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Abstract One commonly cited factor that con-

tributes to the recalcitrance of biomass is cellulose

crystallinity. The present study aims to establish the

effect of several pretreatment technologies on cel-

lulose crystallinity, crystalline allomorph distribu-

tion, and cellulose ultrastructure. The observed

changes in the cellulose ultrastructure of poplar

were also related to changes in enzymatic hydroly-

sis, a measure of biomass recalcitrance. Hot-water,

organo-solv, lime, lime-oxidant, dilute acid, and

dilute acid-oxidant pretreatments were compared in

terms of changes in enzymatic sugar release and

then changes in cellulose ultrastructure measured by
13C cross polarization magic angle spinning nuclear

magnetic resonance and wide-angle X-ray diffrac-

tion. Pretreatment severity and relative chemical

depolymerization/degradation were assessed through

compositional analysis and high-performance anion-

exchange chromatography with pulsed amperometric

detection. Results showed minimal cellulose ultra-

structural changes occurred due to lime and lime-

oxidant pretreatments, which at short residence time

displayed relatively high enzymatic glucose yield.

Hot water pretreatment moderately changed cellu-

lose crystallinity and crystalline allomorph distribu-

tion, yet produced the lowest enzymatic glucose

yield. Dilute acid and dilute acid-oxidant pretreat-

ments resulted in the largest increase in cellulose

crystallinity, para-crystalline, and cellulose-Ib allo-

morph content as well as the largest increase in

cellulose microfibril or crystallite size. Perhaps

related, compositional analysis and Klason lignin

contents for samples that underwent dilute acid and

dilute acid-oxidant pretreatments indicated the most

significant polysaccharide depolymerization/degra-

dation also ensued. Organo-solv pretreatment gen-

erated the highest glucose yield, which was

accompanied by the most significant increase in

cellulose microfibril or crystallite size and decrease

in relatively lignin contents. Hot-water, dilute acid,

dilute acid-oxidant, and organo-solv pretreatments

all showed evidence of cellulose microfibril

coalescence.
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Introduction

Several Populus species are presently being developed

as high potential energy crops because they exhibit

drought tolerance, pests and insects resistance, and

high biomass yields on a range of lands (Sannigrahi

et al. 2010c). More importantly, through genetic

modification, the extensive sequencing of the Populus

genome has made it possible to enhance many of these

characteristics unlike ever before (Brunner et al.

2004). Potential applications for poplar include bio-

fuels, pulp and paper, a variety of wood-based

products, and the next generation of commodity and

fine chemicals. Among the most promising utilization

of poplar feedstocks is the production of bioethanol

(Sannigrahi et al. 2010c). Considering the inherent

resistant of lignocellulosic cell walls to deconstruction

by microbes and enzymes (i.e., biomass recalcitrance),

current cellulosic bioethanol production requires pre-

treatment prior to enzymatic hydrolysis and fermen-

tation. The goal of this pretreatment has commonly

been cited as a process to (1) open the lignin-

hemicellulose matrix, (2) alter and re-distribute struc-

tural components in the cell wall, (3) lower the degree

of polymerization of cellulose, and (4) disrupt the

ultrastructure of the cellulose, ultimately aimed at

enhancing substrate accessibility and digestibility for

enzymatic hydrolysis (Mosier et al. 2005b).

Pretreatment of lignocellulosic materials can

include physical, physicochemical, chemical, and

biological processes, of which chemical pretreat-

ments typically utilize acid or base with controlled

time, temperature, and pH profiles and/or organic

solvents to facilitate cell wall component removal

(Chang et al. 2001; Brosse et al. 2009; Hu and

Ragauskas 2012). One of the most promising

options because of cost effectiveness and ease of

scalability employs dilute sulfuric acid (0.5–1.0 %)

at moderate temperatures (140–190 �C) to hydrolyze

hemicelluloses, disrupt lignin and enhance sugar

yield in subsequent enzymatic deconstruction of

cellulose (Lloyd and Wyman 2005; Foston and

Ragauskas 2010).

Kumar et al. (2009) conducted a comprehensive

study applying some of the leading pretreatment

technologies including ammonia fiber expansion,

aqueous ammonia recycle, dilute sulfuric acid, lime,

neutral pH, and sulfur dioxide to poplar, evaluating

each technology based on enzymatic release following

a common sugar assay procedure. This particular

study indicated that one of the most notable changes in

the composition of dilute acid pretreated solids is a

significant reduction in the relative hemicellulose

content. Wyman et al. (2009) showed that dilute acid

pretreatments of poplar facilitated ethanol yields of

approximately 85 % when using simultaneous sac-

charification and fermentation (SSF), and produced

glucose yields around 64 % when using separate

hydrolysis and fermentation (SHF).

Another very common treatment is hot water

pretreatment (i.e., without adding acid or base)

referred to as auto-hydrolysis because the hot water

cleaves acetyl and hemiacetal linkages, liberating

acids along with the natural acidity of water catalyzes

the hydrolysis of linkages in the cell wall. This

pretreatment is associated with lower capital and

production costs and reduced formation of degradation

products (Mosier et al. 2005a).

An alternative to acidic pretreatments are alkali

pretreatments which are processes that typically

utilize lower temperatures and pressures when com-

pared to other pretreatment technologies. The com-

mercial application of alkaline bases is often not

preferred because sodium hydroxide and other bases

are costly and difficult to recover and to reuse in a cost-

effective manner (Mosier et al. 2005b). Lime pretreat-

ment with proven effectiveness and low cost (Chang

et al. 1998) has been used to pretreat a variety of

substrates including poplar. Wyman et al. (2009)

demonstrated lime pretreatment of poplar exhibited a

reduction in relative lignin content rather than hemi-

celluloses with SHF glucose yields of *71 %. Chang

et al. (1997) conducted a systematic study of lime

pretreatment conditions on switchgrass and found a

residence time of 2.0 h at 100–120 �C with a 0.1 g

Ca(OH)2/g dry biomass lime loading and water

loading of 9 mL/g of dry biomass as optimal to

enhance enzymatic digestibility.

An additional interesting class of pretreatment

technologies includes wet oxidant methods (Martin

et al. 2007). For example, lime and oxygen were used

to enhance the enzymatic digestibility of poplar in a
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study by Chang et al. (2001) indicating a partial

pressure of 1.4 MPa of absolute oxygen gave the

optimal condition to enhance the enzymatic digest-

ibility, with a 3 days total enzymatic sugar conversion

of *97 %.

Understanding the structural parameters relevant to

plant cell wall recalcitrance and how those parameters

individually and cooperatively affect enzymatic sac-

charification are vital for improving current process-

ing and conversion methods for cellulosic biofuels.

Though, in more recent work, research has started to

indicate that increases in accessibility may be one of

the major first order rate determining factors in

enzymatic hydrolysis (Mosier et al. 2005b; Meng

et al. 2013). However, among various substrate

characteristics cellulose morphology and crystallinity

index are inherently connected with cellulase enzyme

activity and therefore efficient enzymatic hydrolysis

of lignocelluloses (Bubner et al. 2013; Foston and

Ragauskas 2012; Zhao et al. 2006). A study by Pu et al.

(2006) examined the enzymatic hydrolysis of

bleached softwood Kraft pulps in which they reported

a faster decrease in the relative amount of amorphous

cellulose as a function of enzymatic hydrolysis time.

Recent research studies on the structural reorganiza-

tion of cellulose fibrils during hydrothermal decon-

struction and their relationship with enzymatic

digestion indicated that cellulose morphological

changes occurred within the lignocellulosic cell wall

as a result of pretreatment deconstruction and that

these changes are very important for maximizing

enzyme digestibility and minimizing energy con-

sumption (Ibbett et al. 2013). This suggests cellulose

ultrastructure is a substrate characteristic relevant to

the enzymatic deconstruction of biomass and must be

monitored to not only deconvolute the factors affect-

ing recalcitrance but also to help develop a deeper

understanding of the molecular-level mechanisms that

these enzymes employ. A vital component of this is to

generate reliable structural models of cellulose before

and after pretreatment. These results can be then used

in further research such as computational methods

applied model to cell wall deconstruction or the

generation of new optimized biocatalysts and low-

recalcitrant genetically engineered plants.

In this study, a Populus trichocarpa x deltoides

hybrid was subjected to hot-water, organo-solv, lime,

lime-oxidant (lime/Ox), dilute acid and dilute acid-

oxidant (dilute acid/Ox) pretreatments. These samples

were then examined for changes in cellulose ultrastruc-

ture during pretreatment by 13C cross polarization magic

angle spinning (CP/MAS) nuclear magnetic resonance

(NMR) and wide-angle X-ray diffraction (WAXD). An

enzymatic recalcitrance screen was performed to eval-

uate and compare the changes in glucose sugar release

with respect to different types of pretreatment. More-

over, in this study we intended to investigate transfor-

mations occurring in cellulose ultrastructure during

various pretreatments, and examine possible links

between changes in sugar release (i.e., biomass recal-

citrance) and alterations in cellulose crystallinity and

crystalline allomorph distribution.

Materials and methods

Substrates

Baseline poplar (Populus trichocarpa x deltoides)

samples were harvested between 2007 and 2008 by

National Renewable Energy Laboratory (NREL) at

area 0800 at Oak Ridge National Laboratory, TN. The

biomass was size-reduced in a Wiley mill using a

0.250–0.177 mm screen. Extractives were subse-

quently removed by placing the biomass into an

extraction thimble in a Soxhlet extraction apparatus.

The extraction flask was filled with 1:2 ethanol/

benzene mixture (*150 mL) and then refluxed at a

boiling rate which cycled the biomass for at least 24

extractions over a 4 h period.

Pretreatments

The lignocellulosic material was transferred to a 4560

mini-Parr 300 ml pressure reactor with a pretreating

solution prepared as described in Table 1 at 5.0 % dry

solids and then sealed. The impeller speed was set to

about 100 rpm, and the vessel was heated to a temper-

ature as described in Table 1 over *25–30 min (at

*6 �C/min). The reactor was held at the pretreatment

temperature ±2 �C (120–160 �C; *0.65–0.69 MPa)

for the specified residence time ± 30 s. The reactor was

then quenched in an ice bath (*5 min). Pretreatment

conditions were adapted from literature which investi-

gated optimal pretreatment conditions (Chang et al.

1997; Kumar et al. 2009; Wyman et al. 2009). The

pretreated slurry was filtered to remove the solid

material and washed with an excess of deionized (DI)
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filtered water. Paramagnetic impurities were removed

by washing the solids with a 2 % aqueous solution of

ethylenediaminetetraacetic acid (EDTA) and DI water.

The pretreated lignocellulosic samples were then dried

in the fume hood overnight. All gravimetric yields for

biomass recovered after pretreatment ranged between

75–85 %.

Carbohydrates and Klason lignin analysis

In order to monitor biomass composition change as a

result of pretreatments and calculate the sugar conver-

sion from enzymatic hydrolysis, carbohydrate and

Klason lignin analysis were carried out based on

methods described in Tappi T-249 (Davis 1998). The

first stage utilized a high concentration acid and a low

reaction temperature (72 vol% H2SO4 at 30 �C for 1 h).

The second stage was performed at much lower acid

concentration and higher temperature (3 vol% H2SO4 at

121 �C for 1 h) in an autoclave. The resulting solution

was cooled to room temperature and filtered using G8

glass fiber filter (Fisher Scientific, USA). The remain-

ing residue is considered as Klason lignin which was

oven-dried and weighed to obtain the Klason lignin

content. The filtered solution was analyzed for carbo-

hydrate constituents of the hydrolyzed poplar samples

determined by high-performance anion-exchange chro-

matography with pulsed amperometric detection

(HPAEC-PAD) using Dionex ICS-3000 (Dionex Corp.,

USA). Error analysis was conducted by performing

carbohydrate and Klason lignin analysis three times on

the untreated and pretreated lignocellulosics.

Sample preparation for NMR

In order to compare cellulose ultrastructural changes

during various pretreatments, cellulose from various

pretreated poplar samples was isolated and purified for

NMR analysis. Holocellulose was first isolated from

pretreated poplar samples by treatment with NaClO2

(1.30 g/1.00 g lignocellulosic dry solids) in acetic acid

(375.00 mL of 0.14 M) at 70 �C for 2 h. The samples

were then collected by filtration and rinsed with an

excess of DI water. Isolated cellulose was prepared from

the holocellulose sample (1.00 g) by refluxing with HCl

(100.0 mL of 2.50 M) as reported by Foston (2010).

The isolated cellulose samples were then collected by

filtration and rinsed with an excess of DI filtered water,

and air dried. Illustration of the procedure is shown in

Fig. 1.

NMR analysis of cellulose

The cellulose samples with *55 % water content were

prepared with isolated cellulose packed into a 4-mm

cylindrical ceramic MAS rotor. Repetitive steps of

packing sample into the rotor were performed to fully

compress and load the maximum amount of sample.

Solid-state NMR measurements were carried out on a

Bruker DSX-400 spectrometer operating at frequencies

of 100.55 MHz for 13C in a Bruker double-resonance

MAS probehead at spinning speeds of 10 kHz. CP/

MAS experiments utilized a 5 ls (90�) proton pulse,

1.5 ms contact pulse, 4 s recycle delay and 4–8 K

scans. All spectra were recorded on wet samples, and

the line-fitting analysis of spectra was performed using

NUTS NMR Data Processing software (Acorn NMR,

Inc) as reported by Foston (2009, 2010). Error analysis

was conducted by performing three individual isola-

tions, NMR acquisitions and line-fit data processing.

WAXD analysis of untreated and pretreated poplar

WAXD measurements were performed using a theta–

theta goniometer PANalytical X’Pert PRO diffrac-

tometer with Cu Ka radiation (k = 1.542 Å) operating

Table 1 Various

pretreatments conducted on

hybrid poplar

Pretreatment Reagents Pretreatment

residence

time (min)

Temp

(�C)

% dry

solids

Hot water H2O 5, 10, 60 160 5

Dilute acid 0.1 M H2SO4 5, 10, 60 160 5

Dilute Acid/Ox 0.1 M H2SO4, 0.55 MPa of O2 5, 10, 60 160 5

Organo-solv 0.02 M H2SO4, 65 % ethanol/water 5, 10, 60 160 5

Lime 0.1 M Ca(OH)2 5, 10, 60 120 5

Lime/Ox 0.1 M Ca(OH)2, 0.55 MPa of O2 5, 10, 60 120 5
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at 45 kV and 40 mA. Beam divergence on the incident

and diffracted beam paths are controlled by the

programmable divergence and programmable anti-

scatter slits to maintain a constant illuminated spot of

10 mm on the sample. A fixed 2� anti-scatter slit and a

10 mm width limiting beam mask on the incident

beam path; soller slits of 0.04 rad divergence on both

beam paths; Nickel as a beta-filter and X’Celerator

scientific detector on the diffracted beam path were the

other optic components. The pretreated poplar sam-

ples, covered with a kapton film to maintain its

humidity during measurements, were mounted onto

the Spinner PW3064 stage and rotated at 7.5 rpm.

Data was collected in the continuous scan mode from

5� to 90� 2h. The width of the diffraction peaks

associated with specific reflecting planes (hkl) having

a repeat spacing of dhkl was used to estimate the

crystallite size, Lhkl using the Scherrer equation.

The crystallite size (or dimension) Lhkl is calculated

by the relation (Cullity and Stock 2001; Klug and

Alexander 1974; Park et al. 2010):

Lhkl ¼
0:9k

bhkl cos h
ð1Þ

where k is the X-ray wavelength in Å; is the angular

full-width at half maximum intensity (FWHM) in

radians of the (hkl) line profile; and h is the scattering

angle. The calculated values of crystallite size, L200

were obtained from diffraction peak widths according

to the Scherrer method for all samples.

Down-scaled enzymatic sugar release assay

The sugar release values were determined based on the

High Throughput Pretreatment and Enzymatic hydro-

lysis (HTPH) designed at University of California,

Riverside (Studer et al. 2010). In this study, 4.5 mg

dry biomass was loaded into individual wells of a

custom-built metal well plate by an automation

robotics platform (Symyx Technologies, Sunnyvale,

CA). Then, 446 lL deionized (DI) water was pipetted

into all wells (8 channel pipette, 30–300 lL, Eppen-

dorf, Hamburg, Germany) to achieve a solid loading of

1 wt%. Next, 39 lL of a mixture of 1 M citrate buffer

(pH 4.8), sodium azide solution and enzymes was

pipetted into each well (8 channel pipette, 10–100 lL,

Eppendorf, Hamburg, Germany). The final hydroly-

zates contained 0.05 M citrate buffer (pH 4.95), and

0.2 g/L sodium azide. The resulting enzyme loading

corresponded to 112.5 mg of Accellerase 1500 and

37.5 mg of Accellerase XY protein (Genencor, Palo

Alto, CA, USA), respectively, per g of glucan ? xylan

in tested biomass. After enzyme addition, the well

plate was then clamped between two stainless steel

plates with a flat silicone gasket in between. The plate

was then placed on its side in an incubation shaker

(Multitron Infors-HT, ATR Biotech, Laurel, MD,

USA) at 50 �C for 72 h at 150 rpm. Following

enzymatic hydrolysis, the well plate block was

allowed to cool to room temperature and then opened.

A sealing tape (Nunc, Rochester, NY) was secured to

the top of all vials and the entire well plate was

centrifuged (CS-6R Centrifuge, Beckman, Fullerton,

CA) for 20 min at 2,650 rpm. Then, 260 lL of the

clear hydrolyzates solution was transferred to a PP 96-

well plate (Agilent, Santa Clara, CA, USA) for HPLC

analysis. In this part, sugar concentrations were

quantified using Agilent 1200 HPLC (Agilent, Santa

Clara, CA, USA) equipped with an Aminex HPX-87H

column (BioRad, Hercules, CA, USA) and a refractive

index detector.

Results and discussion

Cell wall composition

Carbohydrate and Klason lignin values for the differ-

ent pretreatments as described in Table 1 are reported

in Fig. 2 for untreated and pretreated solids. Alkaline

pretreatments, lime and lime/Ox, did not significantly

alter the relative carbohydrate and Klason lignin

4h refluxing with HCl, 
filtration, rinsing and air dry

2h treatment with
NaClO2 + CH3COOH

Filtration, rinsing & 
repeat once again

Holocellulose Cellulose

Ground poplar 
before and after 

various 
pretreatments

Fig. 1 Illustration of cellulose sample preparation for NMR test
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distributions, which is in agreement with previous

studies under the similar experimental conditions (Xu

et al. 2010; Xu and Cheng 2011; Wang and Cheng

2011). These studies suggested little alteration in the

compositional analysis of alkaline pretreated biomass

occurred, in part, due to the relatively lower pretreat-

ment temperatures utilized. In this case compositional

analysis indicated lime and lime/Ox pretreatment were

much less severe than the other pretreatments con-

ducted and would consequently cause less alterations

Fig. 2 Relative glucan,

xylan and lignin contents in

the residual untreated and

pretreated poplar solids
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and degradation to the remaining cellulosic compo-

nents. On the other hand, dilute acid and dilute acid/

Ox pretreatments removed the most significant frac-

tion of xylan, increasing the relative Klason lignin

content by almost 50 %. This accompanying increase

in the relative Klason lignin content observed for acid

pretreatments could be attributed to not only the

hydrolysis of hemicellulose and maybe cellulose but

also the formation of ‘pseudo-lignin’, a polysaccha-

ride degradation product resulting from the repoly-

merization of dehydrated sugars forming lignin-like

polyphenolic structures (Sannigrahi et al. 2011). The

fact cellulosic components may have been degraded/

removed during acid pretreatments that could have

large implication on concurrent changes in cellulose

ultrastructure. Organo-solv pretreatment reduced the

relative Klason lignin content significantly (by

*33 %) while removed most of the xylan and

yielded a glucan rich solid component. Lignin content

reduction in organo-solv pretreatment could result

from solubilization and fragmentation that release

lignin into the organic phase (Pan et al. 2008;

Sannigrahi et al. 2010b). Though only reporting

relative change in cell wall composition, composi-

tional analysis seems to suggest organo-solv pretreat-

ments may also degrade/remove cellulose. Similarly,

hot water pretreatment after a 60 min residence time

appears chemically comparable to biomass that

underwent dilute acid pretreatment, partially remov-

ing xylan and increasing the relative Klason lignin

content.

Cellulose crystallinity and ultrastructure analysis

by NMR

The direct polarization magic-angle spinning (DP/

MAS) experiments with a long enough recycle delay

permits complete T1 relaxation of the observed nuclei

and can provide the most reliable method for obtain-

ing quantitative solid state NMR spectra; however, it

is usually time-consuming to aquire an acceptable

signal-to-noise ratio. Compared to DP/MAS, CP/

MAS can enhance the signal intensity per measuring

time by about an order of magnitude. While the

difference in magnetization transfer from 1H to

carbons bonded to 1H and to nonprotonated 13C or

mobile segments with weaker 1H–13C dipolar cou-

plings can make quantification of CP/MAS spec-

tra difficult, quantitation can be achieved with

carefully choosen experimental conditions. The quan-

titative analysis of the particular cellulose C4-peak at

the selected chemical shift has been documented in

literature with the choice of the optimal contact time

and applied experimental conditions that maximizes

the signal intensity (Pu et al. 2006; Foston and

Ragauskas 2010).

The cellulose C4-carbon region extends over a 13C

NMR chemical shift range of d *80–93 ppm as

shown in Fig. 3. A commonly used probe for cellulose

amorphous domains can be observed at a 13C chemical

shift range of d *80–85 ppm, appearing as a series of

fairly broad and overlapping resonances. 13C CP/MAS

NMR spectroscopy experiments were conducted to

determine cellulose % crystallinity as shown in Fig. 4.

Cellulose % crystallinity is calculated by dividing the

area of the crystalline peak by the total area assigned to

the C4-carbon region.

The non-linear least-squared line fitting of the

C4-region for a 13C CP/MAS spectra of isolated

cellulose prepared from pretreated poplar are presented

in Fig. 3. The deconvolution was performed by fitting

seven lines to the C4 region with additional constraints

for the areas of the three Lorentzian lines that originate

from crystalline cellulose allomorphs Ia (90.2–89.7

ppm), Ib (88.1–87.8 ppm) and Ia?b (89.0–88.6 ppm),

and four Gaussian lines for non-crystalline cellulose

accessible fibril surfaces (Acc-1: 84.9–84.2 and Acc-2:

83.6–83.2 ppm) and inaccessible fibril surface (Inacc:

83.9–83.4 ppm) as well as para-crystalline cellulose

(88.6–88.4 ppm) (VanderHart and Atalla 1984; Maciel

et al. 1982; Wickholm et al. 1998; Sannigrahi et al.

2010a; Foston and Ragauskas 2010). The relative

intensity of the cellulosic ultrastructural components

Fig. 3 Non-linear least-squared line fitting of the C4 region of
13C NMR spectrum of isolated cellulose samples

Cellulose (2014) 21:2419–2431 2425

123



within cellulose fibrils and how those relative intensi-

ties change with pretreatment at the most severe

conditions tested are shown in Table 2. In addition,

the percentage of C4-carbons detected at fibril surfaces

and along a square cross-sectional cellulose microfibril

model, can be used to estimate the cellulose microfibril

[i.e., lateral fibril dimension (LFD) or cellulose crys-

tallite dimension] and microfibril bundle [i.e., lateral

fibril aggregate dimension (LFAD)] dimensions.

The generalized major effects of the pretreatments

on cellulose ultrastructure are: (1) increases in cellu-

lose % crystallinity, (2) increases in the relative

cellulose Ib and para-crystalline content, (3) increases

in cellulose LFD and LFAD, and (4) decreases in the

relative cellulose Ia content, cellulose accessible fibril

surfaces, and cellulose inaccessible fibril surfaces. The

observed increase in relative cellulose Ib content is

accompanied by a reduction in resonances represent-

ing cellulose Ia?b and Ia content. This change most

likely results from the thermal transformation of the

cellulose Ia allomorph, which has a meta-stable

triclinic one-chain crystal structure, to the cellulose

Ib allomorph, a more thermodynamic favored mono-

clinic two-chain crystal structure (Debzi et al. 1991;

Foston and Ragauskas 2010). Moreover, pretreat-

ments resulted in the increase of para-crystalline

Fig. 4 % Crystallinity of cellulose in the residual pretreated hybrid poplar solids as determined by acid isolated cellulose and 13C CP/

MAS NMR spectra

Table 2 The relative % cellulose crystalline allomorphs, para-crystalline cellulose and cellulose fibril surface in the residual hybrid

poplar solids pretreated for 60 min

Treatments Ia
±0.3

(%)

Ia?b

±0.3

(%)

Para

±1.5

(%)

Ib
±0.3

(%)

Inacc ± 1.6

(%)

Acc-1

±0.3

(%)

Acc-2

±0.3

(%)

LFD

±0.2

(nm)

LFAD

±3.0

(nm)

Untreated 4.0 8.6 37.5 4.2 39.4 4.2 2.1 4.2 34

Hot water 3.1 7.5 40.5 6.9 37.4 2.9 1.7 4.6 47

Dilute acid 3.6 5.7 43.0 7.8 35.8 2.5 1.7 4.9 52

Dilute acid/Ox 1.7 8.9 45.9 9.3 30.3 3.3 0.6 5.8 55

Organo-solv 3.6 6.0 44.8 6.4 35.5 2.1 1.6 5.0 59

Lime 2.6 7.9 40.7 7.7 35.1 3.4 2.6 4.7 36

Lime/Ox 3.1 4.6 45.1 4.9 37.0 3.1 2.2 4.6 41

Para para-crystalline cellulose, Inacc inaccessible fibril surface, Acc-1 and Acc-2 accessible fibril surface, LFD lateral fibril

dimension, LFAD lateral fibril aggregate dimension
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cellulose content and a concurrent decrease in the

relative proportion of amorphous (i.e., accessible and

inaccessible fibril surfaces) cellulose. In conjunction

with compositional analysis suggesting cellulosic

degradation occurs and a previous study indicating

hydrolysis of amorphous cellulose is kinetically

favored over that of crystalline cellulose (Pu et al.

2006), increases in % crystallinity and even perhaps

relative para-crystalline cellulose content could result

from the preferential degradation/removal of amor-

phous cellulose during pretreatment (Foston and

Ragauskas 2010; Samuel et al. 2010).

Various pretreatments increased cellulose % crys-

tallinity to different extents. Acidic pretreatments

increased the crystallinity significantly, while alkaline

pretreatments including lime and lime/Ox had rela-

tively less effect. This aligns with compositional

analysis indicating amorphous cellulose is more

susceptible to hydrolysis at acidic pretreatment con-

ditions than at alkaline pretreatment conditions. The

increase of cellulose % crystallinity in pretreated

poplar could result from a combination of several

factors. Aside from preferential removal of amorphous

cellulose (see Table 2), a hydrothermal ‘‘annealing’’-

like process that transforms cellulose Ia into cellulose

Ib could also lead to ordering of amorphous cellulose

into para-crystalline cellulose (Sturcova et al. 2004).

Hornification describes the irreversible stiffening

and shrinking of lignocellulosic materials upon drying

or water removal. Hornification shrinks internal fiber

volume, and upon re-suspension in water the original

extent of water-swelling is not obtained. Interestingly,

hornification is not only associated with decreases in

water retention value, specific surface area, and pore

size (Diniz et al. 2004) but also with accompanying

increases in crystallinity and crystallite size (Chen

et al. 2010; Newman 2004). Several mechanisms have

been proposed to explain hornification in lignocellu-

losic materials (Ostlund et al. 2010; Foston and

Ragauskas 2010). One such proposed mechanism,

co-crystallization of adjacent cellulose microfibrils

(Oksanen et al. 1997; Newman 2004), may also be

used here to explain the observed cellulose % crys-

tallinity increases occurring as a result of severe

pretreatment. However, if co-crystallization is indeed

occurring, cellulose crystallite dimensions might be

expected to increase as well.

Based on the LFD and LFAD results (see Table 2),

cellulose isolated from acid, acid/Ox, and organo-solv

pretreated poplar displayed significant increases in

LFD and LFAD as compared to cellulose isolated

from hot water, lime, and lime/Ox pretreated poplar.

Previous pretreatment studies have attributed this

increase in LFD to partially release in cellulose fibril

distortion that (1) alters intra-chain hydrogen bonding

and (2) then reduces the relative surface area to

volume ratio of a cellulose fibril and subsequently

increase the LFD (Hult et al. 2001; Foston and

Ragauskas 2010). Increases in LFAD, as a result of

pretreatment, are attributed to thermal induced crys-

tallization and aggregate growth (Foston and Ragaus-

kas 2010). The significant LFAD increases in acidic

and organo-solv pretreated samples could be attrib-

uted to the removal and disruption of hemicellulose

and lignin that obstruct cellulose co-crystallization

(Oksanen et al.1997).

In addition, chemical reagents employed in the

cellulose isolation process influence the cellulose

structure to some extent (Xu et al. 2009; Ishizawa

et al. 2009; Hubbell and Ragauskas 2010). However,

the impact of isolation procedure on cellulose crys-

tallinity and ultrastructure is minimal compared with

those intensive hydrothermal pretreatments (Langan

et al. 2014; Kumar et al. 2013).

Crystallite size analysis by WAXD

A complementary technique to evaluate cellulose

microfibril ultrastructure is WAXD. This method

is sensitive to the regular or repetitive arrange-

ment of the atoms which is more commonly used

to extract crystallite dimension information in

cellulose samples with high precision (Park et al.

2010; Ibbett et al. 2013). Therefore, crystallite

size was used to monitor cellulose fibril dimen-

sion change as a result of various pretreatments

in this study.

As shown in Table 3, all pretreatment meth-

ods increase the size of the cellulose crystallite

and the degree of that increase seems to depend

again on pretreatment severity (encompassing

pretreatment temperature, residence time, and

method employed). The WAXD cellulose crys-

tallite results show a similar trend or ordering

with NMR LFD results (Table 2). Among the

pretreatments, all acidic treatments have a large

influence on cellulose microfibril structure, dis-

playing a large increase in the crystallite size.
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WAXD studies have shown that irrespective of the

kind of pretreatment applied such as alkaline, organic

or acidic, the crystalline dimension of cellulose

microfibrils increase within 5 min of pretreatment

time. Hot water pretreatment produces the least

increase in the cellulose crystallite size from an

untreated sample 2.7–3.0 nm while all the other

pretreatments increase from 2.7 to *4.0 nm. Beyond

5 min of pretreatment cellulose crystallite dimensions

increase greater than 4.0 nm, with dilute acid produc-

ing the most increase to 5.0 nm. This is interesting

because scattering studies of sliced intact poplar chips

indicate cellulose fibril—cellulose fibril distance is

*4.0 nm (Langan et al. 2014) and any increase in the

crystallite size beyond 4.0 nm implies neighboring

fibril coalescence. Langan et al. (2014) suggest fibril

coalescence is driven by expulsion of interstitial

biopolymer or solvent. This coalescing trend is

however absent for the crystallite dimensions deter-

mined for cellulose in hot water, lime/Ox, and lime

pretreated poplar. In summary, alkali pretreatments do

not affect the cellulose crystallite dimension. This

mostly likely is related to the fact alkali pretreatments

were conducted at less severe conditions, and that not

enough energy has been provided to overcome a

kinetic barrier preventing cellulose microfibril

coalescence.

Recalcitrance and enzymatic sugar release

Figure 5 summarizes the relative increase in glucose

yield after enzymatic hydrolysis for the different

pretreatments with respect to the untreated sample. In

order of performance, the hot-water pretreatment

displayed the lowest increase in glucose yield after

enzymatic hydrolysis, dilute acid and dilute acid-

oxidant pretreatments, which displayed very similar

sugar release profiles were next, with the lime and

lime-oxidant pretreatments producing slightly higher

increase, and lastly the organo-solv pretreatment

generated the largest increase in sugar yield.

Enzymatic hydrolysis of cellulosic biomass

depends on several comprehensive factors including

cell wall biopolymer distribution and chemistry,

cellulose degree of polymerization and crystallinity,

microfibril crystallite size and morphology, cell wall

pore size and enzyme accessibility (Ding et al. 2012;

Foston and Ragauskas 2010, 2012; Meng et al. 2013;

Pu et al. 2006; Arantes and Saddler 2010). It has been

postulated that crystalline regions reduce the resulting

enzymatic degradation of cellulose (Hall et al. 2010),

yet the cellulose crystallinity in most pretreated

samples are greater than the untreated sample

(Fig. 4). Accordingly, the literature clearly shows

enzymatic saccharification of biomass which has

undergone many of the pretreatments in this study,

increase sugar yields suggesting cellulose crystallinity

alone may not be the global determinant in the

enzymatic degradability of pretreated biomass as once

thought (Foston et al. 2011). Though true, when

crystallinity is considered as a major factor, simple

thermodynamic analysis suggests amorphous cellu-

lose is more easily deconstructed than crystalline

cellulose (Beguin and Aubert 1994; Hall et al. 2010).

Therefore, minimizing cellulose crystallinity increase

during thermochemical pretreatment may display

superior sugar release profiles. In addition, various

cellulose crystalline allomorphic states may respond

differently to enzymatic hydrolysis. The metastable

triclinic cellulose Ia is more susceptible to enzymatic

hydrolysis (Pu et al. 2006; Boisset et al. 2000) and can

be transformed into more stable monoclinic Ib by

thermal treatment (Debzi et al. 1991; Foston and

Ragauskas 2010). Large number of intra-chain hydro-

gen bonds in cellulose Ib with the increasing LFD is

likely to present a thermodynamic barrier to the

formation of a catalytically active complex with

cellulases, which reduces enzymatic hydrolysis effi-

ciency (Chundawat et al. 2011). Moreover, since the

para-crystalline cellulose is believed to be located on

the surface of crystallites as thin mono-cellular layers,

which weaken the crystallites, increase cellulose

dissolution and accessibility to reagents, and lead to

Table 3 Crystallite size (L200) for different pretreatment

methods

Treatments L200 ± 0.1

(nm)

L200 ± 0.1

(nm)

L200 ± 0.1

(nm)

5 min 10 min 60 min

Untreated 2.7 2.7 2.7

Hot water 3.0 3.3 4.0

Dilute acid 3.8 4.3 5.0

Dilute acid/Ox 4.1 4.1 4.5

Organo-solv 4.0 4.1 4.4

Limea 3.8 – 4.1

Lime/Ox 3.6 3.6 3.6

a 10 min data not collected
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intra-lattice swelling (Ioelovich et al. 2010), therefore

the increase of para-crystalline portion could also

enhance the sugar yield in enzymatic hydrolysis.

Conclusions

In particular, key molecular features related to biomass

recalcitrance, specifically cellulose ultrastructure, were

studied. There is no a large influence of those pretreat-

ments on cellulose crystallinity. However, compared

with lime and lime/Ox pretreatments, acidic pretreat-

ments relatively significantly alter cellulose ultrastruc-

ture, increasing cellulose % crystallinity and cellulose

crystallite size significantly. The extent of these

changes to cellulose ultrastructure seems to be related

to pretreatment severity (time, temperature, and pH),

suggesting the kinetics of (1) microfibril coalescence,

(2) cellulose crystalline transformation, (3) xylan/lignin

removal/redistribution, and (4) selective cellulose

component degradation determine the type and the

extent of changes that occurs to cellulose ultrastructure

during pretreatment. Lignin removal during alkaline

and organo-solv pretreatments is a key factor in

enhancing the sugar yield. Moreover, the large increase

of LFD, crystallite size, and para-crystalline cellulose

in organo-solv pretreatment along with high sugar yield

seems to suggest the increased proportion of para-

crystalline cellulose could also be beneficial to enhance

the sugar yield in enzymatic hydrolysis.

A direct correlation between these measured

molecular features and reduced biomass recalcitrance

cannot be made because of the numerous other inter-

related substrate characteristics being modified during

pretreatment. However, as shown in this study, clear

changes in cellulose ultrastructure do occur, many of

which could be tailored or optimized by the choice of

pretreatment and pretreatment conditions.
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