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Abstract Cellulose is a biodegradable and renewable
natural material that it is naturally resistant to breaking and
modification. Moreover, the crystalline structure of
cellulose is a major factor restricting its industrial
utilization. In this study, cellulose polymorphs were
prepared from natural cellulose, and their solvability and
thermal response were investigated. Using liquid- and
solid-state NMR signals, the distinct types and dissolving
states of cellulose polymorphs were identified. The thermal
behavior of the polymorphic forms of cellulose-d was also
evaluated, and cellulose II exhibited the poorest thermal
stability and a unique exothermic reaction.
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1 Introduction

In recent years, concerns about global climate change, the
security and cost of energy supply, and the desire to shift
toward a “low carbon” world have raised interest in
biofuels as an alternative to conventional fossil fuels.
Biofuels could reduce greenhouse gas (GHG) emissions
and the dependence on non-renewable fossil fuels, while
moving toward a green, low-carbon economy. According
to a benchmark scenario projected for 2030, the reduction
of CO, emissions would reach 43% by adopting various
technologies and creating less polluting energy. Lignoce-
llulosic residues are a second-generation and advanced
(low-carbon and sustainable) feedstock, different from
food biomass (first-generation feedstock), and do not
compete for food-related land and resources (Ashraf et al.,
2017). Cellulose (around 1.5x10'* tons annual) is
considered to be the most renewable material, and a
desirable natural polymer source in the biobased material
and sustainable industries. Cellulose is used in traditional
industries such as textiles, papermaking, and plastic, as
well as in the food and chemical industries, in addition to
fields such as medicine, construction, agriculture, forestry,
and biochemistry (Wang et al.,, 2013). Exploiting the
advantages of cellulose can reduce energy consumption,
greenhouse gas emission, and the negative influence of
agricultural markets and food prices, thus addressing
problems such as resource shortages and environmental
pollution (Perlack et al., 2005; Wang and Deng, 2009).
Thus, the research, development, and utilization of
cellulose offer alternative development routes to achieving
low-carbon objectives, promoted by technologies and low-
pollution energy systems.

Compared with synthetic biodegradable materials,
cellulosic materials have many advantages. First, cellulosic
materials can be completely degraded by microorganisms,
and thus differ from biodegradable materials made by
blending biobased materials with polyolefins, which are
not biodegradable. Secondly, hydroxyl groups exist on a
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cellulose macromolecular chain, which have strong
reaction performance and designability. Therefore, cellu-
lose processing technologies are relatively simple, low-
cost, and non-polluting. Thirdly, cellulose is non-toxic,
which is critical for many applications (Huang et al.,
2016). The use of non-toxic and non-polluting organic
solvents to spin cellulose into regenerated cellulose has
resulted in a breakthrough in the development of the textile
industry to a certain extent (Chen et al., 2014). Regene-
rated cellulose separation membranes are also an important
membrane material that can remove heavy metals from
polluted water (Madaeni and Heidary, 2011). The
abundance of hydroxyl groups in cellulose makes it easy
to be modified and synthesized, and allows complete
decomposition into carbon dioxide and water by micro-
organisms without pollution. As a natural polymer
material, cellulose microspheres reproducibly degrade
and show good biocompatibility, and have been exten-
sively employed as chromatographic stationary phases,
adsorbents, and bio-affinity carriers after being highly
modified, thus playing an important role in environmental
science, separation engineering, and biomedicine (Luo and
Zhang, 2010; Wang et al., 2015; Jin et al., 2012). Hydrogel
is a highly cross-linked three-dimensional network poly-
mer, capable of adsorbing substantial amounts of solution
to establish swell equilibrium without being dissolved,
while maintaining the shape and properties of the solid. By
introducing chemical or physical action to cellulose chains,
biobased hydrogels can exhibit excellent water absorption
and water-holding capacities, and are hence useful in the
adsorption of heavy metal pollution, drug release, and
tissue engineering (Lou et al., 2014; Tsarevsky et al.,
2004).

Cellulose is formed by glucose with $-1,4 glycosidic
linkages, but the degree of polymerization of cellulose
from different sources differs (Zhang et al., 2008).
Cellulose is a semi-crystalline natural polymer with a
partially crystallized region in which molecular chains are
arranged regularly, while regions with irregularly arranged
molecular chains form amorphous regions. In the crystal-
line region, the strong force leads to a regular arrangement
of cellulose chains. In the amorphous region, the
interaction force of cellulose molecular chains is weak,
and the arrangement between them is loose and irregular
(Himmel et al., 2007). The cellulose chain is a long
molecule chain, passing through multiple crystalline and
amorphous regions. The crystalline area of cellulose has a
tremendous influence on its physical properties, such as
mechanical strength, melting point, and thermal stability.
Because the f-1,4 glycosidic bond energies between
repeating glucose units are high, it is difficult to completely
break the linkages and obtain glucose (Jeoh et al., 2007). In
addition, the hydroxyl groups in cellulose chains induce
the formation of a three-dimensional network structure.
Because of inter- and intra-molecular hydrogen bonds
between cellulose chains, the dissolution and modification

of cellulose is difficult with common solvents (Chen et al.,
2006). Different pretreatment technologies have been
shown to ameliorate the subsequent hydrolysis of cellulose
by breaking plant cells at a certain degree by altering,
moving or solubilizing lignin, breaking the bonds of
lignin-carbohydrate complexes (LCC), hydrolyzing a
proportion of hemicellulosic moieties, and reducing
cellulose crystallinity (Kumar et al., 2009; Mosier et al.,
2005). Chemical pretreatments have been extensively
investigated, including the use of acids, alkalines, and
organosolvents, and novel green technologies for cellulose
dissolution are attracting growing interest, given serious
environmental pollution and the desire to improve the
quality of living environments (Yang and Wyman, 2008).
Many kinds of solvent, such as N-methylmorpholine-N-
oxide (NMMO) and aqueous NaOH solutions, have been
demonstrated to dissolve cellulose (Qin et al., 2013a), and
solvents that are environmentally friendly and low-cost are
the most important indexes of sustainable chemistry. In
particular, the NaOH/urea system has considerable poten-
tial in dissolving cellulose and preparing cellulose
derivatives (Qin et al., 2013b). Egal et al. found that
when precooling an NaOH/water system < 0°C, its ability
to dissolve microcrystalline cellulose improved, and the
optimal concentration range for dissolving cellulose was
7%—10%. A large amount of NaOH was combined with
water, not bonded with cellulose, and the dissolution effect
was poor as the NaOH concentration was less than 7%. In
contrast, the alkalinization of cellulose occurred as the
NaOH concentration grew above 10% (Egal et al., 2008).
Furthermore, the degree of polymerization of cellulose was
strictly required in this system. Further, the addition of urea
to the NaOH solvent increased cellulose solubility. When
the NaOH/urea mix was pre-cooled, NaOH hydrates
associated with cellulose disrupted its internal three-
network structure. At the same time, urea was encapsulated
by the NaOH hydrate and cellulose conjugates to prevent
aggregation (Liebert et al., 2010). In the NaOH/urea/H,O
solution, the dissolving behavior of cellulose was verified
to be connected with temperature, the degree of poly-
merization, molecular weight, and concentration, and the
already-formed gels could not be further processed by
cooling or heating cycles (Cai et al., 2008). Many factors
affect dissolution, such as the pre-cooling temperature of
the solvent, dissolution time, and mixing strength. Hence,
there is ongoing research for environment-friendly, low-
cost anti-cellulose degradation and rapid dissolution.
Normally, cellulose exists naturally through the forma-
tion of nanocellulose, and solid-state cellulose has five
crystallization variants, cellulose I, II, III, IV, and X). The
unit cell of natural cellulose is cellulose I, such that wood,
cotton, hemp, and other natural celluloses have a cellulose
I structure. Cellulose II is most often obtained from
cellulose I after regeneration and mercerization. Further-
more, the transformation from cellulose I to cellulose II can
be realized by treating and ball milling it in water. In
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cellulose II, hydrogen bonds exist between corrugated
sheets formed with opposite-polarity cellulose chains.
(Nishino et al., 2004). Cellulose III can be classified into
two categories, cellulose I1I-1 and cellulose 111-2, by taking
cellulose I and cellulose II as starting materials and adding
liquid ammonia or certain amines, respectively (Yui et al.,
2010). The transformation between cellulose I and III-1
and that between cellulose II and III-2 are reversible via
thermal or chemical treatments (Sarko, 1978). Thermal
analyses of cellulose are normally involved in the
development of fire-retardant wood and cellulose material,
energy resources, and industrial chemicals. The effect of
the degree of cellulose crystallinity on the loss of absorbed
water on the thermal degradation curve and thermal
decomposition of cellulose have been reported (Bertran
and Dale, 1986; Junior, 2000). However, the crystal
configuration, has not yet been studied. In this investiga-
tion, the crystal configuration of microcrystalline cellulose
was transformed and then subjected to Fourier transform
infrared spectroscopy (FTIR), X-ray diffractometry
(XRD), differential thermal analysis (DTA), and nuclear
magnetic resonance (NMR) analyses to study the depen-
dence of solvability and thermal stability on the crystal-
linity of cellulose.

2 Materials and methods
2.1 Materials

Microcrystalline cellulose powder (Avicel PH-101, Sigma-
Aldrich, St. Louis, USA) was employed as the original
cellulosic sample (cellulose I). Deuterium oxide (D,0) and
sodium deuteroxide (NaOD) (Sigma-Aldrich, St. Louis,
USA) were sealed in a glass capillary. All other chemicals
and reagents were analytical grade unless otherwise stated.

2.2 Crystal configuration transformation of cellulose

Cellulose II was obtained by steeping the microcrystalline
cellulose powder in 15% NaOH at 60°C for 4 h, followed
by thorough washing with deionized water. After freeze-
drying, cellulose I and cellulose II were soaked in the
ethanediamine (EDA) solution (75 wt.%) for 2 h,
respectively, and then subjected to successive washing
with methanol and water until neutrality was obtained
(Ishikawa et al., 1997). Finally, the cellulosic residues with
cellulose III-1 and I1I-2 were separated by configuring and
freeze-drying, respectively.

2.3 Characterization of the cellulosic samples

The XRD analysis were performed with an XRD-6000
instrument (Shimadzu, Japan) with Ni-filtered Cu-Ka
radiation (v= 1.54 A), by scanning from 5° to 45° (26)
with a goniometer at 5°/min. A current of 40 mA and

voltage of 40 kV were used. Solid samples were placed on
an aluminum holder and the crystallinity (Crl) was
determined using the following equation (Segal et al.,
1959):

Crl(%) = (Lo20 —am)/T020 % 100
Igpo : intension of the crystalline portion at
about 26 = 22.5°

1, : intension of the amorphous portion at

about 26 = 18°

FTIR analysis was performed on an FTIR spectro-
photometer (Tensor 27, Bruker, Germany) with a KBr disc
containing 1% samples. The absorption mode was used to
record the spectra, from 1800 to 800 cm™, and the baseline
was corrected using the rubber-band method. Solid *C
(cross polarization/magic angle spinning, CP/MAS) NMR
analysis was performed at 75.5 MHz with a Bruker DRX-
400 spectrometer (Germany). All cellulosic samples were
placed in 7 mm zirconia rotors, then directly scanned
according to a CP pulse program with match (1 ms) and
delay (2 s) between transients. The liquid-state 1D ('H) and
2D (heteronuclear single quantum coherence, HSQC)
NMR spectra were obtained after completely dissolving
the cellulosic samples in a NaOD/Urea/D,O (7/12/81,
wt.%) system at —12.5°C and then measured at room
temperature. DTA and thermogravimetric analysis (TGA)
of the cellulosic samples were conducted with a simulta-
neous thermal analyzer (DTG-60, Shimadzu, Japan). A
pure nitrogen flow of 30 mL/min was applied as a carrier
gas to provide an inert ambient flow and remove gaseous
products. The samples weighed approximately 6 mg and
were heated from room temperature to 600°C at a heating
rate of 10°C/min.

3 Results and discussion

The crystal configuration of cellulose is a critical factor in
resisting biodegradation and chemical modification. There-
fore, the crystal characteristics of all samples were initially
confirmed by powder XRD, which is a reliability index of
the cellulose crystal transformation (Fig. 1). Generally,
aqueous NaOH can induce a substantial reduction in both
cellulose configuration and crystallinity. In this study, an
alkaline treatment was applied to the cellulose I sample
with a 15% NaOH aqueous solution for 4 h at 60°C to
prepare the cellulose II allomorph, shown by the presence
of a doublet in the XRD curve for the 10 and 002 peaks,
with 26 = 15.2°, 20.6°, and 22.4° for the (10), (110), and
(020) planes in the XRD patterns being characteristic of
cellulose I crystals (Fig. 1), and peaks at 260 = 12.3°, 20.1°,
and 21.8° belonging to the crystal planes (10), (110), and
(200), respectively, for cellulose II. Clearly, the XRD
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pattern of cellulose III-1, with diffraction peaks at 15.2°
(10), 20.1° (110), and 22.5° (020), is similar to that of
cellulose I, and that of cellulose III-2, with diffraction
peaks at 12.3° (10), 19.9° (110), and 21.7° (020) is similar
to that of cellulose II. This result is consistent with the
conclusion that cellulose I and III-1, and cellulose II and
I1I-2, respectively, belong to the cellulose I and II family
(Isogai et al., 1989). Two approaches were used to explain
this different family characteristic: the cellulose chains’
polarity between the two families differed, and the
conformational difference of the cellulose chains was the
primary reason while the chain polarities were the same
(Langan et al., 1999). Cellulose II possessed the lowest
intensity, corresponding to the lowest value of Crl (12%).
Thus, the EDA treatment led to the formation of
intramolecular and intermolecular hydrogen bonds
between cellulose chains, but resulted in the transformation
of the crystal configuration. The diffraction peaks of
different kinds of biomass materials are different, and the
positions of primary peaks are closely related to the
distance between the hydrogen bonds in cellulose 1. The
water content and crystallite size in the sample also affect
the diffraction peaks (Cheng et al., 2011). By considering
the treatment temperature, the variation of cellulose crystal
from cellulose I to cellulose I only occurred as the
temperature dropped to —15°C, and the gradual transfor-
mation of crystal configuration was observed as a function
of incubation time (Wang and Deng, 2009). Meanwhile,
the regeneration of cellulose also induced an incremental
increase of the degree of polymerization, from approxi-
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mately 300 for the starting viscose rayon to about 540,
similar to that of Lyocell (~600) (Cai et al., 2004).

The FTIR spectrum was also used to explore the
structural variation of cellulose. The band at 1615 cm™ is
associated with the C=0 stretching vibration, the
absorption peak at 1368 cm™ to C—H symmetric bending,
and the peaks around 1227 cm™ and 1140 cm™ are related
to the asymmetric extension of carboxylate group and the
C—O—C extension of alkyl ether. The sharp band around
890 cm', which is ascribed to the C; group frequency in
ring, is characteristic of the f-glycosidic linkage in the
glucose units of cellulose (Teng et al., 2016). The peak
near 1420 cm ' is associated with the CH, scissoring
motion, and the intensity was significantly weakened in the
cellulose II and cellulose I1I-2, which was probably related
to the breaking of intramolecular hydrogen bonds invol-
ving Og (Zhang et al., 2002). Additionally, the band near
955 cm!, which is associated to the carbocycle in cyclic
compounds, showed obvious differences between the
cellulose I and II families, likely resulting from the
difference in cell parameters. Since the O-H region in
cellulose II is larger than that in cellulose I, the O—H area
increased during the conversion from cellulose I to
cellulose II (Moigne and Navard, 2010).

The behavior of the polymorphic forms of cellulose
during thermal destruction was also evaluated, and the
TGA and DTA signals vs. temperature are shown in Fig. 1.
The thermal degradation of cellulose mainly occurs via
two types of reactions: a rapid pyrolysis accompanied by
levoglucosan formation at higher temperatures, and a
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Fig. 1 XRD patterns (left), FTIR (right top), and thermal stability (right bottom) of cellulosic samples
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gradual degradation/decomposition with charring at lower
temperatures (Balat, 2008). Thermal degradation occurred
more rapidly for the sample with more domains and
organization levels, which may be explained by its higher
weight loss rate at a certain temperature. Curves in the
TGA pattern show that a dramatic weight loss in the
cellulose samples occurred in the temperature range
260°C—400°C, and the highest weight loss rate was
concentrated in the range of 340°C-360°C. As for the
weight loss after final pyrolysis, cellulose II exhibited the
poorest thermal stability. The initial temperature of
cellulose II was near 260°C, which was lower than that
of other samples. Furthermore, a second thermal degrada-
tion occurred with cellulose II, starting near 450°C.
Although this phenomenon was also shown in cellulose
111-2, the degree of degradation was limited. It is surprising
to note that the exothermic peaks are only present in the
DTA curve of cellulose II, and the endothermic peaks of
cellulose I, III-1, III-2 were found at 340°C, 360°C, and
350°C, respectively. Cellulose crystallinity has been
shown to affect the degradation patterns during thermal
analysis, and the initiation of thermal degradation was
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probably inhibited by stable connections in the crystalline
domains of cellulose, including hydrogen bonding, the
absence of irregularities, and van der Waals’ interactions
(sites with higher reactivity) (Junior, 2000).

CP/MAS "*C NMR spectra provided more evidence for
the structural transformation of cellulose (Fig. 2). The *C
chemical shifts are given in J values (ppm) and the peaks in
all spectra were assigned based on the literature values
(Isogai et al., 1989; Lennholm et al., 1994; Kono et al.,
2003; Liitidet al., 2003; Chen et al., 2015), as follows:
cellulose I and I1I-1: C; (105.2 ppm), C4-amorphous (83.2
ppm), Cy-crystalline (87.6 ppm), C,, Cs, and Cs (69.6 to
75.5 ppm), and Cg-amorphous (62.4 ppm), Ce-crystalline
(65.5 ppm); cellulose IT and ITI-2: C; (106.2 ppm), C4 (86.1
ppm), C,, C;, and Cs (69.4 to 75.8 ppm), and Cg (62.7
ppm). Not surprisingly, the cellulose 1 and II families
exhibited remarkable differences in the two carbons, C,4
and Cg, where the broader upfield signal originated from
the less-ordered and disordered cellulose chains, while the
downfield signal corresponded to the highly ordered
crystal structure. This phenomenon was likely associated
with the transformation of the t-g conformation in cellulose
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Fig. 2 CP/MAS 13C NMR spectra of cellulose samples



Qian CHEN et al. Solvability and thermal response of cellulose with different crystal configurations 67

I to the g-t conformation in cellulose II, as well as the
simultaneous generation of intra-molecular hydrogen
bonds (Og—H- - -0,) (Isogai et al., 1989). Cai and Zhang
compared the CP/MAS *C NMR spectra of cellulose in
LiOH (4.2%)/urea (12%)/D,0 and NaOH (7%)/urea
(12%)/D,0 and found that the carbonyl carbon had nearly
the same chemical shift in the two solution systems,
indicating similar interactions between NaOH or LiOH and
urea (Cai et al., 2008). However, the intramolecular and
intermolecular hydrogen bonds of cellulose in the NaOH/
D,0 solution were relatively stronger than those in the
LiOH/D,0O solution, resulting in the chemical shifts of
carbon to a higher magnetic field (Cai et al., 2006). By
simultaneous real-time monitoring, cellulose was seen to
swell after 20 s dissolution, was partially dissolved and
converted to cellulose II at around 30 s, and completely
dissolved after 20 min of treatment. The structural changes
of cellulose I can thus be summarized as follows: cellulose
I was initially converted to amorphous cellulose and then
to cellulose II (Jin et al., 2007).

Due to the high solubility of cellulose in the NaOH/urea
system, a liquid-state NMR analysis was applied to
examine the structural variation of cellulose, taking
NaOD/Urea/D,O (7/12/81 by weight) as the solvent.
According to previous work (Mori et al., 2012; Idstrom et
al., 2016; Wang et al., 2016) and the HSQC NMR spectra
(Fig. 3, right), the signals in the 'H NMR spectra of
cellulose polymorphs were identified as: Hy (2.9 ppm), H,,
Hj, and Hs (3.0 to 3.3 ppm), Hep, (3.4 ppm), Hg, (3.5 ppm),
and H, (4.1 ppm) (Fig. 3, left). Other small signals present
in the spectra are ascribed to the C—H protons at the non-
reducing or reducing ends of the cellulose chains. Clearly,
no obvious difference was found in any sample, since the
cellulose chains in any crystal configuration can be
dissociated by extensively breaking the hydrogen bonds
in NaOH/urea system. Furthermore, the degrees of
dissociation C,—OH, C3—OH, and C4—OH can be roughly

equal. However, the clear differences in the chemical shifts
of C; and C, between solid and liquid NMR spectra
indicate that some conformational variations in the
cellulose chains occurred during the dissolving process.
Particularly for the cellulose III-1 and -2 samples, the
splitting peaks of Hg were likely a product of the spin-spin
coupling of the two adjacent protons at the C¢ position,
which were fully released into the solvent. Although
alcoholic hydroxyl groups do not completely dissociate
and form stable alcoholates in aqueous alkaline solutions,
partially dissociated structures of relatively short duration
were likely generated. This conclusion is based on the fact
that cellulose hydroxyl groups are etherified by SN,
reactions in aqueous NaOH solutions when preparing
methyl-, ethyl-, and carboxymethyl-celluloses (Isogai,
1997). In addition, the degree of C3—OH dissociation can
be related to the driving force of cellulose mercerization
under alkaline conditions, which is resisted by intramole-
cular hydrogen bonding between the oxygen atom of the
adjacent glucose and C3—OH. The 'H NMR spectrum of
C—H in cellulose in NaOH (7%)/urea (12%)/D,O solution
was very similar to that of the NaOH/D,O solution, and the
position changes of the C—H peak were similar to that of
20%—24% NaOH. These results show that the cellulose
chain was surrounded by NaOH hydrate, and the urea
hydrate was outside the sheath of the cellulose and NaOH
(Cai et al., 2008).

4 Conclusions

Different crystal configurations of cellulose were success-
fully prepared and fully characterized using thermal and
NMR technologies. The endothermic activity was closely
related to the energy consumption required to break the
crystalline domains of cellulose. However, cellulose II
exhibited the poorest thermal stability and unique
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exothermic behavior, which was closely related to its
crystal configuration and corresponding low crystallinity.
Due to the high cellulose solubility in the NaOH/urea
system, the liquid-state NMR analysis with NaOD/Urea/
D,O solvent was employed to examine the structural
variation of cellulose. Although no significant difference
was found among the samples, clear differences in the
chemical shifts of C; and C, between solid and liquid
NMR spectra indicate that conformational variations in the
cellulose chains occurred during dissolution. The chemical
shift in NMR analysis and thermal behavior reported in this
work offer a foundation for future studies of cellulose-
based polymers.
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