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Cellulose Solvent-Based Biomass Pretreatment
Breaks Highly Ordered Hydrogen Bonds in
Cellulose Fibers of Switchgrass
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ABSTRACT: The switchgrass (SG) samples pretreated by
cellulose solvent- and organic solvent-based lignocellulose
fractionation were characterized by enzymatic hydrolysis,
substrate accessibility assay, scanning electron microscopy,
X-ray diffraction (XRD), cross polarization/magic angle
spinning (CP/MAS) 13C nuclear magnetic resonance
(NMR), and Fourier transform infrared spectroscopy
(FTIR). Glucan digestibility of the pretreated SG was 89%
at hour 36 at one filter paper unit of cellulase per gram of
glucan. Crystallinity index (CrI) of pure cellulosic materials
and SG before and after cellulose solvent-based pretreatment
were determined by XRD and NMR. CrI values varied
greatly depending on measurement techniques, calculation
approaches, and sample drying conditions, suggesting that
the effects of CrI data obtained from dried samples on
enzymatic hydrolysis of hydrated cellulosic materials should
be interpreted with caution. Fast hydrolysis rates and high
glucan digestibilities for pretreated SG were mainly attrib-
uted to a 16.3-fold increase in cellulose accessibility to
cellulase from 0.49 to 8.0m2/g biomass, because the highly
ordered hydrogen-bonding networks in cellulose fibers of
biomass were broken through cellulose dissolution in a
cellulose solvent, as evidenced by CP/MAS 13C-NMR and
FTIR.
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Introduction

The production of biofuels and biobased products from
renewable cellulosic biomass would promote rural econ-
omy, decrease greenhouse gas emissions, and enhance
national energy security (Lynd et al., 2002; Zhang, 2009).
The current production of second generation biofuels,
cellulosic ethanol, cannot compete with that made from
corn and sugarcane, because of high processing costs, the
requirement for huge capital investment, and relatively low
revenues from low-value ethanol (Zhang, 2008). Biomass
saccharification usually involves two sequential steps:
lignocellulose pretreatment/fractionation and enzymatic
hydrolysis. The root causes of biomass recalcitrance have
been attributed to several factors: low substrate accessibility
to enzymes, high crystallinity of cellulose, presence of
hemicellulose, lignin, and other components, and high
degree polymerization of cellulose chains (Zhang and Lynd,
2004; Himmel et al., 2007; Rollin et al., 2010). Highly
ordered hydrogen bonds and van der Waals forces among
sugar chains in crystalline fibers result in high crystallinity
index (CrI) values and very low substrate accessibility (Lynd
et al., 2002; Hong et al., 2007).

Switchgrass (SG) (Panicum virgatum L.) is a native,
warm-seasoned, perennial, C4 grass in North America
and is distributed in more than half of the United States.
It has several valuable features, such as modest/high
productivities, adaptation to many types of soil and climate,
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efficient water use, and low input of fertilizers and herbicides
(i.e., high ratio of energy output to energy input). Therefore,
SG has been regarded as a promising bioenergy crop.

Cellulose solvent- and organic solvent-based lignocellu-
lose fractionation (COSLIF) has been developed to
fractionate lignocellulose by using a combination of a
concentrated phosphoric acid as a cellulose solvent and an
organic solvent (e.g., acetone or ethanol) under modest
reaction conditions (Zhang et al., 2007; Sathitsuksanoh
et al., 2009). Concentrated phosphoric acid beyond a critical
concentration disrupts the linkage among cellulose, hemi-
cellulose, and lignin through biomass dissolution and
increases cellulose accessibility greatly (Moxley et al., 2008).
Our earlier work has shown that COSLIF-pretreated
biomass can be hydrolyzed quickly by cellulase with very
high glucan digestibilities (Zhang et al., 2007;
Sathitsuksanoh et al., 2009; Zhu et al., 2009).

Crystallinity index (CrI)of cellulose is widely regarded as a
key substrate characteristic that affects enzymatic cellulose
hydrolysis (Chang and Holtzapple, 2000; Laureano-Perez
et al., 2005), because amorphous cellulose can be hydrolyzed
much faster than crystalline cellulose (Zhang et al., 2006).
Some studies showed that crystallinity of cellulosic materials
increased over the course of enzymatic cellulose hydrolysis
(Betrabet and Paralikar, 1977; Ooshima et al., 1983), while
others represent contradictory results (Ohmine et al., 1983;
Puls and Wood, 1991). Many techniques, such as X-ray
diffraction (XRD) (Teeäär et al., 1987), cross polarization/
magic angle spinning (CP/MAS) 13C nuclear magnetic
resonance (CP/MAS 13C-NMR) (Newman, 1999; Park et al.,
2009), and Fourier-transform infrared spectroscopy (FTIR)
(Oh et al., 2005) have been employed to determine CrI
values. Park et al. (2009) have presented significantly
different crystallinity values for the same materials by XRD
and CP/MAS 13C-NMR approaches (Park et al., 2009).
Therefore, CrI roles in biomass pretreatment and enzymatic
hydrolysis remain in debate.

Drying conditions of cellulosic samples greatly influence
their characteristics and rates of enzymatic hydrolysis (Fan
et al., 1980; Laivins and Scallan, 1996; Zhang and Lynd,
2004). Saddler and co-workers (Esteghlalian et al., 2001)
show that different drying methods greatly affect substrate
accessibility measured by Simon’s stain. Oven drying results
in the collapse or closure of the large pores in the samples,
accompanied with significant reductions in enzymatic
hydrolysis rates. Therefore, it is recommended to measure
cellulose accessibility to cellulase (CAC) under hydrated
conditions without drying (Hong et al., 2007).

In this study, we applied COSLIF pretreatment to
SG. In order to understand the extent of CrI on enzymatic
hydrolysis, many characteristics of SG and pure cellulosic
materials before and after the pretreatment were investi-
gated via scanning electron microscopy (SEM), XRD,
CP/MAS 13C-NMR, and FTIR. Moreover, effects of
drying conditions (i.e., air drying and freeze drying)
on enzymatic hydrolysis and substrate characteristics
were studied.

Materials and Methods

Chemicals and Materials

All chemicals were reagent grade and purchased from
Sigma–Aldrich (St. Louis, MO), unless otherwise noted.
Phosphoric acid (85%) and ethanol (95%) were purchased
from Fisher Scientific (Houston, TX). The Trichoderma
cellulase (Novozyme1 50013) and b-glucosidase
(Novozyme1 50010) were donated by Novozymes North
America (Franklinton, NC). They had activities of 84 filter
paper units (FPU)/mL and 270 cellobiase units/mL, respec-
tively.Microcrystalline cellulose (Avicel PH105) was purchased
from FMC (Philadelphia, PA). Regenerated amorphous
cellulose (RAC) was prepared through Avicel dissolution in
concentrated phosphoric acid, followed by regeneration in
water as described elsewhere (Zhang et al., 2006). Birchwood
xylan was purchased from Sigma–Aldrich. Lignin was isolated
from sugar cane bagasse through Kraft pulping and NaOH
treatment at 1708C. SG was procured from the National
Renewable Energy Laboratory (Boulder, CO). The naturally
dried SGwasmilled into small particles by a Pallmann counter-
rotating knife ring flaker (Clifton, NJ). The resulting
particulates were screened to the nominal sizes of 40-60mesh.
Bovine serum albumin was purchased from Alfa Aesar (Ward
Hill, MA).

COSLIF Procedure

The COSLIF pretreatment was conducted as described
elsewhere (Zhang et al., 2007), with some modifications.
The COSLIF was conducted using 85% H3PO4 at 508C, 1 atm,
and 45min. Acetone was replaced with 95% (v/v) ethanol
(Sathitsuksanoh et al., 2009; Sathitsuksanoh et al., 2010). The
residual amorphous solid pellets were neutralized to pH 5–7
with a small amount of 2M sodium carbonate. The air-drying
COSLIF-pretreated switchgrass (PSG) samples were prepared
by direct drying in a Precision oven (Thermo Fisher Scientific
Inc.,Waltham,MA) at 378C for 24h. The freeze-drying samples
were frozen at�708C for 60min and then was lyophilized in a
VirTis freeze-drying apparatus (Gardiner, NY).

Carbohydrate and Lignin Assays

The structural carbohydrate composition of SG was
determined by a modified quantitative saccharification
(QS) procedure (Moxley and Zhang, 2007). In the modified
QS, the secondary hydrolysis was conducted in the presence
of 1% (w/w) sulfuric acid, rather than 4% (w/w) sulfuric
acid at 1218C, for 1 h, creating a more accurate determina-
tion of acid-labile carbohydrates (e.g., xylan and arabinan).
Monomeric sugars were measured by a Shimadzu HPLC
equipped with a Bio-Rad Aminex HPX-87P column
(Richmond, CA). Lignin and ash were measured according
to the standard NREL biomass protocol (Sluiter et al., 2006;
Moxley and Zhang, 2007). The concentrations of glucose

522 Biotechnology and Bioengineering, Vol. 108, No. 3, March, 2011



and xylose in the enzymatic hydrolysate were measured by
a Shimadzu HPLC (Columbia, MD) with a Bio-Rad Aminex
HPX-87H chromatography column equipped with refrac-
tive index detector. Galactose and mannose were co-eluted
with xylose. The column was operated with 5mM H2SO4

as a mobile phase at 608C and at a flow rate of 0.6mL/min.

Enzymatic Hydrolysis

The COSLIF-PSG samples were diluted to 10 g glucan/L in a
50mM sodium citrate buffer (pH 4.8) with supplementary
addition of 0.1% (w/v) NaN3. All hydrolysis experiments
were carried out in a rotary shaker at 250 rpm and 508C.
Four enzyme loadings were tested: 15, 10, 5, and 1 FPU of
cellulase, supplemented with 10 units of b-glucosidase per
gram of glucan. After enzymatic hydrolysis, enzymatic
hydrolysis digestibility for glucan was calculated as
previously described (Zhang et al., 2009).

Crystallinity Index Assays and Calculations

The CrI value can be determined by XRD and CP/MAS 13

C-NMR, along with different calculation approaches. The
X-ray diffractograms of all samples were measured by the
PANalytical X’Pert Pro X-ray diffractometer (Westborough,
MA) with CoKa radiation (l¼ 1.78901 Å) with the
scanning rate of 48/min ranging from 108 to 608. With
and without amorphous halo correction, deconvolution
of the XRD spectra was conducted using PeakFit1 4.12
software (Systat Software Inc., Chicago, IL) assuming
Gaussian distribution function as the shape of the resolved
peaks. With regard to the peak height method, the CrI
value was calculated based on the height of the peak
corresponding to (002) lattice plane (I002) and the minimum
between 110 and 002 lattice planes (Iam) as below (Segal
et al., 1959; Zhang and Lynd, 2004).

CrI ð%Þ ¼ I002�Iam

I002
� 100

Based on the peak-deconvolution method, five crystalline
peaks corresponding to (101), (101), (021), (002), and (040)
lattice planes. These crystalline scattering is superimposed
on an amorphous scattering. The spectra were deconvolved
using Gaussian line shape function. The CrI value was
calculated from the ratio of the crystalline area over the total
area (Park et al., 2009). Based on the amorphous subtraction
method, the separation of peaks from amorphous and
crystalline contributions were conducted by subtracting the
scattering of an amorphous standard (Ruland, 1961), where
xylan was chosen as an amorphous standard. The CrI value
was calculated from the ratio of the crystalline area over
the total area after all spectra were deconvolved by using
Gaussian line shape function.

The cross-polarization magic-angle spinning (CP/MAS)
13C-NMR spectra of all samples were obtained on a Bruker II

Avance-300 spectrometer operating at the resonance
frequencies of 300.12MHz for 1H, and 75.47MHz for
13C, using a Bruker 4.0mm MAS NMR probe spinning at
6 kHz. Cross-polarization for 1msmixing time was achieved
at 50 kHz rf-field at the 1H channel and linearly ramping the
13C rf-field over a 25% range centered at 38 kHz. Total
accumulation time was 8min (2048 transient signals) by
using 63 kHz of two-pulse phase modulated proton
decoupling technique (Bennett et al., 1995). All spectra
were collected at room temperature with polyethylene as
an internal standard. According to the C4 peak-deconvolu-
tion method, the CrI value was calculated from the ratio of
the crystalline area over the total area, where separation
of crystalline (86–92 ppm) and amorphous (79–86 ppm)
fractions were based on Guassian line shape function.
According to the NMR amorphous subtraction method,
amorphous contribution was separated from the original
spectrum prior to deconvolution of signals in the C4

resonance region, where xylan was an amorphous standard.

Other Assays

The total substrate accessibility to cellulase (TSAC), CAC,
and non-cellulose accessibility to cellulase (NCAC) were
determined based on the maximum adsorption capacity of
the TGC protein containing a green fluorescence protein
and a cellulose-binding module (Zhu et al., 2009; Rollin
et al., 2010). The recombinant TGC fusion protein was
produced in Escherichia coli BL21 (pNT02) (Hong et al.,
2007) and purified by affinity adsorption (Hong et al., 2008).
The SEM images of the biomass materials were taken with
a Zeiss-DSM940 (Carl Zeiss, Okerkochen, Germany), as
described elsewhere (Moxley et al., 2008). All samples were
sputter-coated with gold and imaged by SEM. All FTIR
spectra were subjected to Saviszky-Golay smoothing.
The absorbance of the bands obtained were resolved using
Voigt distribution function by PeakFit1 4.12 software. The
FTIR spectroscopy was conducted using a Thermo Nicolet
6700 ATR/FT-IR spectrometer (Thermo Fisher Scientific
Inc.). Two hundred and fifty-six scans at a resolution of
6/cm were averaged for each sample.

Results

Enzymatic Hydrolysis of COSLIF-Pretreated
Switchgrass

Switchgrass samples were pretreated by the modified COSLIF
procedure, where ethanol was used as an organic solvent
(Sathitsuksanoh et al., 2009). The completely dry SG contained
34.6% glucan, 18.6% xylan, 1.9% galactan, 3.0% arabinan,
21.0% lignin, as well as 20.9% extractives, ashes, and proteins.
After COSLIF pretreatment, PSG contained 43.4% glucan,
8.2% xylan, 1.0% galactan, 1.0% arabinan, and 20.3% lignin.

The glucan hydrolysis profiles of the COSLIF-PSG
were examined at different enzyme loadings from 1 to
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15 FPU/g of glucan (Fig. 1). At a high enzyme loading of
15 FPU/g of glucan (�9.9mg cellulase/g of glucan), glucan
digestibility reached 94.6% at hour 24. When cellulase
loading was reduced, glucan digestibility decreased slightly.
At a low cellulase loading of 1 FPU/g of glucan (�0.67mg
cellulase/g of glucan), glucan digestibilities were 68% at hour
12, 83% at hour 24, and 92% at hour 72.

At hour 12, low cellulase loadings resulted in low glucan
digestibilities. However, the glucan digestibility still reached
92% at hour 72 when enzyme loading was only 1 FPU of
cellulase/g of glucan. A 15-fold reduction in cellulase loading
for hydrolysis while maintaining high glucan digestibility
would greatly reduce the amount of costly cellulase required
for soluble sugar release.

Supramolecular Structure and Substrate Accessibility

The drastic changes in the surface morphology of SG before
and after COSLIF were observed by using SEM (Fig. 2). The
intact SG shows fiber cells (Fig. 2A). By contrast, PSG had
no obvious fibrous structure (Fig. 2B and C), suggesting that
all fibrous structures of the lignocellulose were completely
disrupted by cellulose solvent-based pretreatment.

Substrate accessibilities of SG were measured based on
adsorption of a non-hydrolytic fusion protein TGC (Zhu
et al., 2009). Through COSLIF pretreatment, TSAC and
CAC increased from 1.3� 0.1 to 9.6� 0.6m2/g of biomass
and from 0.49� 0.05 to 8.0� 1.1m2/g, respectively
(Table I). A drastic increase in CAC by 16.3-fold led to
high enzymatic digestibilities and fast hydrolysis rates even
at low enzyme loadings. The two-fold increase in NCAC,
from 0.78 to 1.62m2/g of biomass, was lower than the 16.3-
fold increase in CAC, suggesting the accessibility of the

cellulose fraction is preferably increased by COSLIF,
compared to other cellulase-adsorptive surfaces in the
pretreated biomass.

X-Ray Diffraction Analysis

The XRD spectra of Avicel, RAC, xylan, and lignin are
shown in Figure 3A. The XRD spectrum of Avicel showed
five peaks, corresponding to (101), (101), (021), (002), and
(040) lattice planes of crystalline cellulose I polymorph. The
XRD spectrum of freeze-dried RAC, which was made from
dissolution of Avicel and precipitation in water, showed a
significant reduction in intensities of these five peaks. The
intensities of peaks corresponding to (101), (101), and (040)
lattice planes were greatly reduced to an undetectable level.
The remaining two peaks corresponding to (021) and (002)
lattice planes were broader and weaker than those of Avicel,
indicating a significant reduction in crystallinity after
cellulose dissolution and regeneration. A similar spectrum
was observed for the air-dried RAC. However, the intensities
of peaks of air-dried RAC corresponding to (021) and (002)
lattice planes were higher than those of freeze-dried RAC,
implying an increase in crystallinity due to air drying. Xylan
and lignin did not exhibit any significant peaks, indicating
that they are amorphous (Fig. 3A).

The XRD spectra of intact SG, air-dried PSG, and freeze-
dried PSG are shown in Figure 3B. The spectrum of intact
SG showed two significant peaks corresponding to (101) and
(002) lattice planes. The peaks corresponding to (101),
(021), and (040) lattice planes were not observed, which
might be due to interference from other components in SG
(e.g., hemicellulose and lignin), which may affect the peak
broadening while part of a composite with cellulose. The
spectrum of freeze-dried PSG showed a drastic reduction of
intensity of the 101 peak to an undetectable level. The 002
peak in freeze-dried PSG was greatly reduced compared
to that of intact SG, indicating a significant reduction in
crystalline fraction of SG via COSLIF. Similar to the
spectrum of freeze-dried PSG, the spectrum of air-dried PSG
showed a broad 002 peak. Comparison of intensities of the
peaks between freeze- and air-dried PSG spectra showed
slightly different spectra; based on CrI calculation method,
different conclusions may be drawn about the relative
crystallinity of these different drying conditions.

Effect of Drying on Enzymatic Cellulose Hydrolysis

Previous work suggested that drying might greatly change
the characteristics of hydrated cellulosic materials (Fan et al.,
1981; Weimer et al., 1990; Zhang and Lynd, 2004). Since
enzymatic cellulose hydrolysis must be conducted in
hydrated conditions, we investigated the effects of air
drying and freeze drying on enzymatic hydrolysis of PSG
(Fig. 4A) and pure cellulose (Fig. 4B). The wet PSG was
hydrolyzed fast at an enzyme loading of 15 FPU/g of glucan,
reaching more than 90% digestibility within 12 h (Fig. 4A).

Figure 1. Enzymatic cellulose hydrolysis profiles for the COSLIF-PSG at different

enzyme loading: 1, 5, 10, and 15 FPU of cellulase, supplemented by 10 units of

b-glucosidase per gram of glucan. [Color figure can be seen in the online version

of this article, available at wileyonlinelibrary.com.]
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Air-dried PSG that was hydrated before enzymatic hydro-
lysis had a poor digestibility of 63% at hour 72, suggesting
that air drying caused a great reduction in substrate reactivity
possibly due to a collapse in its supramolecular structures. The
freeze-dried sample had a similar hydrolysis profile to
hydrated COSLIF-PSG, suggesting that freeze drying can
better preserve the substrate structure and reactivity compared
to air drying, but still decrease the substrate accessibility
relative to samples that were never dried (Table I). For both
PSG (Fig. 4A) and pretreated pure cellulose (Fig. 4B), air
drying resulted in a great reduction of enzymatic substrate
reactivity which cannot be recovered by re-hydration, while
freeze drying largely preserved the substrate reactivity.

Solid State 13C-NMR Spectroscopy

Solid-state 13C-NMR spectrum of Avicel (Fig. 5A) exhibited
six singlets corresponding to 13C chemical shifts of cellulose
carbons, C1 (105 ppm), C4 (79–92 ppm), C2/C3/C5 (70–
80 ppm), and C6 (60–69 ppm) of the anhydroglucose units
of cellulose (Dudley et al., 1983). The C4 resonance region is
commonly used for determining cellulose crystallinity (Isogai
et al., 1989). Moreover, the changes in the C6 resonance region

may indicate changes of specific hydrogen bonding with other
hydroxyl groups in the adjacent cellulose chains. Broad
shoulders in the C4 region at 83 ppm and in the C6 region at
63 ppm indicate the presence of amorphous cellulose (Atalla
et al., 1980). Our NMR spectrum of Avicel showed strong
signals at 89 and 65ppm and broad signals at 83 and 63ppm,
indicating that Avicel contains both crystalline and amor-
phous fractions. In comparison with Avicel, the NMR
spectrum of freeze-dried RAC showed a reduction in signals
at 89 and 65ppm, suggesting a decrease in crystalline fractions
and possible disruption of orderly hydrogen-bonding net-
works in cellulose dissolution and regeneration. Similar results
were observed in the air-dried pretreated sample.

The CP/MAS 13C-NMR spectra of intact SG, air-dried
PSG, and freeze-dried PSG are shown in Figure 5B. The
spectrum of intact SG showed a broad C4 region (79–
92 ppm) and a peak at 65 ppm with a shoulder (63 ppm) in
the C6 region. PSG regardless of drying means did not show
significant differences in the C4 region. The broader C4

regions for SG samples (Fig. 5B) than that of Avicel (Fig. 5A)
may be attributed to the presence of hemicellulose and
lignin in SG. After COSLIF pretreatment, the peak in the C6

region (65 ppm) appeared to be weaker relative to that of
intact SG, indicating that highly ordered hydrogen-bonding
networks in SG was disrupted by using COSLIF.

The spectrum of isolated lignin (Fig. 5A) shows a strong
signal at 56 ppm, corresponding to aromatic methoxyl (–
OCH3) resonance (Bartuska et al., 1980; Maciel et al., 1981).
The NMR spectrum of intact SG exhibits a weak peak signal
at 56 ppm, indicating a presence of lignin (Fig. 5B). After
COSLIF pretreatment, air-dried PSG shows a very weak
peak at 56 ppm while there is no significant peak at 56 ppm
in freeze-dried PSG sample, implying that lignin character-
istics may be changed by different drying methods.

Fourier Transform Infrared Spectroscopy Analysis

Comparison of FTIR spectra of Avicel and RAC shows
differences in band intensities at 898 (nas(ring), anomeric

Figure 2. SEM micrographs of SG samples before (A) and after the COSLIF pretreatment (B and C).

Table I. Total substrate accessibility to cellulase (TSAC), cellulose

accessibility to cellulase (CAC), and non-cellulose accessibility to cellulase

(NCAC).

Materials

TSAC

(m2/g biomass)

CAC

(m2/g biomass)

NCAC

(m2/g biomass)

Intact

switchgrass

1.3� 0.1 0.49� 0.05 0.78� 0.09

COSLIF-pretreated

switchgrassa
9.6� 0.6 8.0� 1.1 1.6� 1.3

Freeze-dried COSLIF-

pretreated switchgrass

2.7� 0.4 2.1� 0.4 0.59� 0.40

Avicel 2.3� 0.1

RACa 51.9� 0.9

Freeze-dried RAC 19.1� 1.3

aNever-dried samples.
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vibration at b-glycosidic linkage), 1055 (n(CO), CO
stretching), 1105 (nas(ring), antisymmetric in-phase ring
stretching), 1161 (nas(COC), COC antisymmetric stretch-
ing), 1281 (d(CH), CH bending), 1315 (v(CH2), CH2

wagging), 1335 (d(OH), OH rocking), 1368 (d(CH), CH
bending), 1428 (ds(CH2), CH2 symmetric bending), and
2897 (n(CH), CH stretching) cm-1 whose assignments are
given in parentheses (Nelson and O’Connor, 1964;
Hulleman et al., 1994; Dumitriu, 1998). Figure 6A shows
that these band intensities decrease from Avicel to RAC,
implying that highly ordered hydrogen bonds in Avicel were
disrupted through cellulose dissolution and regeneration.
The air-dried RAC showed stronger band intensities at 2897
and 898 cm-1 than freeze-dried RAC, suggesting that some
RAC may re-crystallize during air drying, as partially

supported by an increase in the peak intensity correspond-
ing to the (002) lattice plane in the XRD spectra (Fig. 3A).

The FTIR spectra of intact SG and freeze-dried PSG are
shown in Figure 6B. The freeze-dried PSG sample showed
more significant decreases in the band intensities at 2919,
1422, 1368, 1337, 1319, 1158, and 898 cm-1 than intact SG,
suggesting that highly ordered hydrogen bonds in crystalline
cellulose of SG were disrupted after the pretreatment.

Discussion

Crystallinty is believed to be a key substrate characteristic
affecting enzymatic hydrolysis. However, these results
presented here suggest that the different conclusion can
be drawn. Table II shows the CrI values of pure cellulosic
materials and pretreated biomass by XRD employing three

Figure 3. XRD spectra of Avicel, air-dried RAC, freeze-dried RAC, xylan, and

lignin (A), as well as intact SG, PSG samples followed by air drying or freeze drying,

and wet PSG that was never dried (B). [Color figure can be seen in the online version of

this article, available at wileyonlinelibrary.com.]

Figure 4. Enzymatic cellulose hydrolysis profiles of intact SG, air-dried PSG, and

freeze-dried PSG (A), and Avicel, RAC, air-dried RAC, and freeze-dried RAC (B).
#Never-dried samples. [Color figure can be seen in the online version of this article,

available at wileyonlinelibrary.com.]

526 Biotechnology and Bioengineering, Vol. 108, No. 3, March, 2011



different calculation approaches based on peak height (Segal
et al., 1959; Zhang and Lynd, 2004), peak deconvolution
(Teeäär et al., 1987), and amorphous subtraction (Ruland,
1961), as well as CP/MAS 13C-NMR using two different
calculation approaches based on C4 peak separation
(Newman, 1999), and NMR amorphous subtraction
(Park et al., 2009). CrI values of Avicel ranged from
52.8% to 91.8%, depending on the measurement techniques
and calculation approaches. CrI values of Avicel from NMR
were �53–58%, suggesting that Avicel is a mixture of
crystalline and amorphous cellulose, while the CrI value
from the peak height method via XRD was 91.8%,
suggesting that Avicel was highly crystalline. CrI values

were 70.0% and 73.1% for Avicel based on peak-
deconvolution and amorphous substration via XRD,
respectively. These large variations in dry Avicel suggested
that CrI determination were influenced greatly by the
techniques and calculation means. RAC samples have no
detectable CrI values (Table II). Amorphous subtraction-
based NMR methods showed that air-dried RAC had a
much higher CrI value than freeze-dried RAC, indicating
that air drying may re-crystallize some fractions of
amorphous cellulose.

Measurement of the CrI value of lignocellulose is more
complicated than that of pure cellulose because the presence
of hemicellulose, lignin and other components interferes
with the fingerprint regions of cellulose. The CrI values of
intact SG ranged from 33.6% to 67.0%, depending on its
measurement techniques and calculation methods
(Table II). After pretreatment, freeze-dried PSG had much
lower CrI values (between 3.2% and 32.0%). Clearly,
COSLIF greatly reduced crytallinity of biomass.

The relationship among CrI changes, pretreatment
efficacies and subsequent enzymatic hydrolysis is very
complicated. Some biomass pretreatments, such as COSLIF
and ionic liquid-based pretreatment, decrease CrI values

Figure 5. CP/MAS 13C-NMR spectra of intact SG, air-dried PSG, and freeze-

dried PSG. [Color figure can be seen in the online version of this article, available at

wileyonlinelibrary.com.]

Figure 6. FTIR spectra of Avicel, air-dried RAC, and freeze-dried RAC (A), as

well as intact SG, air-dried PSG, and freeze-dried PSG (B). [Color figure can be seen in

the online version of this article, available at wileyonlinelibrary.com.]
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greatly by disrupting highly ordered hydrogen bonds in
crystalline cellulose fibers (Gollapalli et al., 2002; Lee et al.,
2009; Zhao et al., 2009). By contrast, other biomass
pretreatments, such as dilute acid and steam explosion,
increased composite CrI values by removing amorphous
fractions (i.e., hemicellulose) (Deschamps et al., 1996; Kim
and Lee, 2005). Considering the multiple facts that: (i) the
CrI values of lignocellulose are mainly correlated with
crystalline cellulose fraction, (ii) the composite CrI values of
lignocellulose are also influenced by other lignocellulose
components, such as hemicellulose and lignin, (iii) CrI
determination is greatly influenced by measurement
techniques, calculation methodologies, and drying condi-
tions during sample preparation (Table II), and (iv)
enzymatic hydrolysis is heavily influenced by substrate
characteristics (e.g., cellulose accessibility), remaining
hemicellulose and lignin, as well as properties of remaining
lignin. We believe that the determination of CrI values of
biomass after pretreatment lose some significance relating to
glucan digestibility and pretreatment efficacy.

Conclusions

COSLIF-PSG was hydrolyzed fast with high digestibility at
low enzyme loadings because the cellulose solvent (con-
centrated phosphoric acid) disrupted the linkage among
cellulose, hemicelluloses, and lignin, as well as dissolved
cellulose fibers, resulting in disruption of highly ordered
hydrogen bonds in crystalline cellulose in SG, as evidenced
by CP/MAS 13C-NMR and FTIR. The CrI values for the pure
cellulosic materials and SG varied largely, depending on its
measurement techniques, calculation means, and drying
conditions for the sample preparation. These results
suggested that CrI was not a key substrate characteristic
impacting enzymatic cellulose hydrolysis and relating to
pretreatment efficacy.
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