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Abstract

Cellulose II structure was obtained when cellulose precipitated from NMMO/H2O/cellulose solution by adding excess water. The
regenerated cellulose was three times more reactive than that of untreated cellulose in hydrolysis reactions. X-ray diffraction (XRD),
13C Solid-State Nuclear Magnetic Resonance (NMR) and Fourier Transform Infrared (FTIR) Spectroscopy were used to investigate
interactions between N-methylmorpholine-N-oxide (NMMO) and cellulose. Cellulose NMMO solid mixtures were heated to various
temperatures and cooled to room temperature. The presence of cellulose in cellulose NMMO solid mixture decreased the NMMO melt-
ing point by 80–110 �C and hampered NMMO recrystallizing during cooling process. NMMO crystal structure collapsed between 70 and
100 �C in cellulose NMMO mixture and became very mobile (liquid like form). Mobile NMMO molecules transformed crystalline cel-
lulose into amorphous cellulose. When the cellulose NMMO mixture was heated to 150 �C, cellulose started to replace H2O molecules
that hydrogen-bonded to NMMO. Our FTIR spectra results suggest that released H2O molecules exist as both adsorbed H2O molecules
on cellulose and unbound H2O molecules that are physically confined in cellulose matrix.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Natural cellulose forms unique microcrystal structures
through strong hydrogen bonding networks, which greatly
limits the access of b-1,4-glycosidic bonds and the other
functional groups to reactants and catalysts in heteroge-
neous reactions. Decrystallization is the most important
step to increase cellulose reactivity in heterogeneous reac-
tions. Because cellulose is insoluble in water and most com-
mon organic liquids, the utilization of cellulose through
modification or depolymerization in homogeneous reac-
tions is also limited. Inventing and employing appropriate
solvent systems in homogeneous reactions is a key factor to
improve cellulose reactivity.

Cellulose can dissolve in several solvent systems, which
include heavy metal-amine complex solutions, concentrated
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metal salts, cold NaOH solutions, thiocyanate/amine, LiCl/
dimethylacetamide (DMAc), N-methylmorphine-N-oxide
(NMMO)/H2O system, and concentrated H2SO4 and
H3PO4 (Johnson, 1985). The NMMO/H2O system is the
only industrialized solvent for the spinning of cellulosic fiber
(Lyocell process) that is used in place of the viscose process
(Firgo, Eibl, Kalt, & Meister, 1994). The N-methylmor-
phine-N-oxide (NMMO)/H2O system is able to dissolve up
to 30% of high-molecular-weight cellulose (Maia, Peguy, &
Perez, 1981) and the dissolution is a physical process without
derivatization (Rosenau, Hofinger, Potthast, & Kosma,
2003). However, the processes occurring on the molecular
level during dissolution of cellulose in NMMO remain large-
ly unknown. Swelling and dissolution of cellulose will dis-
rupt the hydrogen bonding networks in cellulose by
forming new H-bonds between solvents and cellulose. How-
ever, these processes are extremely complicated and no indi-
vidual step has been identified so far. A better understanding
of interactions between cellulose and solvent molecules is not
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only important to improve the current Lyocell process, but
also to benefit other cellulose utilization processes.

The cellulose regenerated from concentrated ZnCl2
(Chen & Yang, 1985) and CdO/ethylene diamine/H2O
(Tsao, Ladisch, & Ladisch, 1981) systems has shown signif-
icantly increased reactivity in hydrolysis reaction. The
regenerated cellulose from these solvent systems loses some
crystallinity and is closer to an amorphous structure. The
cellulose regeneration process from NMMO solvent system
may cause phase transition and decrystallization. Learning
the structure and reactivity helps the utilization of this
regenerated cellulose.

In this paper, we dissolved and regenerated cellulose
from a NMMO/H2O solvent system. The structure of
regenerated cellulose was characterized and the reactivity
of regenerated cellulose was tested in a hydrolysis reaction.
Cellulose and NMMO mixtures, after heating to different
temperatures and cooling down back room temperature,
were studied by X-ray Diffraction (XRD), Solid 13C Nucle-
ar Magnetic Resonance (NMR), and Fourier Transform
Infrared (FTIR) Spectroscopy. The interactions between
cellulose and NMMO are discussed.

2. Materials and methods

2.1. Sample preparation

Cellulose (cotton linters, product no. C6663) and
NMMO (97%) were purchased from Sigma–Aldrich. Cel-
lulose was dried in a vacuum oven at 105 �C for 48 h
before use and NMMO was used as received without
further purification. Cellulose/NMMO mixtures (1:1
mass ratio) were milled with an alumina mortar and pes-
tle in a glove box under N2 protection. In sealed flasks
filled with N2, four samples (1 g mixture) were heated
to 70, 100, 125, and 150 �C for 1 h and cooled down
back to room temperature. For comparison, one NMMO
sample was also heated to 150 �C for 1 h and cooled
down back to room temperature. These samples are
characterized by XRD, 13C solid-state NMR and FTIR
spectroscopy.

Five grams of NMMO/H2O (11% wt of H2O) were
heated to 100 �C to give a transparent solvent system. Cel-
lulose (0.5 g) was added to this solvent system and mixed
at 100 �C until a transparent solution formed. At 100 �C,
50 ml boiling water was added to the solution and stirred
by a glass rod. Cellulose that precipitated from the solu-
tion was filtered and washed five times by additional boil-
ing water. This regenerated cellulose was characterized by
CP/MAS 13C solid-state NMR and tested in an acid
hydrolysis reaction after it was dried in a vacuum oven
at 105 �C for 48 h. The ball-milled cellulose sample was
prepared by ball-milling cellulose for 6 days on an US
Stoneware ball mill machine. A ZrO2 ball (mass of 1 kg
and diameter of 1 cm) and 30 g of cellulose were loaded
into a polypropylene bottle (500 ml). Spinning speed was
set at 60 rpm.
2.2. X-ray diffraction method (XRD)

XRD measurements were performed on a Philips
PW3040/00 X’Pert MPD system. The diffracted intensity
of Cu Ka radiation (wavelength of 0.1542 nm, under a con-
dition of 50 kV and 40 mA) was measured in a 2h range
between 10� and 50�.

2.3. 13C solid-state NMR

Cross polarization/magic angle spinning (CP/MAS)
13C solid-state NMR experiments were performed on a
Chemagnetics CMX100 spectrometer operating under a
static field strength of 2.3 T (100 mHz 1H) at 25 �C.
The contact time for CP was 1 ms with a proton 90�
pulse of 5.5 ls and decoupling power of 45 kHz. The
MAS speed was 3 kHz. The delay time after the acqui-
sition of the FID signal was 2 s. The chemical shifts
were calibrated by using an external hexamethylbenzene
standard methyl resonance at 17.3 ppm. On the same
instrument, Bloch decay mode (Single Pulse Excitation)
was operated with a proton pulse of 5.5 ls and decou-
pling power of 45 kHz. The MAS speed was 3 kHz. The
delay time after the acquisition of the FID signal was
30 s.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy

KBr pellets of samples were prepared by mixing (2–
4 mg) NMMO/cellulose mixture with 200–250 mg KBr
(spectroscopic grade) with an alumina mortar. The
13 mm diameter pellets were prepared in a standard tool
under a pressure of 1360 atm. IR-spectra were recorded
using a Nicolet 740 FT-IR spectrometer with a DTGS
detector at 4 cm�1 resolution. The N2 gas flow was used
as background for each spectrum and 64 scans were taken
per sample.

2.5. Reaction tests

Hydrolysis tests were performed on a Symyx heated
orbital shaker system (HOSS). Reactants were sealed in
vials (fixed on an aluminum plate) and installed into a
Symyx reactor. In our experiments, 0.2 g cellulose and
3.0 g of 0.05 M sulfuric acid solution were loaded into a
vial. The reactor was pressurized with 100 Psi N2. Reactors
were heated to 150 �C and shaken at 600 RPM. After 40
minutes’ reaction, the reactor was quenched in a cold water
bath immediately. The products in vials were analyzed by
HPLC.

2.6. HPLC analysis of liquid products

Liquid products were analyzed by HPLC using a
Bio-Rad Aminex HPX-97H column. A refractive index
detector was used in our analysis. The effluent used in
our analysis was 0.005 M H2SO4.



Table 1
CP/MAS 13C NMR peak assignments of cellulose II structure

Atom Chemical shift, ppm
(Sternberg et al., 2003)

Chemical shift, ppm
(our data)

C1 107.3, 105.4 107.2, 105.3
C2 73.3 73.1
C3 76.9 76.8
C4 89.0, 87.8 89.0, 87.7
C5 75.0 75.0
C6 62.7 63.2
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3. Results

3.1. Regenerated cellulose

Fig. 1 shows relative cellulose conversions to glucose in
hydrolysis reactions. The conversion of untreated cellulose,
ball-milled cellulose, and regenerated cellulose (cellulose
precipitated from NMMO solution) were normalized to
that of untreated cellulose. The cellulose conversion of
regenerated cellulose almost triples in comparison with that
of untreated cellulose. Reprecipitating cellulose from
NMMO solution can increase cellulose conversion greater
than ball-milling cellulose, which doubles cellulose conver-
sion in comparison with that of untreated cellulose.

Fig. 2 shows CP/MAS 13C solid-state NMR spectra of
untreated cellulose, ball-milled cellulose, and regenerated
cellulose. Chemical shifts of crystalline cellulose carbons
Fig. 1. Normalized cellulose conversion in hydrolysis reaction of untreat-
ed cellulose, ball-milled cellulose, and regenerated cellulose.

Fig. 2. CP/MAS 13C solid-state NMR spectra of untreated cellulose, ball-
milled cellulose, and regenerated cellulose.
(C1–C6) remain same when cellulose was ball milled for
6 days. Ball-milling only increases the amount of amor-
phous cellulose which is evident from the increased peak
ratio of C4(79–86 ppm)/C4(86–92 ppm) and C6(56–63 ppm)/
C6(63–67 ppm), but the remaining crystalline cellulose main-
tains the original crystal structure (cellulose I). Regenerat-
ed cellulose shows significant chemical shifts from C1–C6
carbons, which indicates that some phase changes occur
in the dissolving and precipitating process. The peaks agree
very well with those observed from cellulose II structure by
Sternberg, Koch, Prieb, and Witter (2003). The assign-
ments of cellulose II carbons are listed in Table 1. The
small difference of chemical shifts could be caused by sam-
ple source and NMR machine calibration (�1 ppm). The
significantly broad peak at 83.8 ppm in Fig. 2 also indicates
that a certain amount of amorphous cellulose was also pro-
duced in the dissolving and precipitating process.

3.2. Cellulose NMMO (1:1 mass ratio) mixture

Fig. 3 shows the XRD patterns of mixture samples that
were heated to different temperatures and cooled down to
room temperature. The XRD patterns of the untreated
NMMO and that was treated at 150 �C are also shown
on the inset of Fig. 3. Although some changes occur on
the crystalline peaks of NMMO when it was treated at
150 �C, the NMMO crystal structure remains. When the
Fig. 3. XRD patterns of cellulose NMMO mixtures that are heated to
different temperatures and cooled down. (The XRD patterns of the
untreated NMMO and that was treated at 150 �C are shown on the inset.)



Fig. 5. CP/MAS and Bloch decay 13C solid-state NMR spectra of the
cellulose NMMO mixture that is heated to 150 �C and cooled down.
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mixture was heated to 100 �C and cooled down, most of
peaks originating from NMMO crystal disappear and only
some strong features between 17� and 21� remain due to
residual crystalline NMMO. The strongest cellulose peak,
at 2h = 22.6�, originates from the cellulose crystalline plane
002 (Newman, 1999; Park, Kang, & Im, 2004). The inten-
sity of this peak decreased dramatically when the mixture
sample was heated to 100 �C and cooled down. When the
mixture was heated to 150 �C and cooled down, all crystal-
line NMMO peaks are gone and the intensity of cellulose
crystalline peak reaches the minimum.

Fig. 4 shows the CP/MAS 13C NMR spectra of mixture
samples that were heated to different temperatures and
cooled down to room temperature. The NMR spectra of
the untreated NMMO and that was treated at 150 �C are
also shown on the inset of Fig. 4. No significant change
was observed on the NMR spectra when the NMMO
was treated at 150 �C. The peak at 61.7 ppm originates
from crystalline NMMO. The intensity of this peak
decreased dramatically when the mixture was heated to
100 �C and cooled down. Further increasing the tempera-
ture further decreases the intensity of this peak until it
becomes very weak at 150 �C. No chemical shift corre-
sponding cellulose carbon atoms was observed during this
heating and cooling process. All the crystalline cellulose
remains I structure and no cellulose II structure is pro-
duced in this process. When the mixture was heated to
100 �C and cooled down, the peak ratio of C4(79–86 ppm)/
C4(86–92 ppm) increased and suggested that some amorphous
cellulose was produced in the process. The peak ratio of
C4(79–86 ppm)/C4(86–92 ppm) reaches the maximum when the
mixture was heated to 125 �C and cooled down.

Fig. 5 shows the CP/MAS and Bloch decay 13C NMR
spectra of the mixture sample that was heated to 150 �C
and cooled down to room temperature. The NMMO signal
at 60.4 ppm that almost disappeared in the CP/MAS mode
was recovered in the Bloch decay mode. The cellulose C1,
Fig. 4. CP/MAS 13C solid-state NMR spectra of cellulose NMMO
mixtures that are heated to different temperatures and cooled down. (The
CP/MAS 13C NMR spectra of the untreated NMMO and that was treated
at 150 �C are shown on the inset.)
C2, C3, and C5 peak signals resolutions in the Bloch decay
mode are weaker than those in the CP/MAS mode because
of poorer signal to noise ratio in the Bloch decay mode.
Partial overlap between the cellulose C6 peak and the
NMMO peak makes it difficult to observe changes in the
C6 peak. Significant differences are observed in the C4 peak
between the CP/MAS and Bloch decay mode. The strong
C4 peak of crystalline cellulose between 86 and 92 ppm dis-
appears in the Bloch decay mode.

Fig. 6 shows the FTIR spectra of mixture samples that
were heated to different temperature and cooled down to
room temperature. The spectra between 900 and
1900 cm�1 are shown in Fig. 6 because no changes are
observed at 1900–4000 cm�1 and 600–900 cm�1. The FTIR
spectrum of the mixture at 25 �C was the simple summa-
tion of pure cellulose and NMMO spectrum. The features
of NMMO and cellulose in this mixture did not change
Fig. 6. FTIR spectra of cellulose NMMO mixtures that are heated to
different temperatures and cooled down.
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when the mixture was heated to various temperatures up to
150 �C. Significant changes occur between 1500 and
1700 cm�1. New peaks at 1632 and 1600 cm�1 were
observed when the mixture sample was heated to 150 �C
and cooled down to room temperature. The peaks at
1657, 1632, and 1600 cm�1 are assigned to different water
molecules in the mixture. (See Section 4)

4. Discussion

4.1. Regenerated cellulose

If cellulose is dissolved and precipitated, or treated with
a concentrated alkaline swelling agent and washed with
water (mercerization), cellulose II is formed (French,
1985). All regenerated celluloses have a much lower degree
of crystallinity (e.g., �40%) than the native form (Dudley
et al., 1983). Our NMR results show that the dissolving
and precipitating process converts cellulose I to cellulose
II and amorphous cellulose. Similar structures were previ-
ously observed by X-ray diffraction method after cellulose
precipitated from NMMO/H2O/cellulose solution after
adding water (Biganska, Navard, & Bedue, 2002).
Although more amorphous cellulose is present in the
ball-milled sample, the cellulose conversion of regenerated
sample is higher than that of ball-milled sample. This fact
means that reprecipitating cellulose from NMMO solu-
tions makes more b-1,4-glycosidic bonds accessible to acid
catalysts than ball-milling does. The increase of cellulose
conversion in hydrolysis after being ball-milled was only
due to the increased amorphous part. Our results strongly
indicate that cellulose II structure is more reactive (accessi-
ble) than cellulose I structure. Due to this reason, reprecip-
itating cellulose (cellulose II structure) with less amorphous
cellulose can be more reactive in hydrolysis than ball-milled
sample (cellulose I crystal structure) with more amorphous
cellulose.

4.2. Cellulose NMMO 1:1 mixture

The melting point of anhydrous NMMO is found to be
184 �C (Chanzy, Nawrot, Peguy, & Smith, 1982; Navard &
Haudin, 1981). The XRD and CP/MAS 13C NMR spectra
of the untreated NMMO and that was treated at 150 �C
suggest that the NMMO crystal structure was maintained
even after NMMO was treated at 150 �C. XRD and CP/
MAS 13C NMR spectra of cellulose and NMMO mixtures
demonstrated that NMMO crystal disappears and melts
even below 100 �C. This fact indicates that the presence
of cellulose decreases the melting point of NMMO at least
by 80 �C. It is well known that adding 13% of H2O into
NMMO can decrease the melting point of NMMO to less
than 76 �C (Chanzy et al., 1982; Navard & Haudin, 1981).
The NAO bond in NMMO has a very strong dipole
moment and the O in the NAO bond can form one or
two hydrogen bonds with hydroxylated substances, such
as water and alcohol (Chanzy, Maia, & Perez, 1982; Maia
et al., 1981; Maia & Perez, 1982). For example, NMMO
and H2O can form very strong NAO � � � HAOAH hydro-
gen bonds with strengths of 12.01 kcal mol�1 in the mono-
hydrate and 15.83 kcal mol�1 in the 2.5 mole hydrate
(Harmon, Akin, Keefer, & Snider, 1992). Similar hydrogen
bonds are also believed to form with cellulose, (Chanzy
et al., 1982) which lead to the decrease of the NMMO melt-
ing point.

After the cellulose NMMO mixture sample was heated
to 100 �C or higher, NMMO does not recrystallize during
the cooling process. These NMMO molecules are present
in a mobile form or highly dispersed in cellulose matrix.
The NMMO molecules are not detected by XRD and
CP/MAS 13C NMR spectra. In our XRD and CP/MAS
13C NMR spectra of the mixture samples that were heated
to more than 100 �C, only very small amounts of residue
crystalline NMMO were detected. The CP/MAS 13C spec-
troscopy can not detect rapidly reorienting molecules or
functional groups undergoing rapid rotation (Komorow-
ski, 1986). Bloch decay 13C NMR detects all resonances
provided that sufficiently long recycle delays are employed.
In our experiments, 30 s pulse delays were employed
because no significant NMMO signal change was observed
on changing pulse delays from 30 to 60 s. The missing
NMMO signals from mobile NMMO molecules are clearly
observed in the Bloch decay 13C NMR, as shown in Fig. 5.
The presence of cellulose evidently severely hampers the
nucleation and growth of the NMMO crystal at high cellu-
lose concentration. Chanzy et al. reported similar phenom-
ena and thought that polymeric ‘‘impurity’’ can impede the
nucleation and growth of crystals because of a retarded
diffusion of the crystallization species and poisoning of
crystal facets (Chanzy et al., 1982). However, Biganska
et al. observed the crystallizing of solvent molecules in
an X-ray scattering method when 3% cellulose solution
in NMMO/H2O (15% wt of H2O) was cooled down (Big-
anska et al., 2002). They also found that the crystallized
pattern disappeared when cellulose concentration
increased to 6%. These facts suggest that there is a mini-
mum polymeric ‘‘impurity’’ requirement to prevent solvent
molecules to crystallize. In our experiments, cellulose
should be more than enough to saturate NMMO and pre-
vents NMMO from crystallizing during the cooling
process.

Fig. 3 shows that cellulose crystal structure does not
change when NMMO exists in a crystal form below
70 �C. When NMMO crystal structure disappears at
100 �C, it also destroys some cellulose crystal structure in
the mixture. The small cellulose crystalline peaks at
100 �C or higher in Fig. 3 originate from residual crystal-
line cellulose due to excess cellulose in the mixture. The
residual crystalline cellulose also accounts for carbon sig-
nals of cellulose I in Fig. 4. These results strongly suggest
that cellulose does not crystallize when cellulose NMMO
solution solidifies during cooling down process although
cellulose crystallization in NMMO solution could readily
be induced by adding water. Amorphous cellulose struc-
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tures were obtained when cellulose solution in NMMO/
H2O (15% wt of H2O) solidified after cooling down to
room temperature (Biganska et al., 2002; Chanzy et al.,
1982). Consistent with these findings, the peaks originated
from amorphous structure (C4 86–79 ppm) in Fig. 4 are
intensified when mixture samples were heated to more than
100 �C. The C4 peak (92–86 ppm) of crystalline cellulose is
stronger than that of amorphous cellulose (86–79 ppm),
but it disappears in the Bloch decay mode in Fig. 5. Same
results are also observed for untreated cellulose in the
Bloch decay mode with pulse delay at 30 s. These results
suggest that the C4 of crystalline cellulose has a longer
relaxation time. When the pulse delay was increased to
60 s, the C4 peak of crystalline cellulose in untreated cellu-
lose was recovered in the Bloch decay mode (spectrum was
not shown). These facts indicate that the C4 relaxation time
of crystalline cellulose (T1) is between 30 and 60 s.

It is generally thought that strong H-bonds form
between cellulosic hydroxyl groups and the NAO group
of the NMMO. Surprisingly, no significant peak shifts were
observed in Fig. 6 when cellulose and NMMO mixture
samples are heated to different temperatures and cooled
down. In particular, the ms NAO mode at 987 cm�1 does
not shift when temperature increased from 25 to 150 �C.
This indicates that forming H-bonds with cellulosic
hydroxyl groups almost has no effects on the ms NAO
vibration mode. Unlike NMMO and cellulose molecules,
the water bending mode mbend H2O changes significantly
when the temperature is increased from 25 to 150 �C.
Below 125 �C, only mbend H2O at 1657 cm�1 was observed,
which was assigned to H2O molecules bonded to NMMO.
The mbend H2O at 1632 cm�1 was assigned to H2O bonded
to cellulose (Schwanninger, Rodrigues, Pereira, & Hinters-
toisser, 2004). The peak at 1600 cm�1 is very close to mbend

H2O of water vapor at 1595 cm�1 (Darling & Dennison,
1940). The mbend H2O increases by increasing hydrogen
bonding and causes mbend H2O shift to 1645 cm�1 in liquid
water (Devlin, Sadlej, & Buch, 2001). The assignments of
these peaks are summarized in Table 2. The peak at
1600 cm�1 must be from H2O molecules with almost no
hydrogen bond. The source of these H2O molecules could
be explained by the following reason. At 150 �C, cellulose
Table 2
FTIR spectra peak assignments of mbend H2O

mbend H2O (cm�1)

Our data Reference

H2OANMMO 1662 NMMO Æ 2.5H2O Harmon et al.
(1992)

1660

H2OANMMO
cellulose mixture

1657 NMMO Æ H2O Harmon et al.
(1992)

1660

H2OAcellulose 1632 H2OAcellulose Schwanninger
et al. (2004)

1635

H2O trapped in
cellulose matrix

1600 H2O (liquid) Devlin et al.
(2001)

1645

H2O (vapor) Darling and
Dennison (1940)

1595
molecules compete with H2O molecules that are bonded
to NMMO. Some H2O molecules are replaced by cellulose
molecules. Some of these released H2O molecules H-bond
to cellulose with mbend H2O at 1632 cm�1. The other part
of released H2O molecules are physically confined in cellu-
lose matrix and form no or very weak hydrogen bonds with
cellulose. The mbend H2O numbers in Table 2 also suggest
that the hydrogen bond strengths between these molecules
are NMMOAH2O > H2OAH2O > H2OAcellulose.

5. Conclusions

Cellulose dissolved in NMMO/H2O (11% wt of H2O)
solvents at 100 �C and precipitated as a Cellulose II struc-
ture after excess water was added to the solution. The con-
version of regenerated cellulose in hydrolysis reaction is
three times as that of untreated cellulose. Although CP/
MAS 13C NMR spectra show that more amorphous cellu-
lose are present in the ball-milled cellulose than in the
regenerated cellulose, the activity of ball-milled cellulose
is lower than that of regenerated cellulose. These results
indicate that cellulose II structure is more reactive (accessi-
ble) than cellulose I.

The presence of cellulose in cellulose/NMMO mixture
greatly decreased the melting point of NMMO by 80–
110 �C and hampered the recrystallization of NMMO dur-
ing cooling. NMMO crystal structure crashed between 70
and 100 �C. Bloch decay (Single Pulse Excitation) instead
of CP/MAS mode must be used to detect these highly
mobile NMMO molecules. Cellulose I crystal structure is
destroyed and becomes amorphous structure when
NMMO molecules become mobile below 100 �C. When
cellulose and NMMO mixture was heated to 150 �C, cellu-
lose started to replace H2O molecules that bonded to
NMMO. Our FTIR results suggest that the released H2O
molecules exist as both adsorbed H2O on the cellulose
and unbound H2O molecules that are physically confined
in cellulose matrix.
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