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a  b  s  t  r  a  c  t

Efficient  utilization  of  cellulose  in  polymer  blends  is  limited  because  of  its  high  crystallinity.  In  this
work,  an  attempt  to change  the  inherent  crystallinity  of  cellulose  was  performed  by exposing  it to  two
systems  viz.  dimethyl  sulfoxide  (DMSO)–supercritical  CO2 and  DMSO–urea–supercritical  CO2. The  cellu-
lose  samples  processed  in  DMSO–supercritical  CO2 system  at 2500  psi,  3500  psi,  and  4500  psi  showed  a
reducing  trend  of the  relative  crystallinity  with  increasing  pressure.  The  reduction  in the  relative  crys-
tallinity  occurred  due  to weakening  of  inter-chain  hydrogen  bonds  in  cellulose.  The  cellulose  samples
were  processed  in  DMSO–urea–supercritical  system  at 2500 psi and  4500  psi.  A maximum  55%  reduction
eywords:
ellulose
upercritical carbon dioxide
rea
rystallinity

in  relative  crystallinity  was  found  in  the  sample  that contained  1.80  mol  fractions  of urea  and  processed  at
2500 psi.  This  reduction  in  crystallinity  was  due  to the presence  of  a DMSO–urea  complex,  which  caused
weakening  of intermolecular  hydrogen  bond  and  an  intramolecular  hydrogen  bond.

© 2013 Elsevier Ltd. All rights reserved.

ydrogen bond

nfrared spectroscopy

. Introduction

There is a growing demand to develop products from
io-based materials and use technologies that can untie the
road dependence on fossil fuels and non-renewable resources.

ncreasing awareness to minimize plastic waste accumulation in
andfills and soil has triggered attempts toward utilizing bio-
ased materials over conventional polymeric materials. Usage of
on-biodegradable polymers especially the ones derived from
etroleum resources can be reduced by replacing them completely
r a part of them (by blending) with natural bio-polymers such as
olysaccharides and natural polypeptides. Among bio-polymers,
ellulose and starch are the most important natural polysac-
harides (Briassoulis, 2004). Cellulose, being the most abundant
atural polysaccharide and renewable biomass, represents about

.5 × 1012 tons of the total biomass produced annually (Klemm,
eublein, Fink, & Bohn, 2005). The high crystallinity of cellulose
akes it an excellent filler material to impart strength to a polymer

Abbreviations: CO2, carbon dioxide; DMSO, dimethyl sulfoxide; DRIFT, diffused
eflectance infrared Fourier transform spectroscopy; NMR, nuclear magnetic res-
nance; Pc, critical pressure; Tc, critical temperature; WAXRD, wide angle X-ray
iffraction.
∗ Corresponding author. Present address: 168 Rhines Hall, Materials Science and

ngineering, University of Florida, Gainesville, FL 32611, USA. Tel.: +1 352 846 3785.
E-mail address: rbane@mse.ufl.edu (R. Baney).

1 Present address: 6476 NE Alder Street, Apt # A, Hillsboro, OR 97124, USA.

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.11.101
blend. However, because of the closely packed-highly crystalline
structure formed due to hydrogen bonds, it cannot be chemically
processed easily (Yin et al., 2007). As a result, the efficient utiliza-
tion of cellulose in making fully or partially biodegradable polymer
products is still a challenging task.

For cellulose based polymer blends, a good balance of properties
can be achieved if the crystallinity of cellulose is reduced and/or the
compatibility with a base polymer is improved. This can also lead
to use of high volume of cellulose in polymer blends, which will not
only form a suitable alternative to starch but will also not affect the
human food chain unlike the way that the use of starch could poten-
tially do. Generally, physical properties of cellulose are changed by
derivatization (Edgar et al., 2001) which involves chemical mod-
ification of the cellulose structure, usually by functionalizing the
polymer chains using a solvent. In this research, emphasis has been
given on the study of changes in crystallinity and molecular struc-
ture of cellulose when it was  processed under a combination of
non-hazardous and environmentally benign solvent systems viz.
DMSO– supercritical CO2 or DMSO–urea–supercritical CO2. The pri-
mary objective of this research was to explore such solvent systems
to reduce crystallinity of microcrystalline cellulose and develop
understanding of micro-structural changes occur therein.
1.1. Structure and properties of cellulose

Cellulose is a polymer, which is biogenetically formed by two
repeat units of d-glucopyranose molecules that are linked through

dx.doi.org/10.1016/j.carbpol.2012.11.101
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:rbane@mse.ufl.edu
dx.doi.org/10.1016/j.carbpol.2012.11.101
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Fig. 1. Intra-chain and inter-chain hyderogen bonding in

ovalent �-glycosidic bonds between C1 and C4 carbon atoms. The
lucopyranose ring adopts a chair conformation 4C1. Three OH
roups per anhydroglucose unit (AGU) are present at C2, C3, and C6
n equatorial positions. Every second AGU ring is rotated by 180◦ in
he plane in order to accommodate preferred bond angles of acetal
xygen bridges (Fig. 1a). The presence of oxygen atoms on both
-glycosidic bond and pyranose ring and hydroxyl groups forms

 three dimensional semi-crystalline supermolecular structure via
rdered intra-chain and inter-chain hydrogen bonding (Ilharco,
arcia, Lopes da Silva, & Vieira Ferreira, 1997; Klemm,  Heublein,
t al., 2005; Klemm,  Schmauder, & Heinze, 2005; Kondo, Sawatari,
anley, & Gray, 1994; Kovalenko, 2010; O‘Sullivan, 1997). The

xtensive inter-molecular and intra-molecular hydrogen bonding
etween chains (Fig. 1b) results in large lattice forces which causes
igh crystallinity and water insolubility (Kondo et al., 1994; Scott,
002).

.2. Characteristics and properties of supercritical fluids

Supercritical fluids are clean and versatile alternatives to the
raditional organic solvents. These can be used to either replace
he organic solvents or collect and recycle the organic solvents
fter its use in many chemical processes (Wen, Jiang, & Zhang,
009). Zheng et al. defined supercritical fluid as “a fluid that is in

 gaseous form but compressed at temperatures above its critical
oint to a liquid like density” (Zheng, Lin, & Tsao, 1998). Character-

stics like high diffusivity, high mass transfer rates, low viscosity,
ow surface tension, and high solvency (Leitner, 1999; Wypych,
001) make supercritical fluids an excellent solvent for synthe-
is and processing of micro to nano-scale substances (Johnston &
hah, 2004). Among supercritical fluids, supercritical carbon diox-
de meets the criteria of ecological and economical constraints very

ell. Supercritical carbon dioxide is non-toxic, non-flammable,
nexpensive, readily available, and has lower critical temperature

nd pressure than other supercritical fluids (Kjellow & Henriksen,
009; Zheng et al., 1998; Zheng & Tsao, 1996). Carbon dioxide does
ot create any chemical waste and it is also a green house com-
onent (Schacht, Zetzl, & Brunner, 2008). The supercritical fluid
ose I (Klemm,  Schmauder, et al., 2005; O‘Sullivan, 1997).

state of CO2 is formed beyond critical temperature (Tc = 304 K) and
critical pressure (Pc = 7.3 MPa) (Kazarian, 2000).

2. Experiment strategies

Dimethyl sulfoxide is a biodegradable, non-toxic polar solvent.
Its high dipole moment (Aminabhavi & Gopalakrishna, 1995) and
it hydrogen bond forming properties with cellulose (Fernandez Cid
et al., 2007) can be used to expand the micro-fibrillar structure
of cellulose. Carbon dioxide in its supercritical state displays dual
properties – solvating power of liquid and mass transfer proper-
ties of a gas (Taherzadeh & Karimi, 2008). Such characteristics in
combination with properties of DMSO can be used to disrupt and
re-orient the molecular bonds in cellulose. Microcrystalline cellu-
lose can first be swollen by solvent DMSO and then pressurized
under supercritical CO2 to improve effectiveness of DMSO toward
altering the microstructure. DMSO is soluble in supercritical CO2
at convenient processing conditions (Rajasingam, Lioe, Pham, &
Lucien, 2004; Vega Gonzalez, Tufeu, & Subra, 2002). Application of
pressurized CO2 can help the solvent molecules penetrate deeper
into crystalline structure, cause disruption of hydrogen bonds, and
finally lead to reduction in crystallinity (Fig. 2). High mass-transfer
rate in the supercritical state can assist the diffusion of the sol-
vent molecules. DMSO can later be extracted from cellulose by
depressurizing CO2 over a fixed pressure range.

Sudden change in CO2 pressure during DMSO extraction may
cause collapsing of cellulose chains and reformation of the hydro-
gen bonds, which may  lead to only limited reduction in crystallinity.
The reformation of hydrogen bonds in cellulose can be restricted by
incorporating small quantities of a compatible compound. Urea is a
low cost- natural compound. It is also capable of forming hydrogen
bonds with cellulose (Nada, Kamel, & El-Sakhawy, 2000; Yin et al.,
2007). Urea is easily soluble in DMSO (Markarian, Gabrielyan, &
Grigoryan, 2004) but poorly soluble in supercritical CO2 (Catchpole

et al., 2005). According to our hypothesis, DMSO can act as a carrier
for urea molecules in crystalline structure of cellulose. Supercriti-
cal CO2 can assist in diffusing urea deeper into the structure. The
poor solubility of urea with supercritical CO2 can be used to extract
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Fig. 2. Re

nly DMSO during the depressurization run. In this way, urea can
e introduced into cellulose structure to reduce the cellulose crys-
allinity. Urea could either interact chemically with cellulose by
orming cellulose carbamate (Nada et al., 2000) or it can physically
e entrapped in cellulose structure. Either way it will increase the
ree volume of cellulose and so contribute in reducing crystallinity.
he selective interactions among the components are summarized
n Table 1 (Catchpole et al., 2005; Fernandez Cid et al., 2007; Krässig,
993; Markarian et al., 2004; Rajasingam et al., 2004; Vega Gonzalez
t al., 2002).

. Experimental

.1. Materials

Microcrystalline cellulose Avicel® FD100 provided by FMC  Cor-
orations, Philadelphia, PA was used as the starting material. The
upplier claimed that the molecular weight was about 36,000 g/mol
nd degree of polymerization is approximately 140. The crys-
allinity index is approximately 82% and particle size falls in the
ange of 6–12 �m.  Dimethyl sulfoxide (DMSO) A.C.S. grade was  pur-
hased from Fisher Scientific, Atlanta, GA and used as received. Urea
.C.S. grade (U-15) was also received from Fisher Scientific Co. CO2
as cylinder was purchased from Airgas South Inc., Gainesville, FL.

.2. Experiment procedure

For each batch reaction, 1.5 g microcrystalline cellulose was
dded into 5 ml  DMSO and the mixture was stirred at 80 rpm at
0 ◦C for 2 min  inside the fume hood. The white heterogeneous
olution, as formed, was immediately transferred into the view
ell before a gel formed. For batch reactions with urea, known
uantity of urea was first added into 5 ml  DMSO, stirred at 80 rpm
t 30 ◦C (303.15 K) until a clear homogeneous solution was formed.

 fixed amount of cellulose was added subsequently. The view

ell was held horizontally using a Stir-Plate support and purged
ith CO2 between 50 and 80 psi (0.3–0.5 MPa) for about 1 min.

he view cell was heated to 80 ◦C (353 K). During the heating
rocess, outlet port of the view cell was closed and it was filled

able 1
iscibility among cellulose/DMSO/urea/supercritical CO2.

Cellulose–DMSO Cellulose–supercritical CO2

Miscibility of components Partial (only swells) Poor 
 strategy.

with CO2 at 850 psi (5.8 MPa) when the temperature reached to
about 40 ◦C (313 K). The inlet port of the view cell was closed
and CO2 was  pressurized to desired pressure values of 2500 psi
(17.3 MPa), 3500 psi (24.1 MPa) or 4500 psi (31.0 MPa) by the
syringe pump. Once the temperature reached the set value, the
inlet port of the view cell was opened and pressurized CO2 was
transferred into it at gas flow rate of 80 ml/min. The inlet valve
for the view cell was closed when syringe pump and the view
cell came to pressure equilibrium. The solution was kept inside
the view cell under this temperature and pressure condition for
30 min. The solution was  stirred at about 500 rpm using a stirring
bar inside the view cell. The stirring speed was controlled by a
Stir-Plate. After 30 min  reaction time DMSO was  removed along
with CO2 by depressurizing the CO2. The depressurization process
was conducted in multiple steps of 2500 psi (17.3 MPa) to 2000 psi
(13.8 MPa). If the batch reaction was conducted at a CO2 pressure
higher than 2500 psi then the depressurization process included a
first step down from maximum pressure to 2500 psi and 2500 psi
to 2000 psi subsequent multiple pressure steps. Depressurization
was stopped when the sample under the view cell was observed
as a free flowing powder. Finally, the pressure and temperature
were brought down to room conditions. The sample was  removed
from view cell and transferred to a closed container.

It is worth to note that the batch reactions involving both
microcrystalline cellulose and urea required longer depressuriza-
tion times to obtain dry powder samples compared to reactions in
absence of urea. The compositions and processing conditions used
are listed in Tables 2 and 3 below.

4. Characterization

A  wide angle X-ray diffraction (WAXRD) study was  performed
using an X-ray diffractometer (Philips APD 3720). The XRD was
conducted using CuK� radiation at 40 kV and 20 mA.  The wave-
length of the X-ray was 1.54 Å. Diffraction patterns were collected

in the 2� range of 5–40◦ at step size of 0.02. The diffraction results
were treated and analyzed by deconvoluting the spectra into 5 sep-
arate peaks in the 2� range of 10.77–31.77◦ using ProFit software.
The relative degree of crystallinity was calculated by subtracting

DMSO–supercritical CO2 DMSO–urea Urea–supercritical CO2

Good Good Poor
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Table  2
Compositions and batch processing conditions for cellulose/DMSO/supercritical CO2.

Identification Cellulose (g) DMSO (ml) Temperature (◦C) CO2 pressure (psi)

Unmodified cellulose 1.5 N/A N/A N/A
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D2500 1.5 5
D3500 1.5 5 

D4500 1.5 5 

morphous region from crystalline region. The amorphous region
as represented by a broad peak with highest intensity at

� = 22.8◦, which was generated by first selecting a peak at 2�
alue of 19◦ and then applying Pearson VII profile fit until a best
t was obtained.

Diffused reflectance infrared spectroscopy was  obtained by a
hermo Electron Magna 760, Thermo Scientific Inc., MA.  Approx-
mately 0.003 g of sample was first mixed with 0.3 g of potassium
romide (KBr) in a high speed shaker for 1 min. Microcrystalline cel-

ulose Avicel® FD100 was kept in an oven for 24 h at 80 ◦C before
reparing the sample for spectroscopy. The spectra were recorded
t 4 cm−1 resolution in the range of 400 cm−1 to 4000 cm−1. The
umber of scans for each sample was set at 64. The spectra were

urther analyzed by performing curve-fitting simulations using an
pen source – peak fitting software ‘fityk 0.9.4’. The bands for the
ydrogen bonding region (3000–3800 cm−1) were deconvoluted
ssuming peaks as Gaussian, with a number of iterations to get
he good fit (Mishra, Chattopadhyay, Sreedhar, & Raju, 2006). The
2 values were visually observed but not recorded for each mea-
urement. In general, the R2 range was observed to be varying from
.75 to 0.90 for all of the Gaussian fits. A series of fitting iterations
ere carried out until a noticeable improvement in the Gaussian

urve that overlapped the data points was obtained. In this work
he visual observation of ‘how well’ the data points are covered
nder the Gaussian curve formed the basis of calling it a good fit.

. Results and discussion

.1. Microcrystalline cellulose processed with
MSO–supercritical CO2

.1.1. WAXRD analysis
Crystalline peaks in the cellulose diffraction spectra arise from

rystal lattices formed due to glycosidic bonds, hydrogen bonds and
an der Waals dispersion forces in the macromolecule (Bansal, Hall,
ealff, Lee, & Bommarius, 2010). Crystal microfibrils are made of
oth crystalline and amorphous regions (Garvey, Parker, & Simon,
005). These regions in microcrystalline cellulose Avicel® FD100,
eparated by using fityk tool, are depicted in Fig. 3. The assignment
f crystalline planes to the peaks was based on previous reports
Bansal et al., 2010; Park, Baker, Himmel, Parilla, & Johnson, 2010).
he relative degree of crystallinity of cellulose was  calculated by
sing the following formula (Focher et al., 2001; Zhang et al., 2009;

hou, Zhang, & Guo, 2005):

elative crystallinity (%) = (
Ac

Aa + Ac
) × 100

able 3
ompositions and batch processing conditions for cellulose/DMSO/urea/supercritical CO2

Identification Cellulose (g) DMSO (ml) 

UD25025 1.5 5 

UD25050 1.5 5 

UD25075 1.5 5
UD25010 1.5 5 

UD45025 1.5 5 

UD45050 1.5 5 

UD45075 1.5 5 

UD45010 1.5 5 
80 2500
80 3500
80 4500

where Ac is the sum of integral area of peaks assigned to crys-
talline regions (1 1̄ 0), (1 1 0), (1 0 2), (2 0 0) and Aa is the integral
area of amorphous region as shown by broad curve joining the end
points of the spectrum with maximum intensity at about 2� = 22.5◦.
WAXRD spectra of cellulose samples processed under DMSO and
supercritical CO2 at pressures ranging from 2500 psi to 4500 psi
were compared with unmodified cellulose (Fig. 3). It was  found
that the crystal structure of cellulose did not change due to the
processing but the (2 0 0) peak intensity was  reduced and the amor-
phous region was increased with increasing processing pressure
of supercritical CO2. This could be due to breaking down of cel-
lulose crystallites. The relative crystallinity of samples followed
a decreasing trend with increasing processing pressure. Cellulose
processed with DMSO at 2500 psi (D2500) was only marginally
affected but relative crystallinity of cellulose processed with DMSO
at 4500 psi (D4500) was reduced by more than 45% from that of
unmodified cellulose. From these results, it can be concluded that
an increase in the processing pressures of supercritical CO2 must
have resulted in deeper penetration of DMSO into micro-fibrils of
cellulose, but it did not have a very significant effect on the orig-
inal crystal structure. The change in relative crystallinity in spite
of unmodified crystal structure suggests that the DMSO molecules
affected the cellulose mostly by interacting with intermolecular
bonds in the amorphous region of cellulose whereas high pressure
supercritical CO2 aided in breaking the cellulose crystallites.

5.1.2. DRIFT analysis
Cellulose macromolecule has three different hydroxyl groups

that participate in inter-chain and intra-chain hydrogen bonding.
Combination of these hydrogen bonded OH stretching vibrations
show a broad IR peak in 3000–3600 cm−1 region (Kondo et al.,
1994). Heavy overlapping of inter-chain and intra-chain hydrogen
bonds in OH stretch region makes the interpretation of correspond-
ing bands difficult. Various authors have separated these bands
but the assignment of hydrogen bonds corresponding to the peak
positions varies not only with author’s discretion but also with
the source of cellulose (Kokot, Czarnik-Matusewicz, & Ozaki, 2002;
Maréchal & Chanzy, 2000; Oh et al., 2005; Sugiyama, Persson, &
Chanzy, 1991; Watanabe, Morita, & Ozaki, 2006).

The infrared spectra of cellulose – as received, and cellu-
lose processed under supercritical CO2 at 2500 psi, 3500 psi, and
4500 psi pressures are shown in Fig. 4. It can be seen that the

hydrogen bonding region (3000–3600 cm−1) became narrow with
increase in supercritical CO2 pressure. This change can be attributed
to disruption in hydrogen bonding either due to fewer hydroxyl
groups to form hydrogen bond (Kondo et al., 1994) or change in the

.

Urea (g) CO2 pressure (psi) Temperature (◦C)

0.25 2500 80
0.50 2500 80
0.75 2500 80
1.0 2500 80
0.25 4500 80
0.50 4500 80
0.75 4500 80
1.0 4500 80
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Fig. 3. Relative crystallinity of cellulose samples processed in DMSO and supercritical CO2 at processing pressures 2500 psi, 3500 psi and 4500 psi.

Fig. 4. DRIFT spectra of microcrystalline cellulose Avicel® FD100, D2500, D3500 and D4500 (bottom to top).

Table  4
Inter-chain and Intra-chain hydrogen bonds in Cellulose.

Wavenumber Peak assignment in this work Hydrogen bond type References

3478 O2H2·  · ·O6 Intra-chain Maréchal and Chanzy (2000)
3345 O3H3·  · ·O5 Intra-chain Maréchal and Chanzy (2000), Kokot et al. (2002)

3208  O6H6·  · ·O3′ Inter-c
3274  I� Hydrog
hain Oh et al. (2005)
en bond Sugiyama et al. (1991)
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Table  5
Change in wavenumber shift and peak height (intensity) of D2500, D3500 and D4500 samples relative to unmodified cellulose.

Hydrogen bond Unmodified cellulose D2500 D3500 D4500

O2H2· · ·O6 3478 3451 3426 3417
Wavenumber shift N/A (−27) (−52) (−61)
O3H3·  · ·O5 3345 3353 3345 3345
Wavenumber shift N/A (+8) (0) (0)
O6H6·  · ·O3′ 3208 3278 3298 3292
Wavenumber shift N/A (+70) (+90) (+90)
I�  3274 3274 3278 3274
Wavenumber shift N/A (0) (+4) (0)

Hydrogen bond Peak height

Unmodified cellulose D2500 D3500 D4500

O2H2·  · ·O6 0.01 0.03 0.03 0.05
O3H3·  · ·O5 0.04 0.02 0.03 0.03
O6H6·  · ·O3′ 0.02 0.03 0.03 0.07

Fig. 5. WAXRD spectra of cellulose samples processed in DMSO–urea mixtures at 2500 psi and 4500 psi supercritical CO2 pressures.
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Fig. 6. Relative crystallinity of cellulose samples processed in DMSO and
DMSO–urea mixture with supercritical CO2.

Table 6
Peak assignments for hydrogen bonds in cellulose samples processed with
DMSO/urea/supercritical CO2.

Wavenumber (cm−1) Peak assignment in this work Hydrogen bond type

3454 O2H2· · ·O6 Intra-chain
3371 O3H3·  · ·O5 Intra-chain
3248 O6H6· · ·O3′ Inter-chain
04 A. Selarka et al. / Carbohydr

trength of inter-chain and intra-chain hydrogen bonding networks
f cellulose due to processing. Peak deconvolution in the hydrogen-
onding region resulted in four individual spectral bands (Fig. 4,

nset), which were assigned to inter-chain, and intra-chain hydro-
en bonds in sample D2500 as listed in Table 4. Wavenumbers
elated to hydrogen bonds in cellulose shifted due to processing.
hese shifts relative to the hydrogen bonds in unmodified cellulose
re listed in Table 5. In order to study the effect of processing on
ydrogen bond intensity, peak heights of processed samples were
ompared with that of unmodified cellulose (Table 5).

It is known that among different hydrogen bonded hydroxyl
roups, the one with stronger hydrogen bond is shifted more
oward lower wavenumber in the spectrum (Maréchal & Chanzy,
000). In comparison with unmodified cellulose, the movement
f intra-chain hydrogen bond O2H2·  · ·O6 to lower wavenumbers
nd inter-chain hydrogen bond O6H6·  · ·O3′ to higher wavenum-
ers suggests strengthening of the O2H2·  · ·O6 and weakening of
he O6H6·  · ·O3′ when supercritical CO2 processing pressure is
ncreased. It is also observed that processing pressures higher
han 2500 psi caused significant reduction in O3H3·  · ·O5 bond
ntensity whereas the O6H6·  · ·O3′ bond intensity increased over
nmodified cellulose. This might be possible that the increase in
bsorption intensity was caused by an increase in dipole moment
ue to interaction of DMSO molecules. This suggests that the
MSO + supercritical CO2 preferentially interact with the inter-
hain hydrogen bonds O6H6·  · ·O3′ and intra-chain hydrogen bonds
2H2· · ·O6 but the degree of interaction changes for the intra-chain
ydrogen bond at different levels of processing pressures, whereas

t remains the same for inter-chain hydrogen bond for any level of
upercritical CO2 pressures studied herein. Fig. 4 also shows spec-
ral changes at around 1035 cm−1 and 957 cm−1 for the cellulose
amples processed in DMSO at different CO2 pressures. The band
t 1035 cm−1 is assigned to CH3 rocking mode in DMSO (Skripkin
t al., 2004) which is overlapped with the stretching vibrations of
6 O6 bond in cellulose (Oh et al., 2005). This band is found to
atch the intensity of stretching vibrations of C3 O3 (1058 cm−1)

n cellulose for D4500. This also suggests that DMSO molecules
terically interact with C6 O6 bond and change the environment
round C6 carbon atom of cellulose to make this bond more polar.
ellulose processed under DMSO and supercritical CO2 also shows
wo spectral bands at 957 cm−1 and 700 cm−1 from S O stretching,
H3 rocking combination, and asymmetric stretching vibrations of
MSO dimers respectively (Fawcett & Kloss, 1996; Martens, Frost,
ristof, & Theo Kloprogge, 2002; Skripkin et al., 2004). The increase

n peak intensity at 957 cm−1 and narrowing of peak at 700 cm−1

ith increase in CO2 processing pressures suggest that the DMSO
olecules were penetrating deeper into the crystalline structure of

he cellulose.
From the above observations, it can be concluded that

rocessing under DMSO and supercritical CO2 at different pressures
aused weakening of O6H6·  · ·O3′ inter-chain hydrogen bond yet
ll the hydroxyl groups still participate in forming hydrogen bond
etwork such that overall hydrogen bond strength becomes and
emains smaller than unmodified cellulose. Higher CO2 pressure
aused DMSO molecules penetrate deeper into crystalline struc-
ure of cellulose and interact mainly with O6H6·  · ·O3′ inter-chain
ydrogen bond.

.2. Microcrystalline cellulose processed with DMSO–urea–
upercritical CO2

.2.1. WAXRD analysis

WAXRD spectra of samples with 0.25–1.00 g of urea in cel-

ulose, processed with DMSO and supercritical CO2 at 2500 psi
nd 4500 psi are shown in Fig. 5. It was found that crystal struc-
ure of cellulose mostly remained unchanged except that (2 0 0)
3339 DMSO–urea complex N/A
3200 DMSO–urea complex N/A

peak intensity of all processed samples was  reduced relative to
unmodified cellulose. Some additional structural changes for the
samples UD25010 and UD45010 were observed. In those samples,
the intensity of planes (1 1̄ 0) and (1 1 0) were relatively reduced
and UD45010 showed some additional peaks at larger 2� angles.
These changes must be due to interference of excess urea particles.
The amorphous region in urea containing cellulose samples was
significantly larger than the unmodified cellulose. However, the
amorphous region did not change significantly with either increase
in urea content or variation in processing pressure. A quantita-
tive comparison (Fig. 6) shows that the relative crystallinity of the
sample UD25010 reduced as much as 50% from that of unmodified
cellulose. However, the relative crystallinity of other urea contain-
ing cellulose samples formed a plateau at about 45%, which was
similar to the cellulose processed without urea at 4500 psi. Overall,
the relative degree of crystallinity did not change significantly as a
function of urea content or pressure when urea was incorporated.

5.2.2. DRIFT analysis
Cellulose samples processed in DMSO–urea mixture with super-

critical CO2 at 2500 psi and 4500 psi were characterized by DRIFT
in order to understand the interactions between components and
reason for limited reduction in relative crystallinity of cellulose. The
sample with the highest molar ratio of urea to cellulose was chosen
to assign the peaks to respective molecular bond vibrations. Fig. 7
inset shows deconvoluted hydrogen bonding region in IR spectra of
UD25010. In comparison with hydrogen bonding region of unmo-
dified cellulose, UD25010 includes an additional peak at around
3200 cm−1 which was  formed due to presence of NH stretching
vibrations (Mishra et al., 2006). Spectral bands around 3450 cm−1,
3370 cm−1 and 3245 cm−1 were assigned to two intra-chain bonds
O2H2·  · ·O6, O3H3·  · ·O5 and inter-chain hydrogen bond O6H6· · ·O3′

respectively. A DMSO–urea complex was formed when urea was

dissolved in DMSO; peaks at around 3340 cm−1 and 3200 cm−1

are assigned to signals from these compounds (Markarian et al.,
2004) (Table 6). It is worth to note that peaks around these
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Fig. 7. DRIFT spectra of UD25025, UD25

avenumbers were earlier assigned to intra-chain and inter-chain
ydrogen bonds in unmodified cellulose. However, significant
hange in intensity and small shift of wavenumber corresponding
o CH2 bending (1430 cm−1) suggests that DMSO–urea complex
ffects the environment around O6H6 bond; this resulted in
pectral shift of band associated to inter-chain hydrogen bond
6H6· · ·O3′. This observation provided a good reason to change

he assignment for O6H6·  · ·O3′ from 3200 cm−1 to 3245 cm−1

or UD2500 and UD4500 samples. With a comparison to the
R spectra of unmodified cellulose, cellulose processed under
MSO–urea–supercritical CO2 shows obvious new peaks in the

ange of 1600–1800 cm−1 which arise from C O stretching vibra-
ions of amide I (Mishra et al., 2006). The bands at 1620 cm−1

nd 1670 cm−1 are assigned to ordered and disordered hydrogen
onded carbonyl groups respectively (Li et al., 2008; Yilgör, Burgaz,
urtsever, & Yilgör, 2000). Asymmetric stretch of the H C N group

n Urea was found at 1470 cm−1 (Liu, Yang, & Wang, 2007). This
and is shifted to lower wavenumbers for processed samples due
o weakening of its strength as a result of forming hydrogen bond
ith DMSO.

.2.3. Effect of urea concentration at CO2 processing pressure of
500 psi

The FTIR spectra for the samples UD25025, UD25050, UD25075,
nd UD25010 are shown in Fig. 7. The hydrogen-bonding region
3200 cm−1 to 3600 cm−1) in samples was deconvoluted by fityk
oftware. The changes in wavenumber and intensity of peaks
elative to corresponding peaks in unmodified cellulose are
isted in Table 7. Intra-chain hydrogen bond O2H2·  · ·O6 shifted
rom 3478 cm−1 (unmodified cellulose) to around 3455 cm−1 for
rocessed samples. However, it did not vary significantly among
rocessed samples. On the other hand, spectral band of intra-chain
ydrogen bond O3H3·  · ·O5 shifted to higher wavenumbers with

ncrease in urea concentration. The spectral band for inter-chain
ydrogen bond O6H6·  · ·O3′ also shifted to higher wavenumber for
ll the processed samples. The intensities of urea–DMSO complex
ere increased with increase in urea concentration. These obser-
ations suggest that processing caused reduction in the hydrogen
ond strength of O3H3·  · ·O5 and O6H6·  · ·O3′ but increased the
trength of O2H2·  · ·O6 in cellulose; this effect was more promi-
ent in sample with highest urea content. Moreover, the spectral
D25075 and UD25010 (bottom to top).

band at 1035 cm−1 was  broadened and its ratio with spectral band
at 1058 cm−1 increased by increase in urea content. As mentioned
earlier, these bands are assigned to CH3 rocking mode of DMSO
(which is overlapped with C6H6· · ·O6 of cellulose) and C3O3 of cel-
lulose respectively. This shows incremental interaction of DMSO
with C6H6· · ·O6 of cellulose and more DMSO being trapped in cel-
lulose with increase in urea content.

5.2.4. Effect of urea concentration at CO2 processing pressure of
4500 psi

The FTIR spectra for samples UD45025, UD45050, UD45075,
and UD45010 are shown in Fig. 8. Hydrogen bonding region
in samples was deconvoluted by fityk software. The changes in
wavenumber and intensity of peaks relative to corresponding
peaks in unmodified cellulose are listed in Table 8. When com-
pared to position of corresponding bands in unmodified cellulose,
it was found that the spectral band for intra-chain hydrogen
bond O2H2·  · ·O6 moved to lower wavenumbers and the band
for O3H3·  · ·O5 was shifted to higher wavenumbers for UD45025
and UD45010 respectively. Moreover, the spectral band for inter-
chain hydrogen bond O6H6·  · ·O3′ shifted to a higher wavenumber
compared to that in unmodified cellulose. These observations sug-
gest that processing resulted in weakening of hydrogen bonds
O3H3·  · ·O5 and O6H6·  · ·O3′ whereas the bond O2H2·  · ·O6 was
strengthened. Strengthening of O2H2·  · ·O6 can also be explained
by reduction in its absorption intensity, which might be due to
interaction of urea–DMSO complex preferentially with other two
hydrogen bonds. However, the increase in urea content did not
bring any significant difference in O6H6· · ·O3′ inter-chain and
O3H3·  · ·O5 intra-chain bond strengths for the two samples studied
herein. The intensities for urea–DMSO complex increased for the
sample containing higher amounts of urea. Also, the spectral band
at 1035 cm−1 was  broadened and its ratio with spectral band at
1058 cm−1 matched by increase in urea content. This shows inter-
action of DMSO with C6H6· · ·O6 of cellulose increased and more
DMSO was  trapped in cellulose when urea content was increased.

From the above analysis, it can be concluded that addition

of urea caused weakening of O3H3·  · ·O5 intra-chain hydrogen
bond in addition to weakening of the inter-chain hydrogen bond
unlike non-urea containing systems in which only the inter-chain
hydrogen bond was weakened. This could imply slightly lower
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Table 7
Change in wavenumber shift and peak height (intensity) of UD25025, UD25050, UD25075, UD2510 relative to unmodified cellulose.

Hydrogen bond Unmodified cellulose UD25025 UD25050 UD25075 UD25010

O2H2·  · ·O6 3478 3447 3454 3457 3454
Wavenumber shift N/A (−31) (−24) (−21) (−24)
O3H3·  · ·O5 3345 3352 3360 3375 3371
Wavenumber shift N/A (+7) (+15) (+30) (+26)
O6H6·  · ·O3′ 3208 3255 3233 3235 3248
Wavenumber shift N/A (+47) (+25) (+27) (+30)

Hydrogen bond Peak height

Unmodified cellulose UD25025 UD25050 UD25075 UD25010

O2H2·  · ·O6 0.01 0.02 0.16 0.20 0.21
O3H3·  · ·O5 0.04 0.02 0.27 0.11 0.26
O6H6·  · ·O3′ 0.02 0.07 0.14 0.18 0.17

Fig. 8. DRIFT spectra of UD45025, UD45050, UD45075 and UD45010 (bottom to top).

Table 8
Change in wavenumber shift and peak height (intensity) of UD45025, UD45050, UD45075, UD4510 relative to unmodified cellulose.

Hydrogen bond Unmodified cellulose UD45025 UD45050 UD45075 UD45010

O2H2·  · ·O6 3478 3454 3444 3461 3460
Wavenumber shift N/A (−24) (−34) (−17) (−18)
O3H3·  · ·O5 3345 3357 3343 3389 3387
Wavenumber shift N/A (+12) (−2) (+44) (+42)
O6H6·  · ·O3′ 3208 3245 3211 3242 3244
Wavenumber shift N/A (+37) (+3) (+34) (+36)

Hydrogen bond Peak height

Unmodified cellulose UD45025 UD45050 UD45075 UD45010

O2H2·  · ·O6 0.01 0.03 0.08 0.12 0.16

c
e
o
p
D
p
p
t

O3H3·  · ·O5 0.04 0.05 

O6H6·  · ·O3′ 0.02 0.03 

rystallinity of cellulose samples that contains urea. How-
ver, change in hydrogen bonding was also due to presence
f urea–DMSO complex that was entrapped in cellulose after
rocessing. The DMSO–urea complex reduced the solubility of

MSO in supercritical CO2 and retained more DMSO–urea com-
lex trapped inside microfibrils of cellulose after depressurization
rocess. Dissolution of urea in DMSO prevented the direct interac-
ion with cellulose. Therefore, increase in urea content did not bring
0.19 0.22 0.24
0.12 0.06 0.10

any considerable change in molecular bond strength and hence the
crystallinity of cellulose samples did not show a significant change
by varying urea content.
6. Conclusion

In this work, a method to partially reduce the crystallinity of cel-
lulose using a combination of solvents viz. DMSO and DMSO–urea
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ixture with supercritical CO2 was developed. Microcrystalline
ellulose was first solvated with DMSO (or DMSO–urea mixture)
nd pressurized using supercritical CO2 at various pressures. DMSO
as finally extracted and cellulose was collected in a dry powder

orm. The effect of processing microcrystalline cellulose in DMSO,
rea, and supercritical CO2 was studied. Processing under DMSO
and urea) with supercritical CO2 did not break the crystalline
egions of microcrystalline cellulose completely. Yet the experi-
ents resulted in significant reduction of the relative crystallinity,
hich mostly occurred due to the plasticization of short-range

rder – amorphous regions in cellulose. Processing of micro-
rystalline cellulose with DMSO (or DMSO–urea mixture) with
upercritical CO2 caused restructuring of inter-chain and intra-
hain hydrogen bonding in cellulose. For cellulose without urea,
MSO molecules primarily interacted around the O2H2·  · ·O6 intra-
hain hydrogen bond which, in presence of supercritical CO2,
esulted in stretching and weakening of the O6H6·  · ·O3′ inter-chain
ydrogen bond. In samples of cellulose with urea, the DMSO–urea
omplex with supercritical CO2 caused weakening of O3H3·  · ·O5
ntra-chain as well as O6H6·  · ·O3′ inter-chain hydrogen bond.
ncrease in supercritical CO2 pressure resulted in deeper penetra-
ion of DMSO in cellulose. For urea containing cellulose samples,
xtraction of DMSO during CO2 depressurization was affected by
resence of urea.
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