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Abstract—Crystalline structures of cellulose (named as Cell 1), NaOH-treated cellulose (Cell 2), and subsequent CO,-treated cellu-
lose (Cell 2-C) were analyzed by wide-angle X-ray diffraction and FTIR spectroscopy. Transformation from cellulose I to cellulose
II was observed by X-ray diffraction for Cell 2 treated with 15-20 wt % NaOH. Subsequent treatment with CO, also transformed the
Cell 2-C treated with 5-10 wt % NaOH. Many of the FTIR bands including 2901, 1431, 1282, 1236, 1202, 1165, 1032, and 897 cm™!
were shifted to higher wave number (by 2-13 cm™'). However, the bands at 3352, 1373, and 983 cm ™! were shifted to lower wave
number (by 3-95 cmfl). In contrast to the bands at 1337, 1114, and 1058 cm ™", the absorbances measured at 1263, 993, 897, and
668 cm ™! were increased. The FTIR spectra of hydrogen-bonded OH stretching vibrations at around 3352 cm ™! were resolved into
three bands for cellulose I and four bands for cellulose 11, assuming that all the vibration modes follow Gaussian distribution. The
bands of 1 (3518 cm™), 2 (3349 cm™!), and 3 (3195 cm™!) were related to the sum of valence vibration of an H-bonded OH group
and an intramolecular hydrogen bond of 2-OH- - -O-6, intramolecular hydrogen bond of 3-OH- - -O-5 and the intermolecular hydro-
gen bond of 6-O---HO-3', respectively. Compared with the bands of cellulose I, a new band of 4 (3115 cm™') related to inter-
molecular hydrogen bond of 2-OH.- - -O-2’ and/or intermolecular hydrogen bond of 6-OH- --O-2’ in cellulose II appeared.

The crystallinity index (CI) was obtained by X-ray diffraction [CI(XD)] and FTIR spectroscopy [CI(IR)]. Including absorbance
ratios such as A1431,1419/ Ase7.804 and A1263/A1202.1200, the CI(IR) was evaluated by the absorbance ratios using all the characteristic
absorbances of cellulose. The CI(XD) was calculated by the method of Jayme and Knolle. In addition, X-ray diffraction curves, with
and without amorphous halo correction, were resolved into portions of cellulose I and cellulose II lattice. From the ratio of the peak
area, that is, peak area of cellulose I (or cellulose II)/total peak area, CI(XD) were divided into CI(XD-CI) for cellulose I and
CI(XD-CII) for cellulose II. The correlation between CI(XD-CI) (or CI(XD-CII)) and CI(IR) was evaluated, and the bands at
2901 (2802), 1373 (1376), 897 (894), 1263, 668 cm ™' were good for the internal standard (or denominator) of CI(IR), which increased
the correlation coefficient. Both fraction of the absorbances showing peak shift were assigned as the alternate components of CI(IR).
The crystallite size was decreased to constant value for Cell 2 treated at >15 wt % NaOH. The crystallite size of Cell 2-C (cellulose
II) was smaller than that of Cell 2 (cellulose I) treated at 5-10 wt % NaOH. But the crystallite size of Cell 2-C (cellulose II) was larger
than that of Cell 2 (cellulose II) treated at 15-20 wt % NaOH.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cellulose is a linear homopolymer of (1—4)-linked B-p-
glucopyranose units (Glc) aggregated to form a highly
ordered structure due to its chemical constitution and
spatial conformation.! Three hydroxyl groups in each
Glc are able to interact with one another forming intra-
and intermolecular hydrogen bonds. The use of cellulose
in some applications is limited because it is soluble in a
few solvents and does not melt without thermal degra-
dation. Hydrogen bonds in cellulose substrates are mod-
ified by some physical and/or chemical transformations
for various applications. Typically, treatment with
aqueous NaOH solution of a specific concentration
(~10 wt %) causes the transformation of cellulose I into
cellulose II within the crystalline domains.>* This
procedure is used for mercerization and viscose rayon
manufacture in the textile and fiber industries.>® How-
ever, the concentration of NaOH for the complete trans-
formation depends on the type of cellulose being treated.

Common methods for the characterization of crys-
talline cellulose structure are based on X-ray*’ ' or
electron diffraction'® ' FT Raman,**' % density deter-
minations, infrared (IR) absorption,10’14’15’17’19’21*33
nuclear magnetic resonance (NMR),>'** and calorime-
try. Among them, wide-angle X-ray diffraction gives
the most direct results; however, its interpretation is still
under discussion. Adopting two-phase structure theory
and the amorphous halo correction, the crystallinity
index (CI) is obtained from X-ray diffraction curves by
using the method of Jayme and Knolle.*> Though
X-ray diffraction gives quantitative information, com-
plementary approaches are introduced for the analysis
of hydrogen-bond and spatial conformations between
cellulose molecules. FTIR absorption, as well as NMR
spectroscopy, gives some useful information related to
the change of hydrogen bonding during crystal transfor-
mation. Until now there has been no remarkable
research correlating the CI obtained between X-ray dif-
fraction [CI(XD)] and other methods.

We treated NaOH-treated cellulose with CO, and suc-
cessfully dissolved it in aqueous NaOH solution.*® Phys-
ical and chemical changes of the cellulose (named as
Cell 1), NaOH-treated cellulose (Cell 2), and subsequent
COs-treated cellulose (Cell 2-C) were elucidated by
FTIR analysis.>’ Hydrogen-bond intensity (HBI) and
CI measured by A00-2095/A1337 OF (Aa000-2995/A993)
and Aj430/Aogo, respectively, were evaluated for the
study of physical changes. In the study of chemical
changes, the introduction of the hydrogen-bonded
asymmetric carbonyl stretching and O-C-O stretching
of the carbonate ion at 1593 and 1470 cm™', respec-
tively, in the CO»-treated celluloses was elucidated by
FTIR spectroscopy in an instrument equipped with an
on-line evacuation apparatus. In this study, crystalline
structures of these cellulose samples are characterized

by X-ray diffraction and FTIR. The CI was obtained
by X-ray diffraction [CI(XD)] and FTIR [CI(IR)]. The
CI(IR) was evaluated by the absorbance ratios using
all the characteristic absorbances of the celluloses. The
CI(XD) was calculated by the method of Jayme and
Knolle.*> The cellulose I and cellulose II components
were resolved using X-ray diffraction patterns, and then
correlations between CI(XD-CI) for the cellulose I com-
ponent or CI(XD-CII) for the cellulose II component
and CI(IR) were researched. Finally, the size of the crys-
tallites was determined from 101, 101, 002, and 021 lat-
tice planes of the celluloses.

2. Experimental
2.1. Materials

Pulp sheet (Cellunier-F®, Rayonier Fernandina Mill,
USA, DP 850, 92% a-cellulose) commonly used in vis-
cose process was shredded to the form of powder (@
1 mm). Oven-dried (at 60 °C) cellulose powder was used.
Commercially available compressed CO, gas was used
for the reaction with cellulose. Analytical-grade reagents
such as NaOH and N,N-dimethylacetamide (DMAc)
were used as received.

2.2. Reaction of cellulose with NaOH and CO,

Ca. 15 g of cellulose powder (Cell 1) was treated with
500 mL of NaOH solution at 25 or 60 °C for 1 h and
then filtered to get NaOH-treated cellulose (NC). The
concentrations of the NaOH solutions chosen were 5,
10, 15, and 20 wt %. NC was washed with excess water
up to pH 7 for filtrates to obtain the Cell 2 sample.
The Cell 1 (or filtered NC) in 300 mL of DMAc was
treated with 40-50 bar of CO; in a high pressure reactor
at —5 to 0 °C stirring for 2 h and then washed with an
excess water up to pH 7. Cell 1-C from Cell 1 (or Cell
2-C from NC) obtained by the above procedure was
oven dried at 60 °C.

2.3. X-ray diffraction analysis

Crystalline structures of the cellulose samples (listed in
Table 1) were analyzed by wide-angle X-ray diffraction
on a Rigaku-D/MAX instrument (Uitima III, Japan)
with 5°/min scan speed. These cellulose samples prepared
by powder were laid on the glass sample holder
(35 %50 x 5 mm) and analyzed under plateau conditions.
Ni-filtered Cu Ka radiation (4 = 1.54 A) generated at a
voltage of 40 kV and current of 40 mA was utilized,
and a scan speed of 2°/min from 5° to 50° was used.
Crystalline allomorphs of cellulose were determined
by the resolution of wide-angle X-ray diffraction curves.
The determination of CI(XD) is taken from the method
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Table 1. Treatment processes for the samples used in this study®

Sample code NaOH CO,/DMAc Washing/
25°C  60°C drying
Cell 1 X X X O
Cell 2/25 O X X @]
Cell 2/60 X O X @]
Cell 1-C X X O @]
Cell 2/25-C O X O O
Cell 2/60-C X O O @]

2O = treated; X = untreated.

of Jayme and Knolle.*> Amorphous halos were drawn
by the Microcal™ or1GIN™ program for the determina-
tion of /,,. CI(XD) was calculated by (Eq. 1)

CI(XD) =1 = hyn/hee = 1 = ham/ (hior = ham), (1)

where the crystalline scatter of the 002 reflection at 26 of
22.5° for cellulose I or 101 reflection at 260 of 19.8° for
cellulose II (crystalline height, /) with the height of
the ‘amorphous reflection’ at 20 of 18° for cellulose 1
or 16° for cellulose II (amorphous height, /,,,), respec-
tively.*> With and without amorphous halo correction,
deconvolution of the X-ray diffraction curves was per-
formed by using Microcal™ orIGIN™ (Microcal Soft-
ware, Inc.). Taking the Lorentzian distribution
function as the shape of the resolved bands, cellulose 1
and cellulose II components were resolved into four
and three reflections, respectively (Fig. 10). From the
sum of peak area of the same crystal system (XA for
cellulose I, XAy for cellulose 1I), CI(XD) are divided
into CI(XD-CI) for cellulose I and CI(XD-CII) for cel-
lulose I1. The components obtained without amorphous
halo correction are denoted CI(XD-CI') and CI(XD-
CII'), respectively (Eq. 2).

2Aq
2(Acr +Acu)

CI(XD-CII) =

CI(XD-CI) = x CI(XD)

(2)
—— x CI(XD

X(Acr + Acn) (XD)

The crystallite size was calculated from the Scherrer
equation with the method based on the width of the dif-
fraction patterns (Eq. 3). The crystallites sizes were
determined from the 101, 101, 002, and 021 lattice
planes of cellulose samples.'%-3%%°

ki

Dty = —————
(k) B(hkl) cos 0

3)
where D(hkl) is the size of crystallite (nm), k is the
Scherrer constant (0.94), A is X-ray wavelength, B(hkl)
is the full-width at half-maximum of the reflection hk/
measured in 26 is the corresponding Bragg angle.!'%-3%%°

2.4. FTIR analysis

Pellets of ca. 2 mg of cellulosic samples were prepared
by mixing with 200 mg of spectroscopic grade KBr.

FTIR spectra were recorded using a Nicolet 520P spec-
trometer with detector at 4 cm ™! resolution and 64 scans
per sample.

The spectra of same absorbance intervals were shifted
parallel to the wave number axis. The FTIR spectra
(3900-2990 cm™") were resolved by using a Gaussian
distribution function into three or four bands having
similar values of wave number at maximum absorbance
and band width at half maximum. Absorbance of the
band obtained from a local baseline between adjacent
valleys was automatically calculated at the maximum
absorbance found by sensitivity of 100 using oMNIC
4.0 software.>® CI obtained by FTIR, CI(IR), was eval-
uated from the ratios of the absorption bands such as
Avazof Agos, A12781282/ A1263, and  Aj372/Ages. As the
internal standards, the bands at 2901 (2892), 1373
(1376), 897 (894), 1263, 668 cm ™' were selected.

3. Results and discussion

3.1. X-ray diffraction and FTIR analysis of the cellulose
treated with NaOH and CO,

We reported previously that all the factors affecting the
solubility of cellulose samples by carbon dioxide treat-
ment were examined to get better dissolution.*® As a re-
sult of NaOH treatment, hydrogen-bond intensity of the
cellulose is increased. For the cellulose samples treated
with CO,, new bands at 1593 and 1470 cm ™! are as-
signed as hydrogen-bonded carbonyl stretching and
the O-C-O stretching of the carbonate ion, respec-
tively.>” These bands confirm the carbonation reaction
for the cellulose samples treated with CO,.

X-ray diffraction curves and FTIR spectra in 1480—
640 cm ! region of Cell 1 and Cell 1-C are shown in Fig-
ure 1. Both diffraction curves are of typical cellulose I
structure. Though carbonation is introduced, CO, treat-
ment does not produce any significant changes in the
FTIR spectrum of cellulose in 1480-640 cm ™' region.

X-ray diffraction curves of the cellulose samples trea-
ted with NaOH and/or CO, are shown in Figure 2. At
the treatment of >15wt % NaOH, the crystal system
of the Cell 2/25 (or Cell 2/60) is changed into cellulose
II. When CO, treatment follows, it is transformed to cel-
lulose II for the Cell 2/25-C and Cell 2/60-C treated with
>10wt% NaOH at 25°C and >=5wt% NaOH at
60 °C, respectively (Fig. 2b and d). The crystalline struc-
ture of cellulose treated with <10 wt % NaOH is trans-
formed to cellulose 1T by the CO, treatment that follows.

FTIR spectra in 1480-640 cm ™' region are shown for
the Cell 2 and Cell 2-C treated by NaOH at 25°C
(Fig. 3) and 60 °C (Fig. 4). By the transformation, many
characteristic bands are shifted at the peak maximum or
the absorbance is changed as shown in Table 2. The
bands at 1431, 1373, 1282, 1236, 1202, 1165, 1032, and
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Figure 1. (a) Wide-angle X-ray diffraction curves and (b) FTIR spectra (1480640 cm™") of Cell 1 and Cell 1-C.

897 cm™' are shifted to 1419, 1376, 1278, 1228, 1200,
1162, 1019, and 894 cm™ !, respectively. Including the
shift of O-H and C-H stretching vibrations
(3352—3447, 2901—2892 cm ™ 1), all the bands are influ-
enced by the transformation related to the change of
intra- and intermolecular bonds. The change of O-H
stretching and bending modes by carbonation has
already been discussed.?’

With a few exceptions (the bands at 3352, 2901, 1202,
and 897 cmfl), many of the bands at 1431, 1373, 1337,
1319, 1282, 1236, 1165, 1114, 1058, 1032, 713 cm ™' are
decreased. Absorbances of the bands at 1337, 1114,
and 1058 cm™! are decreased, but some other bands at
1263, 993, and 668 are increased by the transformation.
Typical changes related to the cellulose II transforma-
tion are shown in Figure 5. Some of the bands in Figures

3 and 4 show the change of absorbance like (a)
1337 cm ™! (decrease) or (b) 668 cm™! (increase). In addi-
tion to absorbance change, wave number shifts are also
shown for the other bands at (a) 1373—1376 cm ™!
(higher wave number, absorbance decrease) and (b)
897—89%4 cm~! (lower wave number, absorbance
increase).

3.2. Characterization of the characteristic FTIR bands
changed by transformation

Various reactions such as the inclusion of alkali and
water in the cellulose and the splitting and formation
of new inter- and intramolecular hydrogen bonds have
been reported by Fengel.*>*!'™* regarding the absor-
bance variations and wave number shifts in the FTIR
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Figure 2. (a) Wide-angle X-ray diffraction curves of Cell 2/25, (b) Cell 2/25-C, (c) Cell 2/60, and (d) Cell 2/60-C.

spectra. In this study, the intramolecular hydrogen
bonds for 2-OH---O-6 and 3-OH- - -O-5, and the inter-
molecular hydrogen bonds for 6-OH- - -O-3’ in cellulose
I appear at 3455-3410, 3375-3340, and 3310-3230 cm” L,
respectively, along with the valence vibration of H-
bonded OH groups at 3570-3450 cm™'.*?” For Cell 2,
the maximum absorbance of hydrogen-bonded O-H
stretching is shifted to higher wave number
(3352—3447 cm™ ') when treated at higher NaOH con-
centration (Fig. 6).*>*° For both treatment tempera-
tures, the maximum absorbance of O-H stretching is
shifted to 3447 cm ™' due to the intramolecular hydrogen
bond of 2-OH---0-6 by transformation. The band at
3310-3230 cm ™! (intermolecular hydrogen bond of 6-
OH- - -0-3’) overlaps with the bands due to the intra-
molecular hydrogen bond.

Figure 7 shows the FTIR spectra of hydrogen-bonded
O-H stretching vibrations with the correction of base-
line. Assuming that all the vibration modes follow a
Gaussian distribution, mixed modes of hydrogen-
bonded O-H stretching are resolved into three bands
for cellulose I and four bands for cellulose II. The reso-
lution produces similar wave number and band width at
half maximum for both crystal systems. In Figure 7a,
bands of 1 (3518cm™'), 2 (33499cm™'), and 3
(3195 cm ') are related to the sum of the valence vibra-
tion of H-bonded OH groups®’*' and the intramolecu-
lar hydrogen bond of 2-OH.--O-6, the intramolecular
hydrogen bond of 3-OH- - -O-5, and the intermolecular
hydrogen bond of 6-OH---O-3/, respectively.’****?
Compared with the bands of cellulose I, a new band
of 4 (3115cm™") related to intermolecular hydrogen
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Figure 3. (a) FTIR spectra (1480-640 cm™") of Cell 2/25 and (b) Cell 2/25-C.

bond of 2-OH---O-2" and/or intermolecular hydrogen
bond of 6-OH---O-2’ in cellulose II appears as shown
in Figure 7b. The absorbance of band at 3-OH---O-5
is decreased by transformation, while the absorbances
of the others are rarely changed. In addition, absor-
bances of the 6-OH---O-3’ band for Cell 1-C or Cell
2-C are also decreased when compared with that for Cell
1 or Cell 2, respectively. Some researchers maintain that
the new band of cellulose II may be related to the inter-
molecular hydrogen bond of 2-OH---O-2’, which ap-
pears changed in the rotational conformation of the
CH,OH groups.”!*!! Newly formed 2-OH---O-2’ and
6-OH.---0-2"7 hydrogen bonds are shown along the

110 plane for the proposed hydrogen-bonding network
in cellulose. As shown in Figure 8, Kolpak and Black-
well proposed that an antiparallel chain structure is
the acceptable model of cellulose II model in contrast
to the parallel chain system of cellulose I.” In the cellu-
lose I model proposed by Kolpak and Blackwell, the tg
(trans—gauche) conformation is retained by alternate
(down) sheets, while the other (up) sheets have the gt
(gauche-trans) conformation. The intramolecular
hydrogen bond of 2-OH---O-6 shown in Figure 7 is
probable in the ‘down’ sheets of cellulose II and cellulose
I. But the C-6 resonance by '*C NMR spectroscopy
occurs as a singlet near 64 ppm and not as the expected
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Figure 4. (a) FTIR spectra (1480-640 cm™") of Cell 2/60 and (b) Cell 2/60-C.

doublet with a resonance near 64 and 66 ppm if both the
gt and tg conformations are coexistent in the crystalline
structure of cellulose I1.*** This indicates that there is
no intramolecular hydrogen bond of 2-OH- - -O-6 in cel-
lulose I1.**“® However, the intramolecular hydrogen
bonds of 2-OH---0O-6 are shown in the FTIR spectra
of all the cellulose samples listed in Table 2. This is ex-
plained in that the transformation (cellulose I—cellulose
II) is not complete by NaOH treatment or NaOH-CO,
treatment of the cellulose samples used in this study.
Krissig reviewed previous researches and assumed care-
fully that heterogeneously mercerized cellulose always
contains residual cellulose I structure. It is generally
known that high temperature and low concentration of

NaOH treatment retards the transformation,*’ and
treatment at elevated temperature offers more even pen-
etration and consequently better uniformity of merceri-
zation because of lower swelling level.*’” On the
contrary, cellulose precipitated from solution such as
regular viscose rayon or cellulose by saponification of
cellulose acetate shows pure cellulose II structure.’”
For the analysis of incomplete transformation, we re-
solved cellulose I and cellulose II components by X-
ray diffraction patterns and correlated them with FTIR
data.

The band at 1431 cm™' and 1319 cm™! assigned as
symmetric CH, bending?***?%?® and CH, wagging”®*®
are shifted to lower wave numbers such as 1419 and
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Table 2. Band characteristics of FTIR spectra related to transformation (cellulose I—cellulose 1I) by NaOH treatment®
Characteristics v (cm™!) related to the Av (cm™!)/absorbance Assignment References
crystal system change
Cellulose 1 Cellulose 11
Peak shift 3352 3447 +95/— yOH (hydrogen bonded) 24,25
2901 2892 -9/— yCH 24,27
1431 1419 —12/v dCH; (sym) at C-6 22,24-26,28
1373 1376 +3/V 3C-H 24,28
1319 1317 —2/v 8CH, (wagging) at C-6 28,48
1282 1278 —4/v 8C-H 28
1236 1228 -8/V SCOH in plane at C-6 28°
1202 1200 -2/- SCOH in plane at C-6 49°
1165 1162 =3/v yCOC at B-glucosidic linkage 25,29,48
1032 1019 -13/v yCO at C-6 31,48
983 993 +10/A yCO at C-6 49°
897 894 —3/A yCOC at B-glycosidic linkage. yCOC, 23,25,26,28,48
yCCO, and yCCH at C-5 and C-6
Absorbance change 1337 1337 v SCOH in plane at C-2 or C-3 22,28
1263 1263 A SCOH in plane at C-2 or C-3 49°
1114 1114 \% yring in plane 25,49
1058 1058 \% vCO at C-3. yC-C 31,49
713 713 \% 3COH out of plane (cellulose Ip) 10,27
668 668 A SCOH out of plane 24

#Key to symbols: y: stretching, 8: bending, A: increase, V: decrease.

® This study.
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Figure 5. FTIR spectra of Cell 2/25 (a) (1450-1320 cm™") and (b) (920-870 and 700-650 cm™").

1317 em™ !, respectively, when cellulose samples are trea-
ted with higher NaOH concentration as shown in Fig-
ures 3 and 4. Shift to 1419 cm ™' indicates development
of new inter- and intramolecular hydrogen bonds and
a change of the conformation of CH,OH at C-6 from
the 7g to the g7 form.”?° By this transformation, changes
in absorbance and dichroic ratio are observed for the
bands at 1426 and 1334cm '>® The band at
2901 cm ™', assigned as C-H stretching,>*?” is shifted
to 2892 cm ™! at higher NaOH concentrations. The band

at 1431 cm™ ' and 1319 cm ™' assigned as symmetric CH,
bending®>?*2%?® and CH, wagging®®*® are shifted to
lower wave numbers such as 1419 and 1317 cm™',
respectively. The bands at 1337 ecm™'?*?® 1263, or
7132 cm ™!, all assigned as C—O—H bending, are also
decreased.

The band at 897 cm ™' assigned as C-O-C stretching
at the B-(1—4)-glycosidic linkage?*-*>?%*® moves toward
894 cm ™' by transformation as shown in Figures 3 and
4. The bands at 898 cm ™' and 894 cm ™' are shown in
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Figure 6. FTIR spectra (4000-2500 cm ') of Cell 2 samples prepared at different NaOH concentrations and temperatures of (a) 25 °C and (b) 60 °C.
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Figure 7. Resolution of hydrogen-bonded OH stretching for (a) cellulose I [Cell 2/60 with 5 wt % NaOH] and (b) cellulose II [Cell 2/60 with 15 wt %

NaOH].

wood (and cellulose)?” and viscose fiber,?® respectively.
An absorbance increase of the band at 897 (or
894) cm ™! was also observed by transformation.?® Simi-
larly, the band at 1165 cm ™! assigned as C—O—C stretch-
ing at the B-(1—4)-glucosidic linkage is shifted to
1162 cm™!.2%2%* The band at 1337 cm™ ! is not shifted,
and the absorbance of this band is slightly decreased by
the transformation (Table 2). From the resolution of
hydrogen-bonded OH stretching as shown in Figure 7,
the environment of C-3 is indistinguishable from that
of C-2 and rarely changed by transformation. Combin-
ing the above findings, the band at 1337 cm ™' is assigned
as the C-O-H bending at C-2 or C-3. The FTIR absor-
bance and wave number at maximum absorbance of
C-O-H bending in plane at C-6 is changed by transfor-

mation of the band at 1431 (1419) cm ™', which arises by
changing the environment at C-6.

3.3. The change of CI and crystallite size by
transformation

Treatment of cellulose with NaOH and CO, changes the
CI as well as the crystal system of the cellulose. The CIs
of Cell 1 and Cell 1-C obtained from X-ray diffraction
curves, as shown in Figure 1a are 0.65 and 0.73, respec-
tively. Figure 9a shows CI curves of Cell 2 and Cell 2-C
calculated from X-ray diffraction curves of Figure 2.
The CI of Cell 2 and Cell 2-C decreased up to 15 and
10 wt % of NaOH, respectively. In addition, the Cls of
Cell 2/25-C and Cell 2/60-C are smaller than those of
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Figure 8. Proposed hydrogen-bonding patterns by Kolpak and Blackwell:” (a) 020 plane (‘down’ chains), (b) 020 plane (‘up’ chains), and (c) 110

plane.
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Figure 9. (a) CI(XD) and (b) CI(IR) (A1431.1419/Ag97.804) Of Cell 2 and Cell 2-C prepared at different NaOH concentrations and temperatures.

Cell 2/25 and Cell 2/60 at <15 wt % NaOH treatment,
but converge at >15 wt %. As shown in Figures 2 and
9, a small portion of cellulose crystalline structure is
changed to an amorphous region by NaOH and CO,
treatment.

The absorbances at 1430 cm ™' and 894 cm ™! are sensi-
tive to the amount of crystalline versus amorphous struc-
ture in the cellulose, that is, broadening of these bands
reflects more disordered structure.® The absorbance
ratio Ay430/Aogo was defined as an empirical CL.28:32
Compared with the diffraction patterns as shown in
Figure 2, the ratio A1431’1419/A8975894 (Flg 9b) is related

to the proportion of cellulose 1. The shape of CI(IR) in
Figure 10b is quite different from CI(IR) in Figure 10a.
CI(IR) of the Cell 2 decreases with the treatment of
NaOH up to 15wt% and then remains constant at
> 15wt % NaOH as shown in Figure 10a. In Figure
10b, CI(IR) of the Cell 2-C is larger than Cell 2 treated
up to 10 wt % NaOH. Most of the bands in Table 2 show
the absorbance change when the cellulose I lattice is
transformed to the cellulose II lattice. The absorbance
ratio of the bands at 1375 and 2900 cm ' is also reported
to be signiﬁcant for CI.37 As with A]43|’|419/A897‘894
and Aj263/A1202.1200, all of bands listed in Table 2 are
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Figure 10. (a) CI(IR) (A1376.1373/41263) and (b) CI(IR) (A41263/A41202.1200) of Cell 2 and Cell 2-C prepared at different NaOH concentrations and

temperatures.
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Figure 11. Resolution of X-ray diffraction curves of Cell 2/25-C prepared at 10 wt % NaOH treatment (a) as analyzed and (b) corrected for

amorphous reflection.

calculated by absorbance ratio evaluated as CI. Typically,
the absorbance ratios show a decrease or an increase with
an increase of NaOH concentration as shown in Figure
10. As in Figure 9b, the CI(IR) in Figure 10a decreases
with an increase of NaOH concentration, indicating a
decrease in the cellulose I portion. In contrast, the CI(IR)
in Figure 10b shows an increase of absorbance ratio,
which relates the transformation to a cellulose II lattice.

X-ray diffraction curve as analyzed is the sum of all
crystal allomorphs in the cellulose sample. In this study,
the resolution of cellulose is approached with and with-
out baseline correction related to amorphous reflection.
The peak of X-ray diffraction curves are resolved as
shown in Figure 11. Figure 12 shows the CI(XD) com-
ponents derived from the method as shown in Figure
11a. By the baseline correction due to amorphous reflec-
tion (Fig. 11b), CI(XD) components are almost the
same as Figure 12. This result also shows incomplete

transformation (cellulose I—cellulose II) for the
NaOH-treated and/or CO,-treated celluloses used in
this study. The correlation between CI(XD) components
obtained from both methods are shown in Figure 13.
The linearity for both CI(XD) components supports
the contention that peak resolution without baseline
correction of Figure 11a is more convenient for the cor-
relation between CI(XD) and CI(IR) compared with
Figure 11b, because the additional step such of baseline
correction can be avoided.

Many researchers have correlated CI(XD) and CI(IR)
measured by some absorbance or absorbance ratios
of FTIR such as 2900, 1263, 1370, 896, and
670 cm~! 2728325156 1y addition to the absorbance
ratios such as A1431,1419/A897,894 and A1263/A1202,IZOOa we
evaluated all the correlations between CI(XD-CI) (or
CI(XD-CII)) and CI(IR) obtained without baseline cor-
rection and absorbance ratios using all the characteristic
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0.7

® Cell2/25
A Cell 2/60 R
064 O Cell225-C o A
A Cell 2/60-C
0.5
2 044
Q
a
%
5 03
0.2
0.1
0.0 T T T T T T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
(a) CI(XD-CI)

CI(XD-CII')

(b)

0.6

Cell 2/25
Cell 2/60
Cell 2/25-C
Cell 2/60-C

0.5

>OoObre

0.4 4

0.3

0.2 4

0.14

0.0 T T

T T
0.0 0.3 0.4 0.5 0.6 0.7

CI(XD-CII)

Figure 13. Correlation between (a) CI(XD-CI) or CI(XD-CII) (without baseline correction) and (b) CI(XD-CI') or CI(XD-CII') (with baseline

correction), respectively [correlation coefficient 0.97 for both (a) and (b)].

bands of Table 2, respectively. Figure 14 shows typical
correlation curves between CI(IR) and CI(XD-CI)/
CI(XD-CII) from the data represented in Figures 9a
and 10b. The coefficient of 0.86 is shown for the cor-
relation curve between CI(IR) (A1431.1419/A597.804) and
CI(XD-CI) in Figure 14a. As the same approach, the
coefficient of similar value but negative slope is main-
tained for the correlation between CI(IR) (A1431,1419/
Ago7804) and CI(XD-CII). The correlation curve be-
tween CI(IR) (A1263/A1202,1200) and CI(XD-CI) shows
a negative slope and a coefficient of 0.84 (Fig. 14b). Other
correlation coefficients larger than 0.8 (all positive
slopes) are listed in Table 3. Some internal standards such
as 2900, 1263, 894cm~' have already been re-
ported.?’?*32 Comprehensive evaluation for the bands
listed in Table 2 derives that the bands at 2901 (2802),

1373 (1376), 897 (894), 1263, 668 cm™' are good for
the internal standards of CI(IR), which increase the cor-
relation coefficient. Many of the bands show similar
information related to the transformation. As a typical
example shown in Figure 15, the correlation between
the absorbance ratios of the same internal standard (or
denominator) approaches unity.

Using a pair of bands showing peak shifts, each frac-
tion of two absorbances can be assigned as an alternate
of CI(IR). The fractions of both absorbances are well
correlated with CI(XD) as shown in Figures 16 and 17.
The correlation coefficient between CI(IR) and
CI(XD-CII) in Figure 16b is higher than that in Figure
14a. Similarly, the coefficient of CI(IR) and CI(XD-CI)
in Figure 17a is higher than that in Figure 14b. This ten-
dency is also confirmed in the other pair of bands listed



S. Y. Oh et al. | Carbohydrate Research 340 (2005) 2376-2391

2388
30
e Cell 225
A Cel2/60
25] © Cell2i25.C
A Cell2/60-C

CIAR)A 431 1419 / Agor s04)

0.0 0.1 0.2

(@)

0.3 0.4 0.5 0.6

CI(XD-CI)

0.7

CIAR)(A 363/ A 120, 1200)

(b)

0.5

0.4

0.3 1

0.2

0.1

® Cell 2/25
A Cell 2/60
O Cell 2/25-C
A Cell 2/60-C

0.0
0.0

0.2

0.4 0.6
CI(XD-CI)

0.8

Figure 14. Correlation between (a) CI(XD-CI) and CI(IR) (A1431,1419/A897.804) 0r (b) CI(IR) (A 263/ A1202.1200) Of Cell 2 and Cell 2-C [correlation
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Table 3. The absorbance ratios suggested for the evaluation of CI*

Internal standard (cm™")

Related bands (cm™!)[correlation coefficient]

CI(XD-CI) CI(XD-CII)
2901 (2892) 1431 (1419)[0.83], 1058[0.83], 713[0.81] 1263[0.81]
1373 (1376) 1058[0.83] —
1202 (1200) — 1263[0.83]
897 (894) 1431 (1419)[0.86], 1373 (1376)[0.82], 1282 (1278)[0.80], 1058[0.81], 713[0.89] —
1263 1431 (1419)[0.81], 1373 (1376)[0.82], 1032 (1019)[0.81], 1058[0.81], 713[0.85] —
668 713[0.85] —
#Correlation coefficient with CI(XD-CI) or CI(XD-CII) > 0.80.
2.4
® Cell2/25 ®  Cell2125
1604 A Cell2/60 A Cell 2/60
O Cell 2/25-C O Cell 2/25-C
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Figure 15. Correlation between (a) CI(IR) (A1431,1419/A41263) and CI(IR) (A41376,1373/ A1263)/CI(IR) (A1431,1419/ 4897, 894) and (b) CI(IR) (A;376,1373/

Agg7.804) of Cell 2 and Cell 2-C [correlation coefficient (a) 0.99 and (b) 0.96].

in Table 3. Correlated with CI(XD) values in the range
of 0-1, the newly defined CI(IR) gives a higher coef-
ficient than the CI(IR) defined as an absorbance ratio.

Figure 18 shows the crystallite size of Cell 2 and Cell

2-C obtained at several reflections. The crystallite size is
decreased to a constant value when cellulose is treated
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with =15 wt % NaOH. The crystallite size of Cell 2-C
(cellulose II) is smaller than that of Cell 2 (cellulose I)
treated with 5-10 wt % NaOH. In contrast, the crystal-
lite size of Cell 2-C (cellulose II) is larger than that
of Cell 2 (cellulose II) treated at 15-20 wt % NaOH.
X-ray diffraction pattern gives information related to
the size and perfection of the crystalline domains. It is
known that the crystallite size of cellulose II is smaller
than that of cellulose I.!

4. Conclusions

The crystalline structure of the cellulose treated with
NaOH and CO, was analyzed by wide-angle X-ray dif-
fraction analysis and FTIR spectroscopy. The transfor-
mation to cellulose II was observed by X-ray diffraction
for cellulose treated with 15-20 wt % NaOH or 5-20 (or
10-20) wt % NaOH with CO,.

From the FTIR spectra, the bands at 3352, 2901,
1431, 1373, 1282, 1236, 1202, 1165, 1032, and
897 cm ™! are shifted to 3447, 2892, 1419, 1376, 1278,
1228, 1200, 1162, 1019, and 894 cm™!, respectively.
These bands may be influenced by the change of inter-
or intramolecular hydrogen bonds during the transfor-
mation. Many of the FTIR bands including 2901,
1431, 1282, 1236, 1202, 1165, 1032, and 897 cm™' were
shifted to higher wave number (by 2-13 cm™'), while
the bands at 3352, 1373, and 983 cm ™! were shifted to
lower wave number (by 3-95cm ™). At the same time,
the absorbances of the bands at 1337, 1114, and
1058 cm ™! are decreased and those at 1263, 993, and
668 are increased. The FTIR spectra of hydrogen-
bonded OH stretching vibrations at around 3352 cm ™!
are resolved into three bands for cellulose I and four
bands for cellulose II, assuming that all the vibration
modes follow Gaussian distribution. The bands of 1
(3518cm™"), 2 (33499cm™Y), and 3 (3195cm™!) are
related to the sum of the valence vibrations of an
H-bonded OH group and the intramolecular hydrogen
bond 2-OH---O-6, intramolecular hydrogen bond of
3-OH- - -O-5 and the intermolecular hydrogen bond of
6-OH- - -O-3', respectively. Compared with the bands
of cellulose I, a new band of 4 (3115 cm™!) related to
intermolecular hydrogen bond of 2-OH---O-2’ and/or
intermolecular hydrogen bond of 6-OH---O(2') in
cellulose IT appeared.

CI(XD) of the cellulose treated is slightly decreased
with an increase in NaOH concentration. With the
CO, treatment that follows, it is considerably decreased
up to 10 wt % NaOH. Resolution of CI(XD) was per-
formed to obtain the portion of the cellulose I and cellu-
lose II lattice. From the correlation between CI(IR) and
CI(XD-CI) (or CI(XD-CII)), the bands at 2901 (2802),
1373 (1376), 897 (894), 1263, 668 cm~' are good for
internal standards of CI(IR). Using a pair of bands

showing peak shifts, each fraction of two absorbances
can be assigned as an alternate of CI(IR). Correlated
with CI(XD) values in the range of 0-1, the newly de-
fined CI(IR) gives a higher coefficient than the CI(IR)
defined as an absorbance ratio. Partial transformation
to cellulose II by NaOH or NaOH/CO, treatment onto
cellulose is shown by the resolved FTIR spectra of
hydrogen-bonded OH stretching vibrations and the re-
solved X-ray diffraction patterns.

The crystallite size is decreased to a constant value for
Cell 2 treated at higher than 15 wt % NaOH. The crys-
tallite size of Cell 2-C (cellulose II) is smaller than that
of Cell 2 (cellulose I) treated at 5-10 wt % NaOH. On
the contrary, the crystallite size of Cell 2-C (cellulose
II) is larger than that of Cell 2 (cellulose II) treated at
15-20 wt % NaOH.
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