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ABSTRACT: Biofuels produced from lignocellulosic biomass
hold great promise as a renewable alternative energy and fuel
source. To realize a cost and energy efficient approach, a
fundamental understanding of the deconstruction process is
critically necessary to reduce biomass recalcitrance. Herein, the
structural and morphological changes over multiple scales (5−
6000 Å) in herbaceous (switchgrass) and woody (hybrid
poplar) biomass during dilute sulfuric acid pretreatment were
explored using neutron scattering and X-ray diffraction.
Switchgrass undergoes a larger increase (20−84 Å) in the
average diameter of the crystalline core of the elementary
cellulose fibril than hybrid poplar (19−50 Å). Switchgrass
initially forms lignin aggregates with an average size of 90 Å that coalesce to 200 Å, which is double that observed for hybrid
poplar, 55−130 Å. Switchgrass shows a smooth-to-rough transition in the cell wall surface morphology unlike the diffuse-to-
smooth transition of hybrid poplar. Yet, switchgrass and hybrid poplar pretreated under the same experimental conditions result
in pretreated switchgrass producing higher glucose yields (∼76 wt %) than pretreated hybrid poplar (∼60 wt %). This
observation shows that other aspects like cellulose allomorph transitions, cellulose accessibility, cellular biopolymer spatial
distribution, and enzyme−substrate interactions may be more critical in governing the enzymatic hydrolysis efficiency.

KEYWORDS: Switchgrass, Hybrid poplar, Dilute acid pretreatment, Small-angle neutron scattering, Wide angle X-ray diffraction,
Lignin aggregation

■ INTRODUCTION
Lignocellulosic biomass has the potential to be an abundant
and renewable feedstock for the production of second-
generation bioethanol as well as numerous other fermentative
products (e.g., other transportation fuels and chemicals).1,2

Biomass feedstocks that are being considered as dedicated
energy crops are comprised of two major categories: woody or
herbaceous plants.3 Recent attention in the United States has
focused on the development of hybrid poplar4 and switchgrass
(Panicum virgatum) as the leading choices for high potential
woody and herbaceous energy crops, respectively. Although
these biomass feedstocks display many advantageous agronom-
ic properties,5−8 large-scale conversion operations will require a
better understanding of their deconstruction and the differences
occurring due to biomass source.

Lignocellulosic biomass cell wall chemistry, structure, and
morphology evolved to withstand biochemical deconstruction,
a property described as recalcitrance. As a result, efficient
biochemical production of fermentable sugars from lignocellu-
losic biomass requires disruption of the plant cell wall by
mechanical and/or chemical pretreatment.9 Among the various
thermochemical pretreatments, dilute sulfuric acid pretreatment
with optimized high temperature−low residence times is one of
the most attractive choices to increase enzymatic sugar yields
because of its low cost, ease of application, and low propensity
to cause sugar degradation and formation of inhibitory
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compounds.9−11 Although the efficiency of cellulose enzymatic
conversion to sugars is greatly increased by dilute acid
pretreatment, improvements will increase the economic and
life cycle viability of bioethanol production.12 A large fraction of
the research on dilute acid pretreatment of biomass for the
bioethanol production has focused on understanding, model-
ing, and optimizing dilute acid pretreatment conditions to
maximize sugar yields.10 Though empirically useful at
identifying trends, the conclusions of these studies can widely
vary depending on the type of lignocellulosic biomass, scale of
pretreatment, and reactor setup. Conversely, other research is
concerned with elucidating the chemical, structural, and
morphological changes to the cell walls of biomass during
pretreatment, subsequently identifying mechanisms that result
in increased enzymatic sugar yields.11

Over the years, this mechanistic research has shown that
dilute acid pretreatments reduce biomass recalcitrance by
altering cell wall properties at multiple levels: (1) chemical
features, such as the hemicellulose content, the degree and type
of linkages between lignin and hemicellulose, as well as the
distribution of lignin monomer, monomer linkages, and
terminal functional groups; (2) structural features, such as
cellulose degree of polymerization and crystallinity; and (3)
physical features, such as particle size, fiber modulus, and fiber
length.13 Current consensus suggests that these changes to the
cell wall individually may have either a positive or negative
effect on biomass recalcitrance but collectively reduce biomass
recalcitrance through convoluted, complex, and nonlinear
relationships. However, cellulose accessibility, as determined
by the structure and morphology of the entire cell wall matrix,
has emerged as a major first-order parameter affecting biomass
recalcitrance.14 Specifically, these studies have confirmed that
lignin, whether native or in a modified and redistributed form
following pretreatment, plays a major role in impeding access of
enzymes (i.e., cellulases) to cellulose, resulting in inefficient
enzymatic hydrolysis. For example, lignin was shown to
nonproductively bind to family 1 type cellulose binding
modules (CBMs) of both intact fungal cellulases CBH I
(Cel7A), CBH II, and EGI and of CBM-GFP fusion proteins.15

Also, lignin droplets, which formed and coalesced on cellulose
surfaces as a result of pretreatment, were found to inhibit
enzymatic digestion by blockage of enzyme access to the
cellulose surface rather than through nonproductive binding to
the enzyme.16

Previously, we employed small-angle neutron scattering
(SANS) as a method to characterize changes in the cell wall
structure and morphology of switchgrass simultaneously across
multiple length scales (Å to submicrometer) during dilute acid
pretreatment method.17 Interestingly, we found that dilute acid
pretreatment increased the cross-sectional diameter of the
crystalline core of the cellulose fibril,17 a finding that is contrary
to the long-standing and well-cited belief that decrease in the
crystallinity of cellulose is a major factor by which dilute acid
pretreatment enables efficient enzymatic hydrolysis.9 SANS also
confirmed observation that dilute acid pretreatment leads to
removal of hemicellulose, redistribution of lignin, and
formation of lignin aggregates,17 while uniquely providing
dimensional information to describe these structural and
morphological changes.18 Among these molecular processes,
the increase in the cross-sectional diameter of the crystalline
core and lignin redistribution and aggregation are thought to
reduce the conversion efficiency, whereas the removal of
hemicellulose is believed to increase efficiency.19,20

Aside from changes in cellulose crystallinity, biomass
recalcitrance has triggered investigations of lignin redistribution
and aggregation on cellulose. Kraft lignin molecules in alkaline
solutions self-associate to form compact colloidal particles,
which eventually form a fractal supramolecular structure.21

Conversely, Kraft lignin in aqueous salt solutions of NaCl or
NaOH is observed to form elongated aggregates that are 1−3-
nm-thick and 5−9-nm-long, but not at neutral pH.22 During
dilute acid pretreatment for deconstructing biomass, lignin
molecules associate to form lignin droplets ranging from 5 nm
to 10 μm as observed by electron microscopy.23 Further,
evidence of lignin rearrangement and relocalization was only
observed at elevated temperatures, presumably above temper-
atures required for thermal transitions and/or depolymerization
and repolymerization.10,24,25 In addition, surface morphology of
the lignin aggregates were determined to be highly irregular and
folded, a structural feature that could promote unproductive
binding of enzymes.26 Therefore, the role of lignin in
recalcitrance has driven the development of genetically
engineered plants using iRNA and other recombinant DNA
techniques to target specific biosynthetic genes;27,28 for
example, transgenic switchgrass with reduced lignin content
and altered monolignol distribution showed an increase of up
to 38% in ethanol yield by conventional biomass fermentation
processes.29

In this paper, we report the use of scattering studies to
specifically understand structural changes to cellulose and lignin
during dilute acid pretreatment to sugar yields and ultimately
provide valuable scientifically driven strategies to improve
cellulosic biofuel production.

■ MATERIALS AND METHODS
Sample Preparation. Samples of the lowland cultivar Alamo

switchgrass (Panicum virgatum) were harvested and provided by the
Samuel Roberts Noble Foundation in Ardmore, OK. Poplar hybrid
(Populus trichocarpa x deltoides) clonal samples were harvested
between 2007 and 2008 at area 0800 at Oak Ridge National
Laboratory, TN and debarked. For details of sample storage and
removal of extractives, refer to the Supporting Information.

Preparation of Dilute Acid Pretreated Samples. Dilute acid
pretreatment of switchgrass and hybrid poplar was carried out by a
modification of reported methods.30,31 Untreated (P0): The sample
was Wiley milled and extracted. Presoak (P4): Wiley milled biomass
samples were presoaked at room temperature (25 °C) while
continuously stirring in a ∼1% dilute sulfuric acid solution at 5%
dry solids (w/w) for 4 h. The presoaked slurry was filtered, and the
solid material was washed with an excess of deionized water to prepare
sample P4 or further treated as follows. Ramp-up (R50, R75, R100,
R125, R150): The presoaked material was transferred to a 4560 mini-
Parr 300 mL pressure reactor of Parr Instrument Company in a ∼1%
(or 0.1−0.2 M) dilute sulfuric acid solution at 5% solids (w/w) and
sealed. The impeller speed was set to ∼100 rpm, and the vessel was
heated to 160 °C for ∼30 min (at ∼6 °C/min). Constant (C2, C5,
C10, C20, C60): The reactor was kept at 160 ± 2 °C (6.4−6.8 atm)
for the specified residence time: 2, 5, 10, 20, and 60 min (±0.5 min).
All yields for biomass recovered after pretreatment ranged between 75
and 85% by mass of the initial material. To halt the pretreatment
process to obtain ramp-up and constant samples, the reactor was
quenched in an ice bath (1−5 min to cool to 70 °C) at different
temperatures during ramp-up. Then, the pretreated slurry was filtered
to remove the solid residue and washed with an excess of deionized
water and dried overnight at room temperature.

Preparation of Lignin-Extracted Samples. Lignin extraction of
biomass samples was performed by methods previously used for
preparation of hybrid poplar samples for NMR analysis.32 Dilute acid
pretreated samples (1.5 g) were dispersed in 125 mL of deionized
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water in a Kapak sealing pouch. The resulting mixture was heated in a
water bath for 1 h at 75 °C prior to adding 1 mL of glacial acetic acid
and 1 g of sodium chlorite (NaClO2) and continuing the reaction for
an additional 1 h. This procedure was repeated three times to give a
total treatment time of 3 h. The treated sample was then quenched in
ice-water, filtered, and washed thoroughly using deionized water and
acetone before finally being air-dried overnight.
Small-Angle Neutron Scattering (SANS). SANS measurements

were performed with the CG-3 Bio-SANS instrument33 at the High
Flux Isotope Reactor (HFIR) facility of Oak Ridge National
Laboratory. All samples were exchanged in fresh 100% D2O solvent
three times in a span of about 24 h to maximize D/H exchange and
solvent penetration. Soaked samples were placed in 0.5-mm-thick
quartz cells with detachable cell walls (Hellma Model# 106-QS
0.5MM rectangular cell and 124-QS 0.5MM circular cell) for SANS
studies. Three different instrument configurations were employed to
collect data over the range of scattering vectors, 0.001 Å−1 < Q < 0.3
Å−1, and more details are included in the Supporting Information.
Scattering profiles I(Q) versus Q were analyzed using a multilevel
unified fit implemented in the Irena Package34 to elucidate the
multiple levels of structural organization. Examples of these fits include
polymers35 and hierarchically structured lignocellulosic biomass.17

Wide-Angle X-ray Diffraction (WAXD). WAXD measurements
were performed using a theta−theta goniometer Bruker D5005
instrument using Cu Kα radiation (λ = 1.542 Å) operating at 40 keV
and 40 mA. The sample-holder was a flat glass slide with a circular
trough in the center for the sample. Using Bragg’s law and Scherrer
equations,36,37 d-spacing and crystallite sizes, respectively, were
obtained by employing a peak fitting method, and more details are
provided in the Supporting Information.
Scanning Electron Microscope (SEM). All samples were

mounted onto a stage and then coated with gold for 2 min by
EM350 sputter. Images were acquired via a JEOL-1530 Thermally-
Assisted Field Emission (TFE) Scanning Electron Microscope (SEM)
at 12 or 10 kV at various resolving powers.
Compositional Analysis. Glucan and xylan contents were

determined by performing a downscaled compositional analysis
method38 that is nearly identical to conventional wet chemistry
procedures39 but uses 100 times less biomass. The entire process was
performed in 1.5 mL high recovery glass vials (Agilent, Santa Clara,
CA, USA), and 3 mg of dry biomass was loaded into each vial by an
automation robotics platform (Symyx Technologies, Sunnyvale, CA).
Sugars were analyzed by Waters Alliance 2695 HPLC (Milford, MA,
USA) equipped with an Aminex HPX-87H column (BioRad, Hercules,
CA, USA) and a refractive index detector. The residual acid insoluble
material was considered the lignin content.
Enzymatic Hydrolysis. The high throughput enzymatic hydrolysis

method is based on the High Throughput Pretreatment and
Enzymatic hydrolysis (HTPH) design at University of California,
Riverside.40,41 In this particular study, an automation robotics platform
(Symyx Technologies, Sunnyvale, CA) was used to perform batch
enzyme hydrolysis; refer to the Supporting Information for details
such as enzyme loading and sugar quantifications.

■ RESULTS

SANS scattering curves of switchgrass and hybrid poplar for
different dilute acid pretreatment times are shown in Figure 1
(see Figures S1 and S2 for more details). Structural features of
all the curves clearly show three main structural regimes: Pri for
primary (Q > 0.06 Å−1), Sec for secondary (0.006 Å−1 < Q <
0.06 Å−1), and Ter for tertiary (0.001 Å−1 < Q < 0.006 Å−1).
The solid black lines are the unified fit42,43 results. Every
structural feature or regime corresponds to a level of the unified
fit. We observe an exponential feature, indicative of a
characteristic length scale, for all the curves in the primary
regime and a power-law feature for all the curves in the tertiary
regime. The secondary regime, enlarged for clarity in Figure S1,
exhibits different features at the various stages in the

pretreatment process. Curves P0 and R125 exhibit a power-
law character, while curves R150, C2, and C60 exhibit
exponential character. SAS data, especially of dense, complex
materials, may represent all kinds of coherent scattering length
density fluctuations, and an interpretation can be misleading.
Over multiple structural levels, the unified fit approach

Figure 1. SANS curves of dilute acid pretreated (A) switchgrass and
(B) hybrid poplar samples. The curves represent (i) native, P0 (blue
dots); dilute acid pretreatment at (ii) 125 °C, R125 (filled green
squares); and (iii) 150 °C, R150 (filled light blue top triangle) of the
ramp-up phase; dilute acid treated at 160 °C for (iv) 2 min, C2 (filled
orange down triangle); (v) 20 min, C20 (open purple circles); and (vi)
60 min, C60 (open pink top triangle). The solid black lines are the
unified fit to the experimental SANS data. All of the curves (except
native) have been offset for clarity.
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deconvolutes average size, radius of gyration, and correlation
between structural units as expressed by power laws. We are
confident that our approach provides valuable information,
especially as part of the body of work that includes the use of
many techniques. We have used NMR and compositional
analysis,32,59 fiber diffraction and computation,67 microscopic
studies, and enzymatic digestion; all these studies corroborate
our interpretation of SANS data. Assuming validity of this
structural model, the unified fit provides a minimal set of
parameters that describe the hierarchical structure.
Figure 1A summarizes the structural and morphological

trends of switchgrass during dilute acid pretreatment obtained
by SANS. First, the characteristic features in the primary regime
shifts progressively to smaller Q, which indicates an increase in
size. Second, the slope (or the power-law exponent) in the
tertiary regime decreases after long reaction times at 160 °C.
Third and final, a power-law behavior at 125 °C transforms to
an exponential at 150 °C in the secondary regime (see Figure
S1A). The same set of trends as described above is observed for
hybrid poplar (Figure 1B). Furthermore, native samples of both
switchgrass and hybrid poplar have a similar location in the Q-
scale of the exponential feature in the primary regime and slope
of the power-law feature in the secondary regime. A more
detailed comparison of switchgrass and hybrid poplar reveals
three clear differences. First, the shift of the exponential feature
toward small-Q in the primary regime is larger for switchgrass.
Second, at 125 °C, the slope in the secondary regime is greater
for switchgrass than that for hybrid poplar. Third and finally, at
or above 150 °C, the location in Q-scale of the exponential
feature for switchgrass shifts to smaller-Q than it does for
hybrid poplar.
Figure 2 summarizes the trends in the fit parameters of the

multilevel unified fit, such as radius of gyration Rg and power-
law exponent P. The two distinct sizes (Rg) of the structural
signatures observed are attributed to lignin aggregates in the
secondary regime17 and cellulose fibril diameter in the primary
regime, respectively.17,44 Lignin aggregates appear abruptly at
150 °C (Figure 2C), and the initial size of the aggregates as
observed for switchgrass is much larger (Rg ∼ 90 Å) than those
in hybrid poplar (Rg ∼ 55 Å). However, lignin aggregate size,
for both herbaceous and woody plants, grows 2-fold after
treatment for 60 min at 160 °C. With regard to cellulose fibril
diameter, native samples of both switchgrass and hybrid poplar
have the same average cellulose fibril diameter. But, after 60
min at 160 °C, a 4-fold increase was observed for switchgrass (9
to 36 Å) and 2-fold for hybrid poplar (9 to 22 Å), see Figure 2B
(and Tables S1 and S2).17,44 Other structural features extracted
include surface and bulk morphologies obtained from the
power-law exponents. The surface morphology of the micron-
sized cell walls shows a reduction in the power-law exponent
for both switchgrass and hybrid poplar samples (tertiary regime
of Figures 1 and 2D). For switchgrass, the cell wall surface
characteristics transitions from a smooth to a crumpled surface
(P ∼ 4.0 to 3.5), while hybrid poplar transitions from a diffuse
interface17,45 to a smooth surface (P ∼ 4.5 to 4.0). The
scattering profiles in the secondary regime initially exhibit a
power-law behavior that eventually transitions to a particle size
by 150 °C (Figures 1 and S1). Below 150 °C, the exponent of
the power-law behavior represents a mass-fractal, which
characterizes the conformation or degree of branching of the
biopolymers in the system. Both native samples have a highly
branched biopolymer network (P ∼ 2.5) around room
temperature, which abruptly breaks down on heating in dilute

sulfuric acid indicated by a decrease in the exponent.17 The
reduction in the degree of branching is greater for hybrid poplar
(2.5 to 1.4) than for switchgrass (2.5 to 1.8).
We performed a sodium chlorite lignin extraction process on

some representative switchgrass and hybrid poplar samples
taken at different stages of pretreatment. Tables S1 and S2 list
the unified fit results of those samples. The lignin extraction
process32,46 removes lignin with minimal disruption to the
cellulose structure. Therefore, removal of the lignin aggregates
exposes the underlying cellulose fibril bulk morphology, which
is characterized by the power-law behavior in the secondary
regime. The exponent for the dilute acid pretreated switchgrass
samples (2 and 10 min at 160 °C) after lignin extraction is in
good agreement with the exponent at 125 °C (P ∼ 1.8) just
prior to the appearance of the lignin aggregates (150 °C). In
pretreated hybrid poplar (2 and 10 min at 160 °C), lignin
extraction shows a slightly larger exponent (P ∼ 1.6−1.8) than

Figure 2. Reaction temperature (A) and unified fit parameters as a
function of dilute acid pretreatment progress. Unified parameters are
(B) cellulose fibril radius of gyration, Rg

L1 (Å), (C) lignin aggregate
radius of gyration, Rg

L2 (Å), and (D) mass (level 2) or surface (level 3)
fractal dimension, P. The reaction time is divided into three sections, P
for presoak phase monitored in hours, R for ramp-up, and C for
constant phases were monitored in minutes. Samples studied are
switchgrass (orange open circles) and hybrid poplar (blue dots).
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at 125 °C (P ∼ 1.4). Even with the slightly larger exponent for
hybrid poplar, the basic underlying cellulose fibril network can
be considered to undergo slightly more opening of the
structure as the reaction progresses from 125 °C to 10 min
pretreatment at 160 °C. Importantly, other structural features,
such as the cellulose fibril diameter (primary regime) and the
surface morphology of the micron-sized cell walls (tertiary
regime), do not undergo significant change when lignin is
extracted. This finding is consistent with the mild nature of the
chosen lignin extraction process32,46 that does not affect the
underlying cellulose fibril hierarchical structure.
To further probe cellulose microfibril structure, wide-angle

X-ray diffraction data (WAXD) were obtained from switchgrass
samples (Figures S2). The values of d-spacing, d200, and
crystallite thickness, L200, obtained from peak center and fwhm
of diffraction peak (200) are listed in Table 1. Peak (200) with

2θ ∼ 22.5° represents correlations between alternate cellulose
planes of cellulose strands47−49 and probes the average
crystalline order perpendicular to the fibril axis. The position
of peak (200) has shifted to higher angles (2θ), or equivalently,
d-spacing has decreased from 4.06 to 3.96 Å due to dilute acid
pretreatment between stages P4 and C2. Furthermore, peak
(200) becomes sharper from P4 to C2, suggesting that the
crystallite thickness, L200, has increased from ∼24 Å at P4 to
∼40 Å at C2 and thereafter is unchanged (C2−C10).
Scanning electron microscopy (SEM) images shown in

Figure 3, of raw switchgrass stem (A and B) and hybrid poplar
wood (C and D), clearly show significant differences in their
cell appearances generally observed for comparison of grasses
and hardwoods.50−52 Switchgrass parenchyma cells, which
comprise approximately 55% of stems, have large average cell
diameters with thin cell walls typical of grasses,50,53 while the
xylem fiber cells that comprise 53−55% of the mature wood of
hybrid poplar51 exhibit smaller average cell diameters with
thicker cell walls (Figure 3A and C). The texture and thickness
of the cell walls observed with SEM can be used to assist in
analysis of the SANS patterns. The inner surfaces of the hybrid
poplar cell walls are less well-defined than the smooth inner
surfaces of switchgrass cells (Figure 3B and D). Analysis of the
SEM images indicates that the average diameter of switchgrass
cells (∼25 μm) is about 2 to 3 times larger than hybrid poplar
cells (∼10 μm), and the cell walls of hybrid poplar (∼1 μm) are
at least 5 times thicker than those of switchgrass. Switchgrass
cell wall thickness was estimated to be at most 0.2 μm from
Figure 3B (scale bar 2.0 μm).
Chemical composition and enzymatic hydrolysis results,

measured during the entire dilute acid pretreatment reaction
performed for the SANS and WAXD analysis, are shown in
Figures 4 and 5, respectively. Reduction in the hemicellulose or

xylan content (Figure 4B) initiates at 125 °C, but a significant
decrease is only observed from 150 °C during the dilute acid
pretreatment reaction. Hemicellulose dissolution and subse-
quent removal during rinsing occurs at a similar rate for both
switchgrass and poplar prior to 2 min at 160 °C. Hemicellulose
in hybrid poplar reaches undetectable quantities by 2 min at
160 °C and switchgrass hemicellulose by 20 min at 160 °C. As
hemicellulose is removed, the relative concentrations of glucan
and lignin (Figure 4A and C) effectively increase. Important
observations in the glucan and lignin concentrations due to
pretreatment include (1) similar glucan concentrations for
poplar and switchgrass after pretreatment, even though initially
hybrid poplar had higher glucan concentration, and (2) the
relative increase in lignin concentration for hybrid poplar is
more than that observed for switchgrass. Figure 5A shows
enzymatic yield in glucose for switchgrass increases from 75 °C
(ramp-up phase) onward, unlike hybrid poplar, where no
obvious increase is visible until the constant phase (2 min at
160 °C). Furthermore, switchgrass has much higher glucose
yields at ∼75 wt % as compared to ∼40 wt % for hybrid poplar.
Common to both species is the saturation of enzymatic glucan
yields for longer times (>10 min) at 160 °C. The most
important aspect here is the lower enzymatic yield of glucose
for hybrid poplar during the entire pretreatment protocol
(native to 60 min at 160 °C) as compared to switchgrass, even
though glucan concentration in hybrid poplar is either higher
than switchgrass in the presoak phase or similar in the constant
phase. Contrary to trends in the enzymatic glucose yield,
enzymatic xylose yields are similar for both samples until 150
°C (ramp-up phase) at which time the xylan concentrations in
the samples have already fallen dramatically low to ∼5 wt %. In
the constant phase, determination of enzymatic xylose yield per
xylan becomes meaningless, because xylan concentrations in the
washed pretreated samples are negligible (vide infra).

Table 1. WAXD Results of Dilute Acid Pretreatment of
Switchgrass

center200
peak200
fwhm d spacing

crystallite
thickness

samples 2θ (deg) β1/2 (deg) d200 (Å) L200 (Å)
P0 22.03 ± 0.05 3.4 ± 0.1 4.03 ± 0.01 24.1 ± 0.8
dilute acid pretreated
P4 21.89 ± 0.07 3.4 ± 0.2 4.06 ± 0.01 24.0 ± 1.7
C2 22.48 ± 0.04 2.0 ± 0.2 3.96 ± 0.01 40.7 ± 3.1
C5 22.42 ± 0.04 2.1 ± 0.1 3.97 ± 0.01 39.3 ± 2.7
C10 22.48 ± 0.06 2.0 ± 0.2 3.96 ± 0.01 41.2 ± 3.2

Figure 3. Scanning electron microscopy (SEM) images of parenchyma
cells of raw switchgrass stem (A and B) and xylem fiber cells of hybrid
poplar wood (C and D). The scale bar for panel A is 20 μm; panel B is
2 μm; and panels C and D are 10 μm.
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■ DISCUSSION
Biomass structure is inherently complex with multiple
components and complex spatial correlations, and such
complex biological systems have been analyzed using the
unified fit approach.17,54−56 However, due to the complexity of
the system, the unified fit results were not interpreted in
isolation but instead as part of the body of work already
performedNMR, compositional analysis, fiber diffraction,
computation, and microscopic and enzymatic digestion studies.

Our studies indicate that herbaceous and woody biomass
samples follow a similar structural evolution during dilute acid
pretreatment: (1) lignin redistribution that leads to aggregate
formation, (2) enhanced crystallinity of the cellulose fibril core,
and (3) significant alteration in the surface morphology or
possibly porosity of the cell wall after extended duration of
treatment. Structural features, such as average size of the lignin
aggregates as they initially form, average size of the cellulose
fibers, average size of the crystalline core of the elementary
cellulose fibrils, and the cell-wall surface morphology, differ
between poplar and switchgrass in their specifics. In both
species, the temperature at which lignin aggregates first become
visible by scattering, and the extent of growth in the average
size of the lignin aggregates during the dilute acid pretreatment
protocol is similar.

Cell Wall Cellulose Fibers. SEM analysis of the biomass
samples shows that hybrid poplar forms thick cell walls (Figure
3B and D) compared to switchgrass. From chemical composi-
tional results (Figure 4), initial xylan concentration in native
switchgrass is ∼5 wt % higher than in hybrid poplar. But, due to
xylan loss initiating earlier for switchgrass around 100 °C, the
two samples have similar xylan concentrations by 125 °C.
Glucan concentration for hybrid poplar is ∼10 wt % higher.
The slow progression of xylan hydrolysis between 100 and 125
°C for hybrid poplar (Figure 4B) can possibly be attributed to
the thick cell wall architecture because penetration of acid
solution at 100 °C would be quick for a thinner cell wall like
switchgrass and longer for thicker cell wall like hybrid poplar. A
slight increase in temperature to 125 °C seems to be enough to
overcome this difference and provide similar xylan hydrolysis
rates. In the constant phase (160 °C), residual xylan
concentrations remain for a longer time in switchgrass (until

Figure 4. Chemical compositional data of switchgrass (blue dots) and
hybrid poplar (red open circle) including mainly three different
biomass component concentrations (wt %): glucan (A), xylan (B), and
lignin (C). In addition, relative concentrations with respect to glucan
concentrations are xylan/glucan (D) and lignin/glucan (E). The solid
blue (switchgrass) and red dashed lines (hybrid poplar) indicate trends
from the data, obtained by applying a smoothening function to the
data. Refer to the Figure 2 caption for reaction time details.

Figure 5. Enzymatic hydrolysis data of switchgrass (blue dots) and
hybrid poplar (red open circles) including yields in glucose (A) and
xylose (B) as a function of dilute acid pretreatment. The solid blue
(switchgrass) and red dashed lines (hybrid poplar) indicate trends in
the data, obtained by applying a smoothening function to the data.
Switchgrass/hybrid poplar loading at 1 wt % and enzyme loading at
112.5 mg of Accellerase 1500 and 37.5 mg of Accellerase XY protein
per gram of glucan and xylan (see Supporting Information for more
details). Refer to the Figure 2 caption for reaction time details.
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20 min). One plausible reason for longer time being required to
dissociate xylan in switchgrass even though the cell wall is
thinner can be attributed to a possible higher proportion of
hemicellulose-lignin linkages.57

Crystalline Core of the Cellulose Fibrils. Switchgrass
undergoes a 4-fold increase in the Rg associated with the
crystalline core of the cellulose fibril size from 9 to 36 Å, and
hybrid poplar has a slightly higher than 2-fold increase from 9
to 22 Å. This increase not only indicates that the crystalline
core encompasses the entire elementary cellulose fibril58 but
also indicates coalescing of neighboring fibrils especially evident
in switchgrass. The peripheral cellulose strands of the
elementary cellulose fibril exhibit a lower degree of crystallinity
(also referred to as para-crystalline), possibly due to the
penetration of hemicellulose.58 In this case, hemicellulose
detachment from these cellulose strands and migration (or
relocation) enables the growth of the crystalline form from a
few central strands to outward of the elementary fibril. This can
be understood as an increase of hydrogen bonding between
cellulose strands, due to a lack of competition from
hemicellulose for hydrogen bonds. Initially, until 10 min at
160 °C, the growth in the crystalline core of the cellulose fibrils
(see Figure 2B) is similar and small. A clear difference is visible
only after 10 min at 160 °C as a steep increase in the cellulose
fibril size for switchgrass. Structural evolution during the initial
stages is due to the disruption process of the hemicellulose-
cellulose hydrogen bonding. In the ramp-up phase, increasing
temperature causes a small, gradual increase in the fibril size as
hemicellulose (see Figure 2B) begins to detach from the
cellulose strands. We initially observe similar growth trends in
the crystalline core of the elementary cellulose fibrils because
hemicellulose forms hydrogen bonds to cellulose in both
switchgrass and hybrid poplar. Increased temperature promotes
depolymerization (acid hydrolysis) of these detached hemi-
celluloses into smaller oligosaccharides that now dissolve easily
and therefore are lost during the rinsing process. This is
consistent with a reduction in the xylan concentration in the
ramp-up phase (Figure 4B). Further, crystallite thickness
obtained from WAXD for a subset of the constant phase
switchgrass samples (Table 1) is consistent with the crystalline
fibril diameters obtained by SANS. Tables S1 and S2 list the
crystalline fibril diameter (primary d) obtained by SANS and
Table 1, the crystallite thickness obtained by WAXD (L200).
These observations are consistent with the reported 4-fold
reduction of glucan chain length of poplar and switchgrass
cellulose after 10 min of dilute-acid pretreatment as measured
by gel permeation chromatography.59 This reduction in chain
length may facilitate recrystallization and aggregate formation,
resulting in the increase of lateral fiber aggregate dimensions
calculated from 13C NMR by spectral fitting, which
approximately doubles by 10 min residence time.
From 10 min onward to 60 min at 160 °C, the increase in the

crystalline cellulose fibril diameter of switchgrass is larger than a
single elementary cellulose fibril,58 which indicates neighboring
crystalline fibrils coalescing. This pronounced coalescence in
switchgrass cellulose fibrils is not apparent in hybrid poplar. We
believe this is due to differences in the type and proportions of
cellulose crystalline forms (allomorph) found in herbaceous
and woody biomass, which exhibit different propensity to
crystallize and susceptibility to enzymatic hydrolysis.60 Fiber
diffraction studies are underway to address this key difference.
Initially Observed Lignin Aggregate Size. The average

size of the lignin aggregates as they initially appear is 90 Å for

switchgrass and 55 Å for hybrid poplar. The smaller average
size observed for hybrid poplar lignin aggregates is attributed to
the intrinsic structural differences between herbaceous versus
woody biomass feedstock. Hemicellulose of switchgrass, a
typical grass, is mainly arabinoxylan. In lignified grass cell walls,
the ferulic and p-coumaric acids are covalently linked by ester
bonds to the arabinose of the arabinoxylan. These ferulic and p-
coumaric acids are also linked through ester bonds to proteins
and lignin, generating a cross-linked network between the lignin
and hemicellulose.61,62 The reported range of lignin content of
switchgrass (17−18%)7 is lower than that reported for hybrid
poplar (20−30%).3 However, it has been established through
studies with UV microspectrometry and enzymatic digestion
that cells of warm-weather grasses like switchgrass, particularly
those from unlignified tissues, also contain large amounts of
ferulic acid and coumaric acids and their dimers esterified to
arabinoxylan polysaccharides but not attached to polymeric
lignin. These phenolic acid−polysaccharide complexes inhibit
enzymatic degradation but can be removed by hydrolysis of the
ester bonds by acid, alkali, or esterase pretreatment.50,53

Switchgrass and hybrid poplar have different distributions of
monomeric units in their lignins. In addition, differences extend
beyond guaiacyl-to-syringyl ratios (G:S), such as the presence
of hydroxyphenyl (H), p-coumaric ester, and ferulic acid ester
units in switchgrass versus p-hydroxybenzoate unit in hybrid
poplar. The untreated hybrid poplar sample has an S/G ratio of
1.263 typical of poplars (reported to range from 1.3−2.23,64)
that is higher than the S/G ratio of 0.8 for the untreated
switchgrass,62 typical of these species (ratio range of 0.4−
0.77,65). An S/G ratio greater than 1 implies a higher fraction of
aryl ether linkages (i.e., β-O-4 and α-O-4) and an equivalently
lower fraction of the more stable, condensed type of linkages
(i.e., 4-O-5, 5-5, phenylcoumaran, etc.). As a result, larger sized
lignin aggregates are formed in switchgrass during the
temperature ramp-up of the dilute acid pretreatment.62

Surface Morphology Transitions of the Cell Wall. The
surface morphology of the micron-sized cell walls exhibit diffuse
surfaces for hybrid poplar samples until 10 min at 160 °C
before a transition to a smooth surface. In contrast, for the
same pretreatment protocol, switchgrass exhibits a transition in
the surface morphology from smooth-to-rough after 20 min at
160 °C. Importantly, the thickness of hybrid poplar cell walls is
larger than the maximum dimension observed in SANS, and it
is therefore plausible that gradual variation in the composition
and density (packing) from the inner to the outer cell wall
surface leads to the observation of a diffuse surface in SANS.
Conversely, smooth surfaces imply a sharp, well-defined
boundary. Dilute acid pretreatment appears to alter poplar
cell wall morphology from diffuse (such as in a thick layer with
density gradient) to a sharp, well-defined, and smooth interface.
The thin cell walls of switchgrass transition from a smooth
surface to a rough surface, possibly with more porosity after 20
min at 160 °C.

Similar Structural Trends. First, lignin aggregates appear
between 125 and 150 °C. Second, the average size of lignin
aggregates doubles (90 to 200 Å for switchgrass and 55 to 130
Å for hybrid poplar) during the same temperature course of the
dilute acid pretreatment protocol (Figure 1). Various
explanations have been proposed to explain lignin aggregation,
primarily thermal transitions, solubilization and precipitation,
and/or depolymerization and repolymerization mechanisms.
Despite the exact mechanisms, factors such as the spatial
distribution of lignin, lignin monomer distribution, lignin
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monomer linkage distribution, and hemicellulose-lignin link-
ages can be expected to influence lignin aggregate size.
Identification and quantification of the hemicellulose-lignin
linkages are not yet available. In particular, our data suggest a
higher S/G ratio exhibits lower activation energy for lignin
aggregation.
Structural Features for Optimum Cellulose Digestion.

The most interesting results from our enzymatic hydrolysis
studies (see Figure 5) have been how the morphological
differences observed at the molecular level correlate to the
significantly higher glucose yields from switchgrass during the
entire dilute acid pretreatment, which resemble those reported
by earlier studies comparing these two feed stocks.66 Enzymatic
glucose yields are ∼15−20 wt % higher from switchgrass than
hybrid poplar in their native state as well as for samples in the
constant temperature phase of pretreatment. In the ramp-up
phase, the trends differ. Enzymatic glucose yield for switchgrass
increases at a constant rate from 50 °C to 10 min at 160 °C,
while the yield for hybrid poplar ramps up only from 2 min at
160 °C. After an initial steep increase for hybrid poplar from 2
to 10 min at 160 °C, the increase in the enzymatic glucose
yields significantly slows down. From 10 to 60 min at 160 °C,
enzymatic glucose yields for hybrid poplar continue to increase,
but they remain constant for switchgrass. Until 10 min at 160
°C is reached, the crystalline core diameters of the cellulose
fibrils are the same between the two samples, so this does not
explain why enzymatic glucose yields from hybrid poplar would
be ∼15−20 wt % lower. The thick architecture of the secondary
cell walls of hybrid poplar probably plays a significant role in
reducing enzyme access, and therefore enzymatic glucose yields
in the ramp-up phase. In addition, the smaller lignin aggregates
formed in hybrid poplar could be covering a larger surface area
of the cellulose fibrils and could impede the cellulase enzyme as
it moves along the cellulose strands during hydrolysis resulting
in lower glucose yields. Interestingly, for switchgrass, enzymatic
glucose yields saturate after 10 min at 160 °C, which is when
the crystalline core diameter undergoes a steep increase
indicating the onset of coalescence. Conversely, the enzymatic
glucose yields for hybrid poplar, which does not indicate signs
of coalescence, continue to increase slowly. These trends
suggest that the changes in crystalline core and lignin aggregate
diameters could have a small influence on enzymatic glucose
yields, they mainly suggest that cellulose fibril accessibility (i.e.,
surface morphology transitions) is a more likely determining
factor in enzymatic glucose yields.

■ CONCLUSION
We have successfully used small-angle neutron scattering and
wide-angle X-ray diffraction studies to probe structural and
morphological changes in herbaceous and woody biomass and
observed differing recalcitrance behavior to dilute acid
pretreatment. The results demonstrate that dilute acid
pretreatment causes (1) lignin aggregate formation and
redistribution, (2) growth in the crystalline core of the cellulose
fibrils, and (3) transitions in the cell wall surface morphology.
Notably, following a 2-fold increase in the crystalline core of the
cellulose fibrils in both types of biomass, after 10 min at 160 °C,
the crystalline core increased 4-fold for switchgrass implying
coalescence of neighboring crystalline cellulose fibrils. Lignin
aggregate formation was first observed between 125 and 150 °C
but with switchgrass forming much larger average sizes.
However, the larger lignin aggregates did not correlate with
enzyme inhibition as might have been expected, as glucose

yields were higher for switchgrass than for hybrid poplar.
Surface morphology of the micron-sized cell walls was observed
to transition from smooth to rough surfaces for switchgrass as
compared to diffuse to smooth surfaces for hybrid poplar,
implying a greater increase in cellulosic surface area accessible
to enzymes for switchgrass. Combined with the accompanying
enzymatic digestion studies, these structural and morphological
changes during dilute acid pretreatment suggest that cellulose
accessibility is the decisive factor in increasing glucose yields,
while cellulose crystallinity and lignin aggregation play lesser
roles. These discoveries offer valuable insights to improving and
optimizing current biomass deconstruction processes for
bioethanol production by providing molecular structural
information on the underlying changes to the cell wall structure
that result in the subsequent increases in glucose yields targeted
by empirical development of pretreatments and choice of
bioenergy crops.
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