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Abstract The morphology and crystalline structure
changes of cellulose during dissolution in 1-butyl-3-
methylimidazolium chloride [(BMIM)CI] were inves-
tigated by optical microscopy and synchrotron radiation
wide-angle X-ray diffraction (WAXD). Neither swell-
ing nor dissolution of cellulose was observed under the
melting point of [BMIM]CI. While the temperature was
elevated to 70 °C, the swelling phenomenon of cellulose
happened with the interplanar spacing of (110) and
(020) planes increased slightly. With the temperature
further going up to 80 °C, cellulose was dissolved
gradually with the crystallinity (W, x) and crystalline
index (Crl) of cellulose decreased rapidly, which
indicated the crystalline structure of cellulose was
destroyed completely and transformed into amorphous
structure.
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Introduction

Ionic liquids (ILs) have been started receiving closer
attention in the last two decades due to the advantages
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of their negligible vapor pressure, recyclability, con-
ductivity, and thermal and air stability. These have
motivated research and led to various applications in
many fields, for example as solvents in electrochem-
istry, organic synthesis, catalysis, photochemistry and
so on (Plechkova and Seddon 2008). Since Swatloski
et al. (2002) in 2002 disclosed that ILs are the
nonderivitizing solvents for cellulose, the research
interesting was aroused both in scientific and indus-
trial fields of dissolution, solution properties and fiber
spinning of cellulose (Kosan et al. 2008; Cao et al.
2009; Cai et al. 2010). Several ionic liquids were
found to be good solvents for dissolving cellulose,
hemicellulose and lignin (Fort et al. 2007; Pu et al.
2007). It is found that cellulose in ILs exhibit good
spinnability and fibers with tenacity as high as 5.34
cN/dtex were prepared (Kosan et al. 2008).

As a novel solvent of ionic liquid, the dissolution
mechanism of cellulose has been discussed. Swatloski
et al. deduced from the dissolution mechanism of
cellulose in dimethylacetamide (DMAc)/LiCl solution
that the dissolution of cellulose in ILs is due to the
strong hydrogen bond between anion of ILs and the
cellulose hydroxyl groups, which disrupts and breaks
the hydrogen-bonding network of cellulose (Swatloski
et al. 2002). The deducing was verified by the
conformation of cellulose in ILs and the stoichiome-
tric interaction between cellulose hydroxyl groups and
anions of ILs with the high-resolution '>*C NMR and
337C1 NMR (Moulthrop et al. 2005; Remsing et al.
2006). The solubility of cellulose in ILs varied with
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the structure of ILs (Pinkert et al. 2009). It is found that
there is weak interaction between the ILs cation and
molecule of cellulose (Remsing et al. 2006) although
Zhang et al. suggested that the cation also had the
ability to form hydrogen bond with hydroxyl groups of
cellulose (Zhang et al. 2005; Zhang et al. 2010).
Meanwhile, Heinze et al. (2008) suggested that
1-ethyl-3-methylimidazolium acetate [(EMIM)Ac]
forms covalent bond between the C-1 carbon of the
glucose unit and the C-2 of the imidazolium based on
the result of '>*C-NMR although this is not the case
when cellulose dissolved in [EMIM]CI, indicating a
good solubilization of the chains in [EMIM]Ac.

It seems that there is still some argument about the
dissolution mechanism of cellulose in various ILs
from molecular level. However, the crystalline struc-
ture of cellulose is no doubt transformed after
cellulose dissolved in ILs (Dogan and Hilmioglu
2009). Zhang et al. found that the crystalline structure
of cellulose II formed in the regenerated cellulose
(Zhang et al. 2005; Cao et al. 2010). There is no report
on the changes of crystalline structure of natural
cellulose during dissolution. In order to avoid the
effect of regenerator such as water on the crystalline
structure of cellulose during dissolution, in this work,
the samples used to do WAXD experiment were taken
as the state of swelling or dissolution without regen-
eration. Combined with the results of optical micros-
copy, the dissolution mechanism of cellulose in
[BMIM]CI was analyzed based on the changes of
hydrogen bond in the crystalline phase.

Experiments
Materials

The cotton linters pulp (degree of polymerization
(DP) = 514, 94.2 % o-cellulose and 7.5 % moisture
content) was supplied by Shandong Helon Co., Ltd,
China. [BMIM]CI was synthesized according to the
procedures described by Csihony et al. (2002) in our
laboratory. Both the cotton linters pulp and ILs were
dried under vacuum for 24 h at the temperatures of 70
and 100 °C, respectively. To eliminate the effect of
water on the dissolution of cellulose in [BMIM]CI, the
water content of all ILs was determined by Karl
Fischer titration (ZSD-2 KF with a precision of
0.05 %, Cany Precision Instruments Co., Ltd.).
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Characterization

The dissolution of cellulose in [BMIM]CI at different
temperatures were observed by polarized light micros-
copy with a hot stage and a multicolor digital camera
(XSZ-360AP, Shanghai Weitu Instruments Technol-
ogy Development Co., Ltd, China). A small quantity
of cotton pulp and [BMIM]CI solvent were sand-
wiched between two pieces of cover glasses and put on
the hot stage at the temperatures of 60, 70 and 80 °C,

(020) (1700 (103) (012) ( 110) (004)
(a)
i
g
(b) (020)
cellulose 1 ' ------ Experiment data
! — Simulation data
(170) (110) (012) (103) (212) (004)

5 10 15 20 25 30 35
2Theta(®)
Fig. 1 1D integrated WAXD intensity profile of cellulose I and

corresponding peak deconvolution process to estimate the
crystallinity and crystalline index
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Fig. 2 Microscopy photographs of cellulose with [BMIMI]CI at different dissolution temperatures: a 60 °C, b 70 °C, ¢ 80 °C

respectively. The dissolution process of cellulose was
recorded by a digital camera.

The cotton pulp was mixed with [BMIM]CI at the
temperatures of 60, 70 and 80 °C, respectively. Subse-
quently, the samples without coagulation were put into
a completely sealed sample cell which was made from
the Kaputon film. WAXD experiments were carried out
at the Beamline (BL14B1) in Shanghai Synchrotron
Radiation Facility (SSRF) with a wavelength of
0.12398 nm. The sample cell was placed in a sample
holder perpendicular to the X-ray beam. The distance
between the image plate (Mar 345) and the sample was
209.8 mm. Lanthanum Hexaboride was used for cali-
bration. A typical image acquisition time was 60 s. The
distribution of diffraction intensity was obtained from
the 2D detector WAXD images as shown in Fig. 1 using
FIT2D software (Hammersley 1987-1997).

The crystallinity of regenerated cellulose was
quantified from the WAXD pattern using the follow-
ing procedures. The 2D WAXD pattern was processed
with the software package FIT2D (Hammersley,
1987-1997) to subtract the air scattering and the ILs

scattering. The diffraction intensity profile was inte-
grated from 0° to 360°. And the data were analyzed
with Peak fit software (version 4.12, Seasolve Co., San
Jose, CA, USA). During the calculation process of the
crystallinity, the Gauss function was applied to
separate the contribution of amorphous and crystalline
parts in the angular interval 20 = 5°-30°. The
diffraction peak of amorphous region was determined
according to the previous report (Chen et al. 2006) that
amorphous peak was determined by the diffraction
peak of ball-milled cellulose, containing only the
amorphous phase at 20 = 17.3° (4 = 0.12398 nm).

Then, the crystallinity was calculated according to
the Eq. (1):

I,
Wc,x =

1 1
X 100% (1)

where W, is the crystallinity, /. and [, are the total
peak area of the crystalline and the amorphous phases,
respectively.

The crystalline index of cellulose was determined
based on the Segal equation (Segal et al. 1959):
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Fig. 3 2D WAXD patterns (a) and 1D WAXD profiles (b) of
the cellulose with [BMIM]CI at different times (at 70 °C)
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(2)

where Crl is the crystalline index for cellulose, 1, is
the intensity of diffraction maximum of crystalline
regions, 1, is the diffraction intensity of amorphous
regions (20 = 17.3° A = 0.12398 nm).

Results and discussion
Morphology of cellulose at different temperatures

The morphology of cellulose with [BMIM]CI was
observed at different temperatures. As shown in
Fig. 2a, the outline of cellulose filament could be
clearly observed at 60 °C and neither swelling nor
dissolution of cellulose was observed. While the
temperature was elevated to 70 °C (Fig. 2b), the
cellulose filaments transformed into transparency (30,
75, 120 min) from grayness (0 min) and the diameter
of cellulose filaments increased gradually, which
implied the swelling phenomenon of cellulose hap-
pened without dissolution. With the temperature
further going up to 80 °C (Fig. 2¢), the cellulose
began to dissociate and dissolved gradually. However,
the diameter of cellulose filaments unchanged, indi-
cating there is no clear swelling phenomenon. It can be
understood that the swelling and dissolution only
could be happened above the melting point of
[BMIM]CI (68 °C) (Pinkert et al. 2009).

Structure changes of cellulose with [BMIM]CI
at 70 °C

Figure 3 shows the 2D WAXD patterns and 1D
WAXD profiles of cellulose with [BMIM]CI at 70 °C.
The typical crystalline structure of cellulose I was
observed in the cotton pulp with the characteristic
diffraction peaks of (110), (110), (012) and (020)
(corresponding to 260 of 11.8°, 13.3°, 16.4°, and 18.1°,
respectively) based on the unit cell parameters, a =
817A (1 A=0.1nm), b=786A, c=1040 A
(parallel to the fiber axis), and y = 97°. Although
the diffraction intensity decreased gradually along
with the dissolution time increasing, the sample still

Table 1 The interplanar spacing, crystalline and crystalline index of cellulose with [BMIM]CI at different times (at 70 °C)

Sample Interplanar spacing A) Crystallinity (%) Crystalline index
(110) (110) (012) 020)  (103) (301) (004)
Cotton pulp-0 min 6.04 5.34 435 391 3.20 2.64 2.60 69 82
Cotton pulp-1 min 6.04 5.34 4.35 391 3.20 2.64 2.60 69 82
Cotton pulp-15 min ~ 6.06 5.34 4.35 3.92 3.20 2.64 2.60 35 47
Cotton pulp-30 min ~ 6.07 5.34 435 3.93 3.20 2.64 2.60 34 45
Cotton pulp-45 min ~ 6.09 5.34 4.35 3.93 3.20 2.64 2.60 28 41
Cotton pulp-60 min ~ 6.09 5.34 4.35 3.94 3.20 2.64 2.60 21 31
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shows a character of cellulose I crystalline structure. It
suggested that [BMIM]CI] mainly diffused into the
amorphous part of the cellulose pulp initially and the
fibril was swollen by the solvent with the interplanar
spacing of (110) planes increased, and that one of
(020) plane also increased slightly (shown in Table 1).
It should be pointed that in this work, as mentioned
above, in this work, in order to avoid the effect of
regenerator such as water on the crystalline structure
of cellulose during dissolution, the samples used to do
WAXD experiment were taken as the state of swelling
or dissolution different without regeneration.

With the progress of diffusion, some incomplete
crystalline structure was destroyed, resulting in the
crystallinity (W,,) and crystalline index (Crl) of
cellulose decreased gradually as shown in Table 1.
The (110) planes run parallel to the chain sheet which
are formed by the binding of glucosyl group along the
direction of ¢ axis and intermolecular hydrogen

Scheme 1 Intra- and inter-molecular hydrogen bonding (2-
OH---0-6 (intra), 3-OH---O-5 (intra), 6-OH---O-3’ (inter)) in
cellulose I, hydrogen bonding along the (110) plane is shown
(only carbon and oxygen atoms are drawn in, hydrogen bonds
are indicated by the dashed lines)

bonding (6-OH---O-3’ bonds) formed from adjacent
molecular chains (Oh et al. 2005). During the diffusion
process of [BMIM]CI into cellulose, the hydrogen
bonding was destroyed by [BMIM]CI and the move-
ment of cellulose chain segments increased and conse-
quently the interplanar spacing increased (Scheme 1).

Unfortunately, the ultrastructure of cellulose pos-
sesses unexpected complexity in the form of two
crystal phases, namely I, and Iz (Atalla and Vander-
hart 1984). I, and I can be found not only within the
same cellulose sample (Sugiyama et al. 1990), but also
along a given microfibril (Sugiyama et al. 1991).
Moreover, it has been reported that the hydrogen
bonds in Is are distributed over a region of better
geometry than those in I,. The more favorable intra-
sheet hydrogen bonding in Iz must be due to the
difference in cellulose chain conformation between I,

Dissolved cellulsoe 80°C
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Fig. 4 2D WAXD patterns (a) and 1D WAXD profiles (b) of
the cellulose with [BMIM]CI at different times (at 80 °C)
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Table 2 The interplanar spacing, crystalline and crystalline index of cellulose with [BMIM]CI at different times (at 80 °C)

Sample Interplanar spacing (A) Crystallinity (%) Crystalline index
(110) (110) (012) (020) (103) (301) (004)

Cotton pulp-0 min 6.04 5.34 4.35 391 3.20 2.64 2.60 69 82

Cotton pulp-1 min 6.04 5.34 4.35 391 3.20 2.64 2.60 52 75

Cotton pulp-15 min 6.03 5.34 4.35 391 3.20 2.64 2.60 25 36

Cotton pulp-30 min 6.04 5.34 4.35 391 - 2.64 2.60 17 7

Cotton pulp-60 min

Cotton pulp-120 min

and Iz. And the hydrogen-bonded sheets along the
(110) plane and (110) plane for cellulose Ig and
cellulose I, respectively (Nishiyama et al. 2003).

Structure changes of cellulose with [BMIM]CI
at 80 °C

Figure 4 shows the 2D WAXD patterns and 1D
WAXD profiles of cellulose with [BMIM]CI at 80 °C.
Compared with Fig. 3a, due to the molecular to move
fast at 80 °C lead to the ILs exhibited a stronger
dissolving ability, it can be clearly seen from Fig. 4
that the intensity of diffraction peaks decreased soon
with the progress of dissolution time and disappeared
at last. No swelling was observed because there is no
increase of the interplanar spacing (shown in Table 2).
Moreover, the W, and Crl of cellulose decreased
rapidly with the dissolution time at 80 °C, which
indicated the crystalline structure of cellulose was
destroyed completely and transformed into amorphous
structure after 120 min (Fig. 4b).

Conclusions

The results of the morphology and crystalline structure
changes of cellulose during dissolution in [BMIM]CI
indicated that cellulose was neither dissolved nor
swollen in [BMIM]CI when the experiment temper-
ature was below the melting point of [BMIM]CI. The
swelling phenomenon was observed at 70 °C by
polarized light microscopy and also verified by the
increase of interplanar spacing of (110) and (020)
planes in the cellulose crystalline structure. When
the experiment temperature exceed 80 °C, the crys-
talline structure was destroyed and transformed into
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amorphous structure, which means that cellulose
dissolved in [BMIM]CI completely.
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