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Abstract Crystalline cellulose Ib (Avicel) was chem-

ically transformed into cellulose II and IIII producing

allomorphs with similar crystallinity indices (ATR-IR

and XRD derived). Saccharifications by commercial

cellulases at arrayed solids loadings showed cellulose

IIII was more readily hydrolysable and less susceptible

to increased dry solids levels than cellulose Ib and II.

Analysis by dynamic vapor sorption revealed cellulose

II has a distinctively higher absorptive capacity than

cellulose I and IIII. When equally hydrated (g water/g

cellulose), low-field nuclear magnetic resonance (LF-

NMR) relaxometry showed that cellulose II, on average,

most constrained water while cellulase IIII left the most

free water. LF-NMR spin–spin relaxation time distri-

bution profiles representing distinct water pools suggest

cellulose IIII had the most restricted pool and changes in

water distribution during enzymatic saccharification

were most dramatic with respect to cellulose IIII

compared to celluloses Ib and II.

Keywords Cellulose � Crystalline allomorph � High

solids � Hydration � Saccharification

Introduction

In the biomass conversion industry, the primary target

of fermentation processes aims at utilizing the struc-

tural carbohydrates in lignocellulosic feedstocks

remains the glucose monomers in crystalline cellulose.

While abundant in nature, the tightly hydrogen-

bonded structure and the partially hydrophobic nature

of the polymer makes enzymatic conversions difficult

and slow requiring the effective synergy of multiple

cellulase enzymes to extensively utilize the substrate.

In addition to the obstacles presented by the crystalline

nature of the cellulose polymer itself, the intermeshed

network of pectins, cross-linking glycans, lignins and

silicates in lignocelluloses poses numerous limitations

to enzymatic access and deconstruction rates (and

extents). Overcoming these limitations has often been

the basis for inclusion of hydrothermal and thermo-

chemical pretreatment steps in most proposed second

generation biomass conversion schemes.

Cellulose in plant cell walls predominately exists in

a form called Ib. It is composed of alternating sheets of

b-1,4-linked glycan chains offset by half a glucose

molecule. During plant cell wall biosynthesis individ-

ual glycans and sheets of glycans are driven together
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by hydrophobic interactions and van der Waals forces

and bound tightly by stable glycan–glycan hydrogen

bonds to form a strong crystalline structure (Matthews

et al. 2006). Disruption followed by an alteration of the

hydrogen-bonding pattern amongst the glycan chains

is thought to occur during some chemical treatments of

lignocelluloses; particularly those utilizing base and

ammonia (Mittal et al. 2011). This reorganization into

alternate crystalline forms is thought to help reduce the

resistance to enzymatic degradation by changing the

free energies of decrystallization, altering effective

binding of critical enzymes, and the related organiza-

tion of water saturating the crystalline surfaces

(Igarashi et al. 2007; Chundawat et al. 2011).

Likewise, the hydration of cellulose (and lignocel-

luloses) is thought to critically impact the effective-

ness of enzymatic hydrolysis. This is particularly the

case in industrial processes where high dry solids

loadings of up to 40 % (w/w) can be necessary to

achieve economic viability. At high dry solids load-

ings a greater fraction of the water present is

associated with biomass surfaces and, in general, this

association increases the overall constraint and avail-

ability of the water in a system. These factors are

affected by increased concentrations of both insoluble

and water soluble components and need to be consid-

ered during lignocellulose conversion process design

(Roberts et al. 2011; Selig et al. 2012). Previous

studies using cellulose Ib as a model substrate have

attempted to characterize the distribution of water at

increased solids loadings during traditional enzymatic

hydrolysis by delineating between three major group-

ings of water with respect to how constrained their

movement is in a system; water bound to the cellulose

surface (bound—most constrained for insoluble sol-

ids; less constrained when bound to soluble com-

pounds), unbound water that is restricted to capillary

spaces (capillary restricted—significantly con-

strained), and free water (Felby et al. 2008; Roberts

et al. 2011). In a similar respect, little attention has

been given to how water is organized in systems of

alternate cellulose allomorphs and here we aim to

explore this in hopes of better understanding the

differences in conversion rates that are known to exist.

This body of work investigates the comparative

hydration of cellulose with respect to varied crystal-

line forms; specifically those identified as Ib, II, and

IIII. The three allomorphs were prepared chemically

from the same stock of Avicel pH 101 (Ib cellulose;

Sigma-Aldrich) to similar degrees of crystallinity.

Observations on the hydration of the three allomorphs

were then made via dynamic vapour sorption (DVS)

and low-field nuclear magnetic resonance (LF-NMR)

methods. We specifically observed cellulose/water

systems in the LF-NMR at 10 and 30 % (w/w) dry

solids levels and further observe saccharification of

the allomorphs in the same system at 10 % (w/w) dry

solids. These hydration data are then compared to

enzymatic saccharifications of the celluloses at

increasing dry solids loadings. Overall, the study

provides insight into the potential importance of

hydration during cellulose saccharification, particu-

larly at increased dry matter loadings where water

availability becomes limited.

Materials and methods

Preparation of cellulose samples

All celluloses were prepared from cellulose Ib (Avicel

PH 101, catalog number 11,365) at the National

Renewable Energy Laboratory (NREL) in Golden,

Colorado, USA. Amorphous cellulose was prepared in

a planetary ball mill (Retsh model PM100, Haan,

Germany) for 6 h at 25 �C and at 600 rpm using ZrO2

bowls (volume = 50 ml) and nine ZrO2 balls employ-

ing a 5 min on and 5 min off cycle, amorphous state

was verified by X-ray diffraction (XRD).

Cellulose II was prepared by aqueous NaOH

treatment as described by Atalla (1974). Briefly,

Avicel was stirred in 23 % (w/w) NaOH at 5 g Avicel

per 100 g NaOH solution at 25 �C for 50 min under

N2. The solution was diluted to 17.5 % (w/w) NaOH,

heated at 70 �C for 50 min, and then similarly heated at

70 �C for successive NaOH concentrations of 15, 12,

10, 8, 4, and 1 % (w/w). The cellulose was extensively

washed with deionized water at 70 �C to obtain a pH of

*7, filtered to dewater, and then immersed in glycerol

at 100 �C in a stainless steel reaction vessel (Parr

Instrument Co., Model 4520, Moline, IL) and heated at

145 �C for 7 days; following the cellulose was washed

with boiling deionized water and freeze dried; this was

designated as cellulose II (145 �C).

Cellulose IIII was prepared according to Mittal

et al. (2011). Briefly, cellulose I was placed in a

stainless-steel reaction vessel (Parr Instrument Com-

pany, Model 4714, Moline, IL) and chilled in a dry ice
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and acetone bath at -75 �C. Anhydrous liquid

ammonia was added slowly at a ratio of 2.5 g

ammonia per cellulose, cooled at -75 �C for

15 min, and then held at 25 �C for 30 min. The vessel

was then placed in a preheated fluidized sand bath

maintained at 130 �C for 1 h. After 1 h the vessel was

depressurized by allowing the ammonia to leak out in a

ventilated hood and cooled in a 25 �C water-bath. The

resulting cellulose IIII was removed from the vessel

and left in the hood overnight until all the ammonia

had evaporated.

X-ray diffraction measurements

The crystallinity indexes (CI) of cellulose samples were

measured by XRD by using a Rigaku (Tokyo, Japan)

Ultima IV diffractometer with CuKa radiation having a

wavelength k(Ka1) = 0.15406 nm generated at 40 kV

and 44 mA. The diffraction intensities of freeze dried

samples placed on a quartz substrate were measured in

the range of 8–42� 2h using a step size of 0.02� at a rate

of 2�/min. The CI were calculated according to the

amorphous subtraction method described by Park et al.

(2009, 2011). Briefly, a diffractogram of a sample of the

prepared amorphous cellulose was subtracted from the

diffractograms of the other cellulose samples and then

the ratio of the integrated area of each subtracted

diffractogram to the area of the original diffractogram

was calculated and multiplied by 100.

ATR-IR analysis of celluloses

Cellulose allomorphs were analyzed on a Thermo

Nicolet 6700 FT-IR spectrometer equipped with a

temperature adjustable ATR (Golden Gate) compo-

nent (purged with dry air) to reconfirm that crystal-

linity levels of the three celluloses were similar.

Spectra were taken at 4 cm-1 resolution after 128

scans; the background baseline was collected after 256

scans. The distortion associated with dispersion

effects on IR band positions was corrected for by

applying the advanced ATR correction in the spec-

trometer Omnic software. Spectra for five replicate

samples were taken for each cellulose allomorph. The

standard normal variate transformation described by

Barnes et al. (1989) was applied to all replicate

spectra; an average of all replicates is presented. Total

crystallinity indices (TCI) calculated by taking the

ratio of peak intensities at 1,372 and 2,900 nm-1 and

the lateral order index (LOI) by the ratio of peak

intensities at 1,429 and 893 nm-1.

Enzymatic saccharifications

All enzymatic saccharifications were performed at 48 �C

in 50 mM sodium citrate buffer, pH 4.8, in 2.0 ml

Eppendorf tubes. Initial solids loadings of 1, 5 and 10 %

(w/w) were run for 24 h. Novozymes’ (Bagsværd,

Denmark) Cellic Ctec2 commercial cellulase was used

at 10 mg/g cellulose for all digestions. Upon sampling,

the 1 and 5 % solids saccharifications were diluted 1 in 2

parts and the 10 % solids digestions were diluted 1 in 4

parts. Glucose in the diluted hydrolysates was determine

by HPLC with a Rezex ROA Organic Acids H? column

(Phenomenex; Torrance, CA) using 0.5 % sulfuric acid

at 0.6 ml/min as eluent.

Dynamic vapor sorption of celluloses

Dynamic vapor sorption tests were run on *1.5 mg of

each cellulose in a QA 5000 SA vapor sorption system

from Prager Electronik (Wolkersdorf, Germany).

Samples were stored in open containers in a desiccator

overnight prior to analysis. Once in the humidity

chamber the samples were first equilibrated at 0 %

humidity for 3 h. Afterwards humidity was introduced

to the control and sample chambers at a constant rate

of 0.1 % per min until the maximum of 97 % was

achieved. After this time the full humidity levels were

maintained for an additional 1.5 h. This procedure

implies that the absorption isotherms recorded do not

reflect equilibrium conditions but rather express

qualitative differences in the sorption behavior of the

three different cellulose allomorphs, i.e. the rate at

which they accommodate moisture into their structure

when exposed to slowly increasing humidity levels.

Cellulose hydration analyzed by low-field NMR

LF-NMR was performed on a Bruker mq20 minispec

with a 0.47 Tesla permanent magnet equivalent to a

20 MHz proton resonance frequency. The magnet

temperature was held at 40 �C for all measurements

and spin–spin transverse, T2, relaxation times were

determined using the Carr–Purcell–Meiboom–Gill

(CPMG) sequence. For all runs 32 scans were acquired

using a 5 s recycle delay; 8,000 echoes were col-

lected with a pulse separation of 0.05 ms for each
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scan. The CONTIN Laplace transformation method

described by Provencher (1982) was utilized to

determine relaxation time distributions from the

CPMG curves. All NMR data and observations were

verified by repeated experimental sets.

Results and discussion

Analysis of celluloses

Similar levels of crystallinity between the cellulose

allomorphs were confirmed by both XRD and ATR-IR

spectra (Fig. 1) and the related crystallinity indices are

reported in Table 1. The IR derived LOI is specifically

indicative of cellulose I and the higher ratio for

cellulose Ib compared to II and IIII indicates alternate

crystalline forms for the latter two samples were

achieved. The IR-derived TCI and the XRDss CI

values for the three celluloses all are similar in both

cases and indicative that the three samples have

similar amounts of their respective crystalline forms.

While highlighting this observation is straightforward,

it remains important because the assessments in the

remainder of this data set all assume that differences

between the cellulose allomorphs are the primary

Fig. 1 Normalized XDR

(a) and ATR-IR (b) spectra

for the prepared celluloses

Ib, II, and IIII
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cause of hydration disparities and not varied levels of

crystalline cellulose itself.

Comparative enzymatic saccharification

Comparison of 24 h hydrolysis data for the cellulose

allomorphs in Fig. 2 is revealing. At an enzyme

loading of 10 mg/g cellulose, saccharification was

more efficient for cellulose IIII compared to the other

allomorphs. In addition, the impact of increased initial

dry solids does not appear to be as significantly

detrimental with respect to cellulose IIII as compared

to cellulose Ib and II. This data is in agreement with

other studies that have also shown cellulose IIII to be

the most effectively hydrolyzed by synergistic cellu-

lase mixtures (Mittal et al. 2011; Chundawat et al.

2011). Igarashi et al. (2007) hypothesized that reduced

crystallinity, lower packing density, and greater dis-

tance between hydrophobic surfaces may contribute to

improved conversions for cellulose IIII; these latter

two factors may help explain our observations at

higher dry solids loadings. While the hydration data to

follow can provide some further insight, we would like

to remind here that the cellulose allomorphs utilized in

this study were prepared with identical crystallinity

levels making it apparent that reduced cellulose

crystallinity alone is likely not the fundamental basis

for the well-documented enhancement in conversion

rates for cellulose IIII.

Hydration of the cellulose allomorphs

DVS hydration data on the cellulose allomorphs is

presented in Fig. 3. Here it is clear that the cellulose II

allomorph has a higher water sorption capacity than

the cellulose Ib and IIII allomorphs. In addition, data

in Fig. 3 also indicate that water uptake is slightly

greater at lower humidity levels in cellulose Ib and IIII

as compared to cellulose II (shown in ‘‘Zoomed

View’’ in Fig. 3). This may be indicative of slightly

higher amounts of tightly bound surface water per unit

mass in these cellulose allomorphs as compared to

cellulose II, but differences in the adsorption curves at

these humidity levels are so slight that this should be

only considered a notable observation and cannot be

stated with strong certainty.

In Fig. 4a, b, the LF-NMR relaxometry data for

30 % (w/w) cellulose slurries agree well with the data

obtained by DVS. Of the three different cellulose

allomorphs the cellulose II sample constrains, or

restricts, the system water the most resulting in the

Table 1 Values of the crystallinity indexes (CI) for the cel-

lulose samples used in this study determined from XRD and

ATR-IR spectra

Cellulose sample CI–XRD LOI–IR TCI–IR

Cellulose Ib 64.8 0.49 1.4

Cellulose II 66.6 0.33 1.22

Cellulose IIII 65.1 0.38 1.39
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Fig. 2 24 h enzymatic conversion extents achieved at 48 �C, pH 4.8, by a 10 mg/g cellulose loading of commercial cellulase for Ib, II,

and IIII at varied initial dry solids loadings
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tightest or most quickly relaxing overall CPMG profile

with respect to time. Following cellulose II, cellulose

Ib may be the next most constraining. This order with

respect to overall water constraint reflects well with

the DVS data showing the holding capacity of the

cellulose allomorphs for water to be similar in order.

From the CONTIN spin–spin relaxation time distri-

bution profiles in Fig. 4b we can see that the cellulose

IIII allomorph results in the largest peaks at the longer

relaxation times (i.e. above 500 ms) for 30 % (w/w) dry

solids loadings; according to Felby et al. (2008) these

relaxation times are associated with the free water

present in a system. This becomes understandable when

you consider that cellulose IIII takes up the least water

on a per gram basis amongst the three cellulose

allomorphs (Fig. 3). The additional ‘‘free’’, or unbound,

water may be beneficial in high solids systems where

less water is thought to be freely available for biological

reactions to take place (Selig et al. 2012).

When observing the hydration profiles of the

cellulose allomorphs it is apparent that the holding

capacity for water differentially affects the constraint of

the system water when the moisture contents are held

identical. Despite this, it is not necessarily an accurate

comparison of how tightly bound the surface water in

each system is. In all cases the varied levels of ‘‘free

water’’ will have an effect on the overall constraint of

all water molecules in a system. In the Fig. 4b profiles

we can see that cellulose IIII has the greatest abundance

of ‘‘free’’ water present at 30 % (w/w) dry solids. At the

same time, the cellulose IIII allomorph appears to

produce the most constrained pool (peak) of water

centered around a relaxation time of about 1 ms; this is

likely associated with the most tightly bound surface-

bound water on the cellulose. The average relaxation

time (from triplicate runs) that this most constrained

(fastest relaxing) water peak emerges for each cellulose

allomorph was *0.7 ms (SD * 0.3 ms), 1.1 ms

(SD * 0.2 ms), and 3.1 ms (SD * 1.6 ms) for cellu-

lose cellulose IIII, II, and Ib respectively.

The above observation was further repeated at 10 %

(w/w) solids in the hydrolysis LF-NMR (Fig. 5a–c). At

this water content, the fastest relaxing water peak, or

most constrained peak, of the initial time-point (hydro-

lysis after 10 min) profile for cellulose IIII (5C)

emerges at an average relaxation time of 10.6 ms

(SD * 1.2 ms) while similar peaks for the cellulose Ib
and II allomorphs emerge at average relaxation times of

13.9 ms (SD * 1.6 ms) and 16.4 ms (SD * 3.1 ms),

respectively. While the LF-NMR experimental sets

mentioned above consistently indicate that cellulose IIII

produces the fastest relaxing pool of water, we should

note that the lower part of spin–spin relaxation time

distribution is generally less consistent and reliable than

portions of the profile at higher relaxations times, and,

furthermore, data at relaxation times near or below

0.1 ms are generally erroneous, not repeatable, and

were not included in the presented analysis.

The hydrolysis-related T2 distribution profiles in

Fig. 5 may also provide some insight into the higher

Fig. 3 Water vapor

sorption isotherms for

crystalline cellulose Ib, II,

and IIII
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conversions achieved with cellulose IIII versus Ib and II.

The peaks in the CONTIN profiles for celluloses Ib and

II appear to shift more similarly to each other than those

for the more readily hydrolyzed cellulose IIII. In Fig. 5a,

b, the water peaks with relaxation times around 100 ms,

thought to be most associated with capillary restricted

water, all broaden and shift outwards to longer relax-

ation times while the same peak for cellulose IIII in

Fig. 5c narrows and remains more stationary. We

hypothesize that this observation may be indicative of

a greater dismantling and broadened variation of the

cellulose capillary macro-structure in crystalline forms

Ib and II compared to IIII. Furthermore, the narrowing of

the 100 ms peak in Fig. 5c may indicate a narrowing

distribution or increased uniformity in size and form of

the cellulose IIII macro-structure. This narrowing of the

capillary water peak around 100 ms at 10 % (w/w)

initial dry solids for cellulose IIII is similar to what Felby

et al. (2008) observed for cellulose I (filter paper

sections) at a much higher dry solids loading of 33 %

(w/w) and in the case presented here it appears that at

lower solids the greater abundance of water may allow

for a more significant diversification of the capillary

water pools (near 100 ms) in cellulose Ib and II. Overall,

these results at 10 % (w/w) initial dry solids are in line

with their observation that enzymatic hydrolysis does

affect both the surface bound and capillary constrained

water pools associated with celluloses.

Changes in the most constrained pools of water

represented by the earliest peaks (10–15 ms) (Fig. 5a–c)

may also be indicative of greater changes in the

microcrystalline structure of cellulose IIII during

Fig. 4 (a) CPMG at 30 %

initial dry solids, 40 �C.

(b) CONTIN T2

distributions for cellulose

Ib, II, and IIII at 30 % (w/w)

dry solids. Profiles presented

are from averaged replicate

runs on each cellulose

Biotechnol Lett (2013) 35:1599–1607 1605
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enzymatic hydrolysis. Here, this peak shifts to longer

relaxation times in a much more dramatic fashion in the

cellulose IIII profile than it does for celluloses Ib and II,

respectively, the peak crests move from*21 to 24, 24 to

27, and 17 to 26 ms for cellulose Ib, II and IIII. While this

observation may be simply a product of the greater

hydrolysis extent observed with cellulose IIII, and the

potential for a subsequent increase in the average pore

size, it could also be hypothesized that it is indicative of a

greater change in, or even a diminishing of, the most

water-constraining surfaces of the cellulose. This may

further allow for speculation on the hypothesis that the

Fig. 5 Average LF-NMR

data from 24 h

saccharifications of the

cellulose allomorphs;

CONTIN spin–spin T2

relaxation time distributions

are plotted for (a) cellulose

Ib, (b) cellulose II, and

(c) cellulose IIII
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most water-constraining surfaces are the most efficiently

hydrolyzed. If verifiable, this hypothesis would also add

strength to a previous hypothesis we have made placing

the blame on the movement of water away from substrate

surfaces for observed decreases in conversion efficien-

cies at high dry matter concentrations (Selig et al. 2012).

With the focus of this paper being solely associated

with commercially-prepared cellulose and crystalline

allomorphs prepared from it, it is worthwhile summa-

rizing the results in a context that is applicable to

industrial lignocellulosic conversion processes them-

selves. The most notable findings in this regard include

a reaffirmation of previous studies showing cellulose

III is more readily hydrolysed than other cellulose

crystalline forms and more importantly that the

enzymatic conversion of cellulose III is less affected

by increasing dry solids concentrations than cellulose I

or II. This latter point is critical since numerous studies

have highlighted the need for industrial lignocellulosic

conversion processes to operate at high dry matter

loadings as well as the problematic reductions in

conversion often observed at such dry solids concen-

trations (Jørgensen et al. 2007; Hodge et al. 2008). Our

data indicate that pretreatment processes, that can

effectively convert the Ib cellulose present in native

lignocelluloses to cellulose III, may be more effective

at industrially-relevant dry matter loadings than those

where residual cellulose is in another form. Lastly,

data from this study, suggest that the comparatively

better hydrolysis of cellulose IIII may be related to

differences in hydration behavior compared to Ib and

II, is in line with previous papers highlighting the

criticality of water in industrial-scale bioconversion

processes (Felby et al. 2008; Roberts et al. 2011).

Overall, the consistencies in this respect with previ-

ously published works and the questions raised by this

set of data highlights the need for a greater under-

standing of water dynamics in enzymatic lignocellu-

lose conversion processes.
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