on solubility of BC in zinc chloride
aqueous solutions were investigated too. For these systems, it was
easy to find that the water amount strongly influences the dissolved
BC in zinc chloride aqueous solutions. Results showed that, the
ZnCly-4H,0 was a weak swelling agent, and the ZnCl,-2H,0 with
water amount of 2 mol per mol of the molten salt was a stronger
swelling agent, and in molten ZnCl,-3H, 0, BC was swelled infinitely
and dissolved completely with a maximal concentration of 5.5 wt%.

Fig. 1 shows the FT-IR spectra of the original BC and the RBC
fibers. In Fig. 1, we could find that FT-IR spectra of the RBC fibers
were similar to the original BC, which indicated that there was
no significant difference between the structure of the original BC
and RBC fibers. No chemical reaction had occurred during the dis-
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Table 1
Effects of dissolution temperature of BC in zinc chloride aqueous solutions.
Solvent Concentration (wt%) Swelling temperature (°C) Swelling time (min) Dissolution temperature (°C) Dissolution time (min) DP,
ZnCl,-3H,0 3 - - 75 210 1585
ZnCl,-3H,0 3 - - 80 135 2060
ZnCl;-3H,0 3 - - 85 105 1872
ZnCl;-3H,0 3 - - 90 75 1295
ZnCl,-3H,0 3 - - 95 60 855
ZnCl,-3H,0 3 80 60 50 360 1638
ZnCl;-3H,0 3 80 60 40 450 2204
ZnCl,-3H,0 3 80 60 30 600 3196
—, P _»-“““--.ﬁ o curve of the solution descended, and n, showed a tendency to
4 - decline.
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Fig. 1. FT-IR spectra of original BC and RBC fibers.

solution and coagulation processes of BC. There were only some
physical changes during the whole process.

3.2. Rheological behavior of the BC/ZnCl,-3H,0 solutions

Fig. 2a illustrated nq~y flow curves of BC/ZnCl,-3H,0 solu-
tions at different temperatures (y was the shear rate and 1, was
the apparent viscosity). The viscosity of the solution obviously
decreased with an increase in y, which showed typical shear thin-
ning behavior. Moreover, with the temperature increasing, the flow

100
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As we know, non-Newtonian index (n) was used to characterize
the deviation degree of fluid from the Newtonian fluid. The n of the
BC/ZnCl,-3H,0 solutions were calculated by Eq. (5):

Igor=IgK+nlgy (5)

where o; (Pa) was the shearing stress, y (S~1) was the shear rate, K
was the viscosity coefficient and n was the non-Newtonian index.
After making the Ig o ~Ig y curves, it was easy to calculate the non-
Newtonian index n, which was the slope of the curves. In Fig. 2b, all
non-Newtonian indexes of BC/ZnCl,-3H,0 solution (0.089-0.186)
were much less than 1, suggesting that the BC solution belonged to
false plastic fluid.

3.3. Crystal structure of the fibers

Fig. 3 shows the WAXD patterns of the original BCand RBC fibers.
On the figure, original BC showed three strong Bragg peaks at about
20=14.46°, 16.62° and 22.56° which were indexed as the (101),
(101) and (002) peaks of the typical cellulose I structure, respec-
tively. We also found two strong Bragg peaks on XRD curve of RBC
fiber I at about 26 =12.26° and 20.70° which also could be indexed
as the (101) and (101) peaks of the cellulose II crystal structure
respectively (Cai, Zhang, Guo, Shao, & Hu, 2010; Isogai, Usuda, Kato,
Uryu, & Atalla, 1989; Zhang et al., 2009). The WAXD patterns of RBC
fiber Il and III were similar to fiber I.

InTable 2, it clearly demonstrated that the degree of crystallinity
of the RBC fibers was about 40%, which was extremely lower than
73.17% of the original BC. It showed that the crystallite growth after
regeneration was incomplete. There were similar crystal structures
of the different RBC fibers prepared from different coagulation bath.
Ethanol as the coagulation bath favored the crystallizing of RBC dur-
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Fig. 2. Rheological behavior of 4% BC/ZnCl,-3H, 0O solutions at different temperatures: (a) flow curves and (b) non-Newtonian index n.



242

Table 2
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The crystalline parameters of the original BC and RBC fibers.

Sample Bragg peak (%) Bragg peakII (°) Bragg peak III (°) Xc (%) Crystal form
(101) 101 (002)
BC 14.460 16.620 22.560 73.17 Cellulose [
RBC fiber I 12.261 20.700 - 45.08 Cellulose II
RBC fiber II 12.685 20.702 - 40.52 Cellulose II
RBC fiber I1I 12.418 20.541 - 42.06 Cellulose II
There were four-step degradations of BC. The mass losses, within
12000 Original BC 150°C before the onset temperature, were related to water evapo-
N gg ?:er[II ration on the surface of BC. From 150 °C to 330 °C, the mass almost
10000 R == fib::]II unchanged. Further weight loss (76.95%) from 330°C to 371 °C was
1 relatively fast, which was due to dehydration and decomposition
“Z* 8000 ~ ‘ of the molecules of BC. From 371°C to 856°C, the mass losses
| . .
I ] ] were slower and moderate. The mass decreased slightly again from
= 6000 f 856°C to 900 °C, with about 2% loss. However, the TG curves of the
G RBC fibers illustrated that the dehydration and decomposition of
E 4000 4 the molecules began at about 305°C, and the residual masses of
= RBC fibers (3.97-8.77%) was more than BC (0.17%) at 900°C, and
2000 - the mass decreased only about 59% from 305 °C to 336 °C, which
were less than BC. Furthermore, the onset temperatures of the RBC
fibers were about 25°C lower than the original BC. Higher onset
il , d — : temperatures were associated with higher thermal stability.
10 20 30 40 50 60 From Fig. 4b, the maximum degradations step at 352.3°C for
26 [ Dj BC, 322.9°C for RBC fiber I, 323.3 °C for RBC fiber II, and 324.5 °C for

Fig. 3. WAXD patterns of the original BC and RBC fibers.

ing the whole spinning process. These results suggested that the
crystal structures of the RBC fibers from different coagulation bath
were transformed cellulose I into cellulose II after the dissolution
and subsequent coagulation, which was similar to the transforma-
tion of the cellulose crystal structure in the lyocell process (Liu,
Shen, Shao, Wu, & Hu, 2001).

3.4. Thermal behaviors of the fibers

Thermal behaviors of the original BC and RBC fibers were shown
in Fig. 4. It is well known that the structural organization of poly-
mers influences the shape of thermograms in thermal analysis of
cellulose materials.

RBC fiber Ill were assigned to the bacteria cellulose degradation. All
of above indicated that the thermal stability of the RBC fibers was
slightly worse than the original BC.

3.5. Mechanical properties of the fibers

The mechanical properties of the RBC fibers from different coag-
ulated bath were shown in Table 3. Results showed that absolute
alcohol was the better coagulation bath for dissolution system,
which had better tensile strength, initial modulus and elonga-
tion at break. However, it was also demonstrated that the RBC
fibers possessed relatively poor tensile strength and elongation at
break, indicating that they could not be used in industry directly.
Thus, further work should be carried out to optimize the spin-
ning parameters and improve the mechanical properties of the RBC
fibers.
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Fig. 4. TG (a) and DTG (b) curves of original BC and RBC fibers.
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Table 3
Tenacity and extension at break RBC fibers from different coagulated bath.

Sample Coagulation bath Fiber fineness (dtex) Tenacity (cn/dtex) Elongation at break (%) Modulus (cn/dtex)
RBC fiber I CH3CH,0H 7.91 0.83 3.66 27.44
RBC fiber II CH3COCH3 8.90 0.66 1.95 15.12
RBC fiber III 50%CH3CH,0H/H,0 8.54 0.68 3.14 22.51

Fig. 5. SEM photographs of surface and cross section of the RBC fibers: picture (a, c, e) indicated the surface of RBC fiber I, Il and III respectively (3000x ), inset in picture (b)
is a higher magnification image (5000x ); picture (b, d, f) showed the cross-sections of RBC fiber I, Il and III, respectively (3000x ).

3.6. Morphology of the fibers

SEM analysis was used to characterize the structures on sur-
face and cross section morphology of the RBC fibers. Representative
SEM micrographs, taken with magnification of 3000 of the RBC
fibers were shown in Fig. 5. Surfaces of the fibers on picture (a,
¢, e) were not smooth, with some slight longitudinal striations
and flaws, which were conducive to later dyeing, but surface of
RBC fiber I showed on picture (a) was smoother than RBC fiber
Il and III. From picture (b, d, f), it was easy to find that there
were lots of voids on the cross-section of the fibers and a new
compact cortex appeared in the fibers (showed in the enlarged
image on picture (b) clearly). Large bundles or layers of macrofib-
rils were clearly observed on the cross section of the fibers.
The whole fibers showed a loose and slight skin-core structure,
which were the root cause of poor tensile strength and elon-
gation at break of the RBC fibers. In addition, the cross section
of the RBC fibers were as round as that of the lyocell fiber (Liu
et al., 2001), and the whole fibers showed a circular shape along
the fiber axis with the presence of surface cracks and fibrilla-
tion.

4. Conclusion

In this article, we discovered the molten salt hydrate,
ZnCl,-3H,0, was a kind of effective and efficient solvent for bacteria
cellulose, which was cheap and environmentally friendly.

We dissolved BC in ZnCl,-3H,0 at 80°C and spun at 50°C after
comprehensive consideration. With typical shear thinning behav-
ior, the BC/ZnCl,-3H,0 solution was a kind of non-Newtonian fluid
for the dissolution systems and belonged to false plastic fluid.
Dissolution of bacteria cellulose in ZnCl;-3H,0 and subsequent
coagulation was accompanied with the transformation from cel-
lulose I to II, and no significant difference existed between the
chemical structure of the original BC and the RBC fibers, which
meant only physical changes occurred during the whole dissolving
and spinning process. The RBC fibers had lower degree of crys-
tallinity and thermal stability than the original BC. The whole fiber
showed a round brilliant along the fiber axis with the presence of
surface cracks and fibrillation, and possessed relatively poor tensile
strength and elongation at break.

Further investigations based on the results can be made on using
molten inorganic salts as excellent direct solvents for bacteria cel-
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lulose or other polysaccharides, and on more direct applications of
BCin different fields, especially in textile industry. More researches
should be done to optimize the dissolving process and spinning
parameters and to improve the properties of the RBC fibers.
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