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X-ray and Electron Diffraction Study
of Cellulose Crystal Structures”
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1. INTRODUCTION

The crystal transformation of cellulose [ to cel-
lulose II passes through Na-cellulose I. On the
transformation mechanism of cellulose I to cel-
lulose II, Okano and Sarko(1985), and Nishimu-
ra and Sarko{1987) reported that the transfo-
rmation of cellulose I to cellulose IT occurred at
the stage of Na-cellulose I formation by the
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Cellulose 1. cellulose II. mercerization. Na-cellulose [, ramie

intermingling of "up” and “down’ cellilose
chains. On the other hand. Hayashi etal. (1974)
suggested that the transformation occurred in
thestage of washing. They reported that Na-cel-
lulose I can be classified into Na-cellulose
Lireversible) and Na-cellulose I
The reversibility of Na-cellulose I to cellulose I is
an important problem to understand the mecha-

(irreversible).

nism of mercerization.
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On the regeneration of Na-cellulose I to cellu-
lose I, attentions have been paid to the influence
of washing temperature. Sisson and Saner(1941)
reported that Na—cellulose I from various cotton
origins was partially regenerated to cellulose I by
high temperature washing. and suggested that
both the native cellulose and the mercerized cel-
lulose exist in partially mercerized fibers as two
separate phases, which are localized in the fiber.
Recently, Hayashietal.(1976) examined the rela-
tionship between the washing temperature and
the reconversion of Na-celluloseTinto cellulosel,
and found that the percentage of reconversion
into cellulose 1 increased with increasing wash-
ing temperature. The results were explained in
terms of “memorial phenomenon” (Hayashi ster-
minology). involving that a part of Na-cellulose
IThada "bent” type chain conformation which can
be reconverted into cellulose I. Inprevious paper,
however, Kim et al.(1990) reported that Na-cel-
lulose I; was reconverted into cellulose I through
washing with water and the regenerated cellu-
lose I was localized heterogeneously within a fiber
wall caused by a gradient of swelling.

Consequently. inthe present study, attention
was directed towards tracing the influence of
washing temperature on the reversibility of Na-
cellulose [ by X-ray and electron diffraction
analysis methods. Polarized and electron
microscopy were also used to investigate the dif-
ference of orientation of microfibrils in native
and alkali-treated ramie fibers.

2. MATERIALS & METHODS

2.1 Materials

Bundles of 100 purified ramie fibers (cellulose
[. Boehmaria nivea Gaud.) and mercerized ramie
fibers{cellulose II) were used as starting mate-
rials. They were fastened in a Teflon specimen
holder to ensure a strict alignment along the
fiber axis. Mercerized ramie fibers were pre-
pared by immersing them in 3.5N sodium
hyvdroxide solution, and the treatment was

repeated until the X-ray diffraction diagrams of
them showed complete conversion to cellulose I1.

2.2 Mercerization

Mercerization was conducted for 2 hours at
room temperature using 3.5N sodium hydrox-
ide solution. These Na-cellulose I samples were
used to take the X-ray diagrams. and then
washed for 1 hour with distilled water at 0
and 100, respectively.

2.3 X-ray diffraction analysis

X-ray diffraction diagrams of Na-cellulcse |
and regenerated cellulose samples were record-
ed using a vacuum camera mounted on a
Rigaku X-ray generator(RU-200BH). X-ray
diffractograms were also recorded by symmet-
rical transmission mode using JEOL-JDX5B dif-
fractometer. Both X-ray diffraction diagrams
and diffractograms of wet samples were
obtained by wrapping them in Mylar to prevent
solvent evaporation during recording.

2.4 Polarized and electron microscopy

The samples subjected to X-ray diffraction
analysis were embedded in epoxy resin(Spurr.
1969, Longitudinal ultrathin sections(ca.
100nm thickness) and semithin sections(ca.
1,000nm thickness) were cut with a LKBul:ra-
microtome equipped with a diamond knife.
Semithinsections were examined under a polar-
ized microscope, and ultrathin sections were
mounted on Cu grids with Formval supporting
films. After removal of epoxy resin of ultrathin
sections according to the modified Mayor’'s
method(Fujii ef al.. 1987). the sections were
stained negatively by 1% aqueous uranyl
acetate. The selected area diffraction diagrams
were taken from 2um regions of internal and
exteral parts of a fiber wall. Observation and
electron diffraction were performed on JEM-
100CX and JEM-2000EXII electron microscopes
operating at 100kV and 200kV, respectively.
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3. RESULTS & DISCUSSION

3.1 Reconversion from Na-cellulose | tocel-
fulose [ inrelation to washing temper-
ature

When the ramie cellulose 1 was mercerized

with 3.5N sodium hydroxide solution for 2

hours. the X-ray diffraction diagram did not

show any reflections derived from cellulose I,
but showed only Na-cellulose II(Fig. 1A). Sim-
ilarly cellulose I; was integrally converted to Na-
cellulose I (Fig. 1B) by the same treatment.
The X-raydiffraction diagrams in Fig. 2 were
recorded from Na-cellulose I; which was washed
at 0C(A) and 100C (B). The diagrams were
characterized clearly as Na-cellulose IV(A} and
as a mixture of Cellulose I and Cellulose I1(B).

Fig. 2. X-ray diffraction diagrams obtained after washing Na-cellulose I | with water at 0°CtA) and
100°C (B). Fiber axis is vertical.
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Fig. 3 X-ray diffraction diagrams obtained after washing Na-cellulose I; with water at 0C(A) and

100 (B).

respectively. Fig.2 indicated that washing of
Na-cellulose I; at 0C followed by drying result-
ed in a complete formation of cellulose Il and dis-
appearance of Cellulose 1. In addition, the
Na-cellulose IV obtained after washing at 0%
could not be reconverted into cellulose [ even
after long time washing at 100¢. Fig. 3 was
recorded from Na-cellulose [} which was washed

A

at 0C(A) and 100T (B). The diagrams were
characterized clearly as Na-cellulose IV(A) and
as cellulose I1(B). These results indicated that
Na-cellulose 1V once completely formed cannot
be reconverted into cellulose 1.

Havashi et al.(1976) reported that regenerat-
ed cellulose I increased with increasing washing
temperature. They interpreted this phenome-

Fig. 4 Electron diffraction diagrams of external(A) and internal(B) layers after washing Na-cellu-

lose [; with water at 0C.
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A

B

Fig. ©. Electron diffraction diagrams of external(A) and internal(B) layers after washing Na-cellu-

lose I; with water at 100C.

non as the conversion of chain conformation
from "bent form Na-cellulose [;(reversible)” into
“bent-twisted Na-cellulose I (irreversible)”.
The present work clearly showed that when
the Na-cellulose I; and 1; were washed at 100
T. they were transformed directly into a mix-
ture of cellulose I and cellulose I1. and cellulose
II. respectively, without the formatiom of Na-

cellulose IV.

3.2 Electron diffraction analysis of ramie
fibers
Electron diffraction diagrams(Figs. 4. and 5
were obtained from the external(a) and inter-
nal(b) layers of ramie fibers at 0C and 100T.
respectively. The diagrams of Fig. 5 show the

Fig. 6. Polarized micrographs of cellulose I{A). a mixture of celluose I and cellulose I (B) and cellu-
lose T (C).
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Fig. 7. Electron micrographs of cellulose 1.
Notes: (A) : Outer part of a fiber wall. (B) : Inner part of a fiber wall.

Fig. 8. Electron micrographs of cellulose II.
Notes: {A) 1 Quter part of a fiber wall. (B) © Inner part of a fiber wall.
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presence of regenerated celluloseIin both inner
and outer walls and the amount of regenerated
cellulose I was rich in inner wall. However. in
the case of washing at 0. the diagrams show
only cellulose [1(Fig. 4).

Inthe previous paper. Kimetal. (1990) report-
ed that cellulose I was rich in the internal part.
whereas cellulose II was in the external part.
They suggested also the heterogeneous localiza-
tion of reversible and irreversible parts in the
fiber wall and a gradient of swelling. Our pre-
vious and present works showed that the
metastable Na-cellulose T was formed in the
inner part by constrained swelling and it could
be reconverted into cellulose I by washing with
hot water. It was transformed into Na-cellulose
IV with washing at low temperature(0t ;.
Therefore. itisconsidered that hydration occurs
by washing at 0C, whereas dehydration occurs
by washing at 100¢C.

3.3 Polarized and glectron microscopy

Fig. 6 shows the polarized micrographs of cel-
lulose I{A). the mixture of cellulose I and cel-
lulose H(B) and cellulose II(C) of ramie fibers.
These micrographs did not show any dif ferences
in microfibril orientation.

The electron micrographs of ultrathin longi-
tudinal sections shows the microfibrils of cellu-
lose I(Fig. 7) and cellulose II(Fig. 8) oriented
straightly along with the fiber axis. The dif-
ference of microfibrils orientation in the inter-
nal ard the external layers was not observed.
Therefore. it was considered that the disorder
of microfibrils caused by mercerization might
not occur. However. further investigation
would be required to confirm this gquestion.
using the methods such as an optical fourier
transform method of imaging analysis.

4. CONCLUSION

The crystal transformation of cellulose 1 to
cellulose II was studied by diffraction and

microscopic techniques.

X-ray diffraction analysis of samples washed
with water at the higher temperature revealed
a partial reconversion of Na-cellulose [ into cel-
lulose I. The electron diffraction diagrams of
regenerated cellulose at 100 showed cellulose
I in both the inner and the outer layers. and
the ratio of cellulose I was higher in the inner
layer. The present work suggested that the
metastable Na-cellulose I caused by incomplete
swelling was present in the inner layer and was
transformed into Na-cellulose TV at low tem-
perature washing(hydration) while it was
reconverted to cellulose I at high temperature
washing(dehydration). Consequently. Na-cellu-
lose I can not be reconverted to cellulose I, and
the disorder of microfibrils caused by mercer-
ization might not occur in the fiber wall.
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