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a  b  s  t  r  a  c  t

Fundamental  understanding  of the structural  changes  during  pretreatment  of  lignocellulosic  biomass
could  lead  to  improved  processes  and  cost  reductions  for bioethanol  production.  Synchrotron  wide-angle
X-ray diffraction  (WAXD)  and  small-angle  X-ray  scattering  (SAXS)  were  used  to  study  the structures  of
different  parts  of  photoperiod-sensitive  sorghum  and  structural  changes  during  various  pretreatments.
WAXD  study  showed  that  the  PS  sorghum  rind  had  oriented  crystal  peaks  and  the  highest  degree  of
eywords:
iomass structure
AXD

AXS
ellulose
retreatment

crystallinity,  whereas  the  crystalline  structures  of  the inner  pith  and  leaf  were  less  ordered.  Orientation
distribution  of  cellulose  changed  during  pretreatments.  Crystalline  cellulose  was  degraded  partially  by
acid pretreatment  and  a smooth  pore-boundary  surface  structure  of cellulose  was  noted  by  SAXS.  Alkali
pretreatment  transformed  part  of  the  cellulose  to  a more  stable  form  and  increased  the  crystal  size  of
cellulose.  The  study  provides  information  on  a large  length  scale  to  understand  how  structure  changes
with  different  pretreatments.
. Introduction

Lignocellulosic biomass has become an important source for
roduction of bioethanol and other products (Mielenz, 2001).
hotoperiod-sensitive (PS) sorghum, with the advantages of high
iomass yield and drought tolerance, can be grown in semiarid
reas that are too dry for corn growth (Alagarswamy, Reddy, &
waminathan, 1998; Clerget, Dingkuhn, Goze, Rattunde, & Ney,
008; Rosenow, Quisenberry, Wendt, & Clark, 1983). The low lignin
ontent in PS sorghum makes it competitive for biofuel production
Xu et al., 2011).

Pretreatment, including physical size reduction and chemical
eaction, is important for cellulosic ethanol production because,
nlike starch-ethanol production, cellulose in biomass is usually
mbedded in a network structure (Rubin, 2008). Lignin, one of the
morphous components, acts as a cellulase absorber during enzy-
atic hydrolysis (Berlin et al., 2005; Hidaka, Takizawa, Fujikawa,

hneda, & Fukuzumi, 1984), which significantly increases process-

ng cost and makes biomass conversion less effective. A successful
retreatment would maximize all available biomass components
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for economical processing. Different pretreatment strategies have
been proposed for biomass processing, some of which have proven
effective (Mosier, Hendrickson, Ho, Sedlak, & Ladisch, 2005; Mosier,
Wyman, et al., 2005); however, profitable commercialization of
cellulose-ethanol production is still lacking. Knowing the detailed
structural features of lignocellulosic biomass and the structural
changes during pretreatment would help develop effective ways
to reduce pretreatment costs.

Until now, the effects of pretreatment on changes at the molec-
ular level have not been fully understood. Wide-angle X-ray
diffraction (WAXD) has been used for a long time in studying the
crystalline structure of cellulose (Nishiyama, Langan, & Chanzy,
2002) and has been used frequently for the study of crystalline
structure in biomass processing (Oh et al., 2005). For samples with
crystal orientation, such as natural cellulose in biomass, crystals
generate certain aligned arcs in a 2D WAXD pattern, which pro-
vides much more information about 3D structure order (Burger,
Hsiao, & Chu, 2010). Previous X-ray studies on biomass focused
primarily on powder diffraction, and no detailed study is available
on orientation discrepancy as well as orientation changes during
biomass processing. Small-angle scattering techniques, including
small-angle neutron scattering (SANS) and small-angle X-ray scat-

tering (SAXS), are able to probe structures over a size ranging from
approximately 1 nm to several hundred nanometers, larger than
those found with WAXD, and have been applied to the study of syn-
thetic and natural polymers (Blazek & Gilbert, 2011; Chu & Hsiao,
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001). However, only limited SAXS studies have been reported on
iomass structure (Lichtenegger, Reiterer, Stanzl-Tschegg, & Fratzl,
999). Recently, SANS has been used to study cellulose extract from
witchgrass (Pingali et al., 2010a)  and cell wall nanostructure in
ilute acid pretreated biomass (Pingali et al., 2010b).  The diameter
f cellulose fibrils was reported to be 2.5 nm in sprucewood (Picea
bies) through SAXS study (Jakob, Fratzl, & Tschegg, 1994). In addi-
ion, SAXS has been used to study individual components including
ellulose and lignin (Astley & Donald, 2001; Canetti, Bertini, De
hirico, & Audisio, 2006; Nishiyama et al., 2002; Vickers, Briggs,

bbett, Payne, & Smith, 2001). Therefore, SAXS could be a useful tool
o study the effects of different pretreatments on biomass structure.
ynchrotron radiation, with the benefits of a high ratio of signal to
oise and high intensity, has been employed in a number of stud-

es (Yu et al., 2003). The small beam divergence of incident X-ray
nd the high-energy source of synchrotron X-ray enable the per-
ormance of advanced experiments. The synchrotron X-ray allows
ompleting data collection in less than one minute, making possible
eal-time monitoring of structural changes.
In this study, we used a combination of WAXD and SAXS to
eveal the structure of lignocellulosic biomass, including multi-
le components in both crystalline and amorphous state. Instead
f ground powder, we used biomass chips, making it possible to

Fig. 1. Illustration of photoperiod-sensitive sorghum in di
ers 88 (2012) 1149– 1156

reveal crystal orientation distribution changes and their effects on
subsequent biomass processing. For the first time, the structure
of different parts of PS sorghum and structural changes during
pretreatments were studied by both WAXD and SAXS. The objec-
tives of this study were to understand the structural differences
of the parts of PS sorghum, and to study how their structures
change during pretreatments at a molecular level using WAXD and
SAXS.

2. Materials and methods

2.1. Materials

The PS sorghum was harvested at physiological maturity from
Riley County, Kansas. Different parts of the biomass, including rind,
pith, and leaf, were obtained from three strains for comparison and
prepared by knife-cutting and air-drying in an oven at 50 ◦C for
12 h. A detailed explanation of the three biomass parts is depicted

in Fig. 1. The samples of PS rind and pith were cut from PS stalk
between internodes. All chemicals used in this research were of
analytical grade and purchased from Sigma–Aldrich, Inc. (St. Louis,
MO,  USA).

fferent parts and a typical 2D WAXD pattern of rind.
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to the mechanical properties of polymer (Britton, Liang, Dunne, &
Wilkinson, 2010; Gurarie, Otsuka, Jamieson, Williams, & Conway,
2002), but it is not yet clear how the mechanical properties of
certain biomass is correlated to the orientation characteristics

Table 1
Crystallinity, crystal size, and orientation factor of photoperiod-sensitive sorghum
in  different parts estimated from the WAXD.

Crystallinity Crystal size Hermans’ orientation
F. Xu et al. / Carbohydrate

.2. Pretreatments

Pretreatment of biomass was conducted under different con-
itions (Silverstein, Chen, Sharma-Shivappa, Boyette, & Osborne,
007). A small piece of chip, with a surface dimension of 0.5 × 2 cm,
as loaded into 10 ml  chemical solution for pretreatment. For acid
retreatment, a chip sample was loaded into a pressure tube (No.
648, Ace Glass Inc., Vineland, NJ, USA) containing 2% (w/w)  sulfu-
ic acid solution, the temperature was increased to 120 ◦C, and the
olution was held at this temperature for 1 h. For alkali pretreat-
ent, a chip sample was loaded into a pressure tube containing 1%

w/w) of sodium hydroxide and the temperature was maintained
t 90 ◦C for 2 h. For ammonia pretreatment, a chip sample was
oaded into a pressure tube containing 10% (v/v) ammonia solution
nd the temperature was then maintained at 90 ◦C for 2 h. All the
retreatment experiments were done in triplicate. After pretreat-
ent, the solid samples were air-dried (∼8% moisture content) for
-ray testing, and the solutions were subjected to reducing sugar
nalysis with high performance liquid chromatography, as previ-
usly reported (Xu et al., 2011). In addition, the biomass chips were
etermined for mass loss after pretreatments.

.3. Synchrotron WAXD and SAXS

WAXD and SAXS experiments were carried out at the advanced
olymers beamline (X27C), National Synchrotron Light Source,
rookhaven National Laboratory, in Upton, NY. Details of the
xperimental setup at the X27C beamline have been reported else-
here (Chu & Hsiao, 2001). The wavelength used was  0.13714 nm.

he sample-to-detector distance was 129.3 mm for WAXD and
789.3 mm for SAXS, respectively. A 2D MAR-CCD (MAR USA, Inc.)
-ray detector was used for data collection. For X-ray study of chips,

he direction of the X-ray is perpendicular to fiber direction. Three
ocations along fiber direction in each chip were used for measure-

ent.

.4. Data processing

Two dimensional WAXD patterns were first corrected with air
ackground, then performed with Fraser correction using Polar
oftware (Precision Works, NY) (Ran, Wang, Burger, Chu, & Hsiao,
002). The orientation of cellulose was analyzed from the 2D cor-
ected pattern, and crystallinity and crystal size were estimated
rom the integrated 1D diffraction intensity profile. Crystallinity
mass crystallinity if not specified, percentage of crystalline cel-
ulose in biomass) was estimated from an integrated diffraction
ntensity profile as the ratio of the total crystal peak diffraction
ntensity to the total diffraction intensity. A peak-fitting process

as employed with Igor Pro 6.20 (WaveMetrics Inc. Lake Oswego,
R). The monoclinic crystal system was assumed to be the crys-

al unit of cellulose Iˇ (Heiner & Teleman, 1997). Crystal size along
nd perpendicular (an axis of unit cell) to the fiber direction (c-
xis) were estimated from planes (0 0 4) and (0 2 0), respectively
Eq. (1)). Since the Bragg reflection may  be broadened by both crys-
allites with finite size and possible imperfections in crystal lattice,
he equation here could be used only as a lower bound estimation
f crystal size.

w(h k l) = K�

FWHM2� cos �
(1)

here � is the Bragg angle corresponding to the plane, K is the
onstant of 0.9 for cellulose (Alexander, 1954), � is the wavelength,

nd FWHM2� is the full width at half maximum of the reflection in
he radial direction.

For crystal orientation analysis, it was assumed that the cellu-
ose in biomass is cylindrically symmetrical similar to a fiber-like
ers 88 (2012) 1149– 1156 1151

system. Thus, the orientation parameter could be calculated with
plane (0 2 0) as described elsewhere (Burger et al., 2010). The
Hermans’ orientation parameter P̄2 varies from 0 for completely
isotropic systems to 1 for perfectly oriented systems.

Two-dimensional SAXS data was first corrected with air back-
ground, then integrated into 1D intensity data. The 1D data was
analyzed using Igor Pro 6.20 with the Irena package. The unified
equation was used for analysis of SAXS data (Beaucage, 1995).
The equation defines multiple levels, and each level may  contain
Guinier region describing an average structural size and power-law
region describing the mass or surface fractal. The unified model is
given by:

I(q) = Gi exp

(
−q2R2

gi

3

)
+ Bi exp

(
−q2R2

g(i−1)

3

)

×
{

[erf(qRgi/61/2)]
3

q

}Pi

(2)

where i represents the structural levels; Gi is the exponential pref-
actor; Rgi is the radius of gyration; Bi is a constant prefactor specific
to the type of power-law scattering, Pi; and the magnitude of the
scattering vector is defined as q = 4� sin �/� (� is half of the scatter-
ing angle).

3. Results and discussion

3.1. Structure features in different parts

3.1.1. WAXD study
A typical 2D WAXD pattern of lignocellulosic biomass is shown

with indexed peaks (Fig. 1). We compared the samples from three
strains of PS sorghum and found that the crystalline structure of
the different strains were identical. Three parts of PS sorghum
(rind, pith, and leaf) were chosen as objects in this research.
The crystal of the PS sorghum rind contained a significant ori-
ented portion (0 2 0 plane) that was not observed in the other
patterns (Fig. 2) because they were isotropic. Note that the reflec-
tions here were indexed (Fig. 1) according to the monoclinic
two-chain unit cell (Gardner & Blackwell, 1974). The oriented
pattern showed the features of native cellulose (I) in the plant
as previously reported (Jakob, Fengel, Tschegg, & Fratzl, 1995;
Konnerth, Gierlinger, Keckes, & Gindl, 2009; Nishiyama et al., 2002).
The Hermans’ orientation factor was then calculated as shown
in Table 1. Generally, the orientation factor for a perfectly ori-
ented system is 1. In this case, the factor of the PS sorghum rind
is 0.26, indicating that the natural cellulose in the rind has ori-
ented structure, whereas the cellulose structure in sorghum pith
and leaf was isotropic with factors close to zero. The oriented
pattern was only observed from the PS sorghum rind, suggest-
ing that the structural order of cellulose in different parts of PS
sorghum is different. Crystal orientation was reported to be related
(%) (0 2 0) (nm) factor P̄2

Rind 29 2.49 0.26
Pith 24 2.45 0.08
Leaf 10 2.62 0.06
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eaf).

f cellulose. The difference in cellulose assembly between the
ifferent plant parts may  influence the downstream processing
f biomass conversion such as enzymatic hydrolysis. Study of the
ffects of the preferred orientation on processing is suggested
or improving processing efficiency and for development of plant
reeding strategies. Compared with the strong crystalline pattern
f PS sorghum pith, the diffraction circle of the leaf is diffused, indi-
ating an increased amount of amorphous components in the leaf,
s confirmed by the crystallinity study below.

One-dimensional profiles were then obtained by integrating the
orrected 2D pattern. Notably, for the oriented pattern, the inte-
ration of the 2D pattern without Fraser correction would result in
ignificant deviation (Ran et al., 2002). Different crystal peaks were
econvoluted from the diffraction plot with a peak-fitting process.
rystallinity and crystal size were then calculated (Table 1). The
S sorghum rind had the highest crystallinity (29%) among those
amples, whereas the leaf had a low crystallinity (10%). Crystallinity
s considered an important index related to mechanical properties
Gassan & Bledzki, 1999), and a high crystallinity could be one of the
easons for increasing the cost of size reduction. Different parts of
S sorghum exhibited no significant difference in crystal size (plane

 2 0) (Table 1). Similar results were also reported about the crys-
al size (plane 0 2 0) of lemon and maize cellulose (Rondeau-Mouro
t al., 2003). Since other factors may  broaden the peak that was
sed for crystal size estimation, such as internal lattice defects, the
stimates here are minimal.

.1.2. SAXS study
SAXS study of biomass parts is reported here for the first time.

he 2D SAXS patterns of different parts of PS sorghum were sig-
ificantly different (Fig. 2). Anisotropic patterns were found with
oth rind and pith parts, indicating oriented structure of biomass

n this length scale (Jungnikl, Paris, Fratzl, & Burgert, 2008). For PS
orghum rind, both equatorial streak and meridional streak were
hown on the SAXS 2D pattern (Fig. 2D). The elongated shape of the
quatorial streak indicated that microvoids were needle-shaped
AXD, A: outside rind; B: inner pith; C: leaf; SAXS, D: outside rind; E: inner pith; F:

and aligned parallel to the fiber direction (Chen et al., 2007). The
meridional scattering suggested that periodic lamellar structure
existed between the crystalline and amorphous regions (Chen et al.,
2007). It is possible that there are two  directions of microvoids in
pith that are vertical to each other. For PS sorghum pith, the merid-
ional streak, unlike the equatorial streak, was  found to be splitting.
The similar split pattern in equatorial direction was also reported in
SAXS pattern of latewood as a result of the existence of microfibril
angle (Jakob et al., 1994; Lichtenegger et al., 1999), suggesting that
tilted microvoids are perpendicular to the c-axis (fiber direction).
The evidence here, however, is not sufficient to support the par-
ticular structure of PS pith. Complementary structure technologies
are needed for further investigation. The periodic interval along
the microfibrils, which could be estimated from the position of
the maximum scattering in the meridional direction (Chen et al.,
2006), was  about 178 nm for the PS sorghum rind. This value was
close to a microfibrils periodic interval of 150 nm for ramie cellu-
lose (Nishiyama et al., 2003). In this study, the PS sorghum rind did
not give any peak corresponding to 6–7 nm repeat reported on flax
(Astley & Donald, 2001). For PS sorghum leaf, no significant streak
in either direction was observed. The diffused SAXS leaf pattern,
together with the WAXD pattern, suggested that the structure of
the leaf was less ordered.

One-dimensional SAXS profile was  then obtained by integrating
2D patterns for analysis, and the P values in the power-law region
of the different parts were calculated to be in the range of 3.5–4.0,
indicating that the materials are surface fractals (Koberstein, Morra,
& Stein, 1980; Schmidt, 1991).

3.2. Effects of pretreatments on PS rind

3.2.1. WAXD study

The effects of different pretreatments on the structure of PS

sorghum rind were studied to reveal how chemicals changed the
biomass structure at a molecular level, such as cellulose structure
in orientation distribution and crystalline characteristics. With the
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AXS,  E: untreated; F: acid treated; G: alkali treated; H: ammonia treated).

cid pretreatment, the 2D pattern changed (Fig. 3) and the orien-
ation factor (P2) decreased (Table 2), indicating that the spatially
rdered cellulose was distorted. However, the orientation factor
ncreased with both the alkali and ammonia pretreatment. With
he alkali pretreatment, new crystal peaks were found at 2� angle
f 26.7◦and 28.7◦ in the 1D plot (corresponding to the circles in the
D pattern of Fig. 3C), which are the diffraction of chemicals (e.g.,
a2CO3) during the alkali pretreatment (Gancy, 1963). A new ori-
nted pattern (plane 1 0 3) was found, that was not shown in the
AXD pattern of cellulose I (Fig. 3A and C) and was  reported in the
AXD pattern of cellulose II (Chen et al., 2007). The new oriented

eak is one reason why the orientation factor increased; however,
he alkali treatment conditions used in this study were too mild to
ompletely convert cellulose I in the PS sorghum rind to cellulose
I, which is a more stable form with antiparallel chain structure in
aOH solution (Aravindanath, Iyer, & Sreenivasan, 1986; Kolpak

 Blackwell, 1976). For biomass system, the removal of lignin by
he alkali pretreatment could result in an increase in the acces-
ible area of cellulose and a decrease in the amount of cellulase
bsorbed on lignin, which is favored for improving the efficiency of
nzymatic hydrolysis. The partial transition of cellulose to a stable
orm, however, could increase the resistance of cellulose to cellu-
ase reaction. Notably, the transition of cellulose usually takes place

ith the change of cellulose crystallinity (percentage of crystalline
ellulose in cellulose), which is another factor affecting enzymatic

ydrolysis. Thus, the extent of enzymatic hydrolysis is affected by
ultiple factors.
Crystallinity increased after all the pretreatments. Since a signif-

cant mass loss (about 30%) was found after the acid pretreatment

able 2
rystallinity, crystal size, and orientation factor of photoperiod-sensitive sorghum
ith  different pretreatments.

Crystallinity
(%)

Crystal size
(nm)

Hermans’ orientation
factor P̄2

(0 2 0) (0 0 4)

Untreated 29 2.49 2.75 0.26
Acid treated 32 2.52 2.74 0.21
Alkali treated 32 2.86 3.13 0.32
Ammonia treated 39 2.47 2.64 0.33
tments (WAXD, A: untreated; B: acid treated; C: alkali treated; D: ammonia treated;

and both glucose and xylose were detected in the solution (data not
shown), the increase in crystallinity could be a result of the removal
of amorphous parts, including hemicellulose and amorphous cel-
lulose. Considering that the crystallinity increased only 4% and the
mass loss was about 30%, we  believe that part of the crystalline
cellulose was  hydrolyzed by acid and crystalline structure might
have changed, which could be related to the decrease in orientation
factor. More detail will be discussed in Section 3.2.2. Lignin extrac-
tion by NaOH is one of the reasons for increased crystallinity with
the alkali pretreatment. In addition, recrystallization was reported
to take place during the mercerization (Hermans, Vermaas, &
Weidinger, 1950; Kroon-Batenburg, Bouma, & Kroon, 1996). For the
ammonia pretreatment, depolymerization of lignin, which resulted
in lignin removal from biomass to solution (Balan et al., 2009), could
be one cause of an increase in crystallinity (Mosier, Hendrickson,
et al., 2005; Mosier, Wyman, et al., 2005).

The 2D WAXD patterns showed that the alkali pretreatment
changed the crystalline structure significantly. Compared with the
untreated sample, the crystal sizes of cellulose in both planes (0 2 0)
and (0 0 4) increased significantly (Table 2). This could be explained
by the aggregation of cellulose in NaOH solution. An increased tem-
perature (90 ◦C, in this case) favored cellulose aggregation (Roy,
Budtova, & Navard, 2003). The effect of crystal size on enzymatic
hydrolysis is not yet known, but the aggregation of cellulose could
decrease the accessible surface area of cellulose. Therefore, as dis-
cussed in cellulose transition, the structural change of cellulose
itself by the alkali pretreatment might not be helpful for enzymatic
hydrolysis.

3.2.2. SAXS study
After the ammonia pretreatment, the elongated shape in the

equatorial direction was reduced (Fig. 3), indicating that microvoids
were reduced during the pretreatments. The elongated shape
almost disappeared after the alkali pretreatment, indicating a
decrease in orientation and length of microvoids (Crawshaw, Bras,
Mant, & Cameron, 2002). Since sodium hydroxide could effectively

dissolve lignin and partially remove hemicellulose (Silverstein
et al., 2007), the shortening or disappearance of microvoids could
be a result of significant structure disruption with the alkali pre-
treatment. In addition, the drying process may cause irreversible



1154 F. Xu et al. / Carbohydrate Polym

F
e
t

c
r

p
u
G
t
p
a
m
o

t
c
a
l
s
4
s
t
h
d
H
f
c
s
A
c
o
1

c
a

T
S

ig. 4. The unified fit of SAXS profile of photoperiod-sensitive sorghum with differ-
nt pretreatments ((�) untreated; (�) acid treated; (�) alkali treated; (©) ammonia
reated). The curves were shifted vertically for better visualization.

ellulose pore closure (McMillan, 1994), which might be another
eason for the shape change.

After the 1D intensity profile was obtained by integrating the 2D
attern (see supporting information), curve features were analyzed
sing a model fitting procedure. A unified model, which contains a
uinier region and a power-law region, was successfully employed

o fit the intensity data with different levels (Fig. 4). The related
arameters were compared in Table 3. In level 1, a length scale of
bout 100–600 Å, the Rg decreased significantly after the pretreat-
ents. The particles in this length scale showed the characteristic

f a surface fractal.
In level 2, a length scale ranging from 600 to 1400 Å, both

reated and untreated samples showed downward curves that
ould be used to calculate the Rg of particles (Table 3). The level
t length scale from 1000 Å was considered to correspond to cel-
ulose structure (Pingali et al., 2010b).  In this case, the results
howed that the radius of cellulose aggregates decreased from
81.6 Å with various pretreatments. The Rg of the acid treated
ample was significantly reduced to 418.7 Å. It is well known that
he glycosidic linkage of cellulose is susceptible to acid-catalyzed
ydrolysis (Chang, Pound, & Manley, 1973), and cellulose is easily
egraded during acid pretreatment at a high temperature (Mosier,
endrickson, et al., 2005; Mosier, Wyman, et al., 2005). The results

rom WAXD also suggested that both crystalline and amorphous
ellulose were degraded during the acid pretreatment. Thus, the
ignificantly reduced Rg could be a result of cellulose degradation.
fter the acid pretreatment, the cellulose structure displayed the
haracteristic of surface fractal with a surface fractal dimension (ds)
f 2.02, reflecting a smooth pore-boundary surface (Bale & Schmidt,
984; Pingali et al., 2010b).
The structural changes of cellulose with acid pretreatment are
omplicated and dependent on pretreatment conditions and prob-
bly on the type of biomass. In this study, the crystalline structure of

able 3
AXS results with unified model.a, .b

Level 1 Level 2

Rg (Å) P Rg (Å) P ds

Untreated 100.8 ± 4.8 2.93 481.6 ± 2.0 3.57 2.43
Acid  treated 62.4 ± 0.8 3.41 418.2 ± 0.9 3.98 2.02
Alkali treated 46.5 ± 0.7 3.17 436.9 ± 1.2 3.30 2.70
Ammonia treated 43.4 ± 0.9 3.17 460.2 ± 0.9 3.37 2.63

a Rg is radius of gyration. P is power-law exponent. ds is surface fractal dimension.
b Errors reported were propagated from the counting error in the raw data.
ers 88 (2012) 1149– 1156

cellulose was  distorted as the orientation factor decreased (Table 2),
and part of the crystalline cellulose was degraded. It is not con-
clusive yet that the structural changes of cellulose are favorable
cellulase digestion. A previous study using biomass powder sug-
gested a decrease in cellulose crystallinity after acid pretreatment
(Xu et al., 2011), but a recent study of pure cellulose showed dif-
ferent results and suggested that sulfuric acid increased cellulose
crystallinity because amorphous cellulose was hydrolyzed prefer-
entially by acid (Zhao et al., 2006). The discrepancy could be due
to the differences in processing conditions and in the complicated
3D structure of biomass. Bonds in the amorphous regions of cellu-
lose are initially susceptible to acid hydrolysis but the fragments
released during hydrolysis could associate into crystalline form
(Bertran & Dale, 1985; Wadehra & Manley, 1965). Thus, cellulose
crystallinity, which is related to the initial rate and the overall con-
version efficiency of enzymatic hydrolysis (Bertran & Dale, 1985;
Fan, Lee, & Beardmore, 1980), changes depending on biomass struc-
ture and pretreatment conditions.

Notably, for the changes of the network structure of biomass
with the acid pretreatment, significant removal of hemicellulose,
as well as the structural disruption of lignin, would have posi-
tive effects on the efficiency of enzymatic hydrolysis. For example,
lignin disruption reduced lignin-cellulase absorption (Mansfield,
Mooney, & Saddler, 1999). Therefore, acid pretreatment is effective
for increasing the conversion efficiency of enzymatic hydrolysis by
disrupting biomass structure, but if the crystallinity of cellulose
increases after acid hydrolysis, it is not conclusive that acid pre-
treatment is effective for making the cellulose itself in the solid
form of biomass more susceptible to enzymatic hydrolysis.

Also notable is the effect of the drying process on struc-
ture, which is not negligible, although both dry cellulose and
water-saturated cellulose were found to contain hydrophobic
microregions (Grigoriew, Chmielewski, & Amenitsch, 2001). SAXS
study on fiber also suggested that microvoids changed significant-
lyduring drying and rewetting (Vickers et al., 2001). The removal
of the amorphous part, especially delignification, will significantly
decrease the density of mass structure and possibly result in struc-
ture collapse with drying (Teleman, Larsson, & Iversen, 2001). Thus,
in situ study of structural change during pretreatment is suggested.

4. Conclusions

For the first time, the structure of different parts of PS sorghum
and structural changes during pretreatments were studied by both
WAXD and SAXS. Using a combination of WAXD and SAXS revealed
the structure of lignocellulosic biomass, including multiple com-
ponents in both crystalline and amorphous states. Using biomass
chips made it possible to reveal crystal orientation distribution
changes and their effects on biomass processing. Hence, strate-
gic design of biofuel production could be guided by the structural
information at a molecular level.

Fundamentally understanding the structural discrepancies
among different parts of biomass is important for utilizing biomass
efficiently to reduce processing cost. WAXD study shows that the
structure of cellulose in the outside rind has crystal orientation with
a parameter of 0.26, whereas the structure of cellulose in other parts
is isotropic. Future study should be conducted on the effects of crys-
tal orientation on biomass processing: such efforts could be helpful
for biomass breeding, screening, and process design. WAXD results
also show that the PS sorghum rind has the highest crystallinity,
and the isotropic structure of the leaf is less ordered. Meanwhile,

SAXS study suggested that all biomass samples are surface fractals.
Needle-shaped microvoids were found in the rind.

Design of pretreatment process has never obtained so much
attention. Although many pretreatment studies are reported, the
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ntrinsic mechanism of biomass structural change during pre-
reatment is not clear yet. With the acid pretreatment, cellulose
tructure was changed as indicated by a decrease of orientation
actor and partial degradation of crystalline cellulose. A smooth
ore-boundary structure of cellulose was suggested by the SAXS
esults. With the alkali pretreatment, cellulose structure was  mod-
fied with an increased orientation factor and an increased crystal
ize, and metastable cellulose I was transformed partially to stable
ellulose II.
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