
ORIGINAL PAPER

Structure and spacing of cellulose microfibrils in woody cell
walls of dicots

Lynne H. Thomas • V. Trevor Forsyth •

Anne Martel • Isabelle Grillo •

Clemens M. Altaner • Michael C. Jarvis

Received: 14 May 2014 / Accepted: 3 September 2014 / Published online: 8 October 2014

� Springer Science+Business Media Dordrecht 2014

Abstract The structure of cellulose microfibrils

in situ in wood from the dicotyledonous (hardwood)

species cherry and birch, and the vascular tissue from

sunflower stems, was examined by wide-angle X-ray

and neutron scattering (WAXS and WANS) and

small-angle neutron scattering (SANS). Deuteration

of accessible cellulose chains followed by WANS

showed that these chains were packed at similar

spacings to crystalline cellulose, consistent with their

inclusion in the microfibril dimensions and with a

location at the surface of the microfibrils. Using the

Scherrer equation and correcting for considerable

lateral disorder, the microfibril dimensions of cherry,

birch and sunflower microfibrils perpendicular to the

[200] crystal plane were estimated as 3.0, 3.4 and

3.3 nm respectively. The lateral dimensions in other

directions were more difficult to correct for disorder

but appeared to be 3 nm or less. However for cherry

and sunflower, the microfibril spacing estimated by

SANS was about 4 nm and was insensitive to the

presence of moisture. If the microfibril width was

3 nm as estimated by WAXS, the SANS spacing

suggests that a non-cellulosic polymer segment might

in places separate the aggregated cellulose

microfibrils.

Keywords WAXS �WANS � SANS � Crystallinity �
Scherrer �Wood

Abbreviations

NMR Nuclear magnetic resonance

WAXS Wide angle X-ray scattering

WANS Wide angle neutron scattering

SANS Small angle neutron scattering

Introduction

Cellulose microfibrils from higher plants are long,

partially crystalline, fibrous units a few nanometers in

diameter. Certain algal species synthesise thicker and

more crystalline microfibrils comprising several hun-

dred parallel cellulose chains packed together in one of
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two well-ordered lattices, cellulose Ia and cellulose

Ib. (Nishiyama et al. 2002; Nishiyama et al. 2003).

The Ia and Ib forms were first distinguished by

solid-state nuclear magnetic resonance (NMR) spec-

troscopy (Atalla and Vanderhart 1984) and their

structures were established by X-ray and neutron

diffraction studies on algal and tunicate celluloses

(Nishiyama et al. 2002, 2003). In NMR spectra from

the thinner and more disordered microfibrils of

softwood (gymnosperm) cellulose, it is possible to

distinguish structural features similar to the Ia and Ib
forms (Newman 1999), but only in 30–40 % of the

cellulose present, because the crystallinity is so low

(Newman 2004; Thygesen et al. 2005).

The high level of disorder presents a challenge to

structure determination by any method, but evidence

has been presented for spruce microfibrils approxi-

mately 3 nm in diameter (Andersson et al. 2003;

Fernandes et al. 2011) allowing space for approxi-

mately 20 chains. Models for 18- and 24-chain spruce

microfibrils have been proposed on the basis of NMR,

SANS and disorder-corrected WAXS (Scherrer) mea-

surements (Fernandes et al. 2011). Similar, but still

more disordered structures have been suggested for

microfibrils of cellulose in the primary (growing) cell

walls of higher plants (Thomas et al. 2013b) for which

it has been shown that the WAXS patterns can be

simulated by 18-chain models with some of the

microfibrils coalescing, at least for short lengths,

through the relatively hydrophobic [200] crystallo-

graphic plane (Newman et al. 2013). Such models

would be consistent with the available evidence on

spruce microfibrils (Fernandes et al. 2011).

In addition to the proposed short-range coalescence

of softwood microfibrils, where the crystal lattice is

continuous across the interface, they are known to be

aggregated into bundles about 10–20 nm across

without continuity of crystalline structure between

individual microfibrils (Fahlen and Salmen 2005;

Donaldson 2007; Fernandes et al. 2011). The majority

of the hemicellulose and lignin content of softwoods is

likely to be situated outside these microfibril bundles

(Fahlen and Salmen 2005; Xu et al. 2007; Fernandes

et al. 2011; Terashima et al. 2009).

For woody dicots (hardwoods) the structure of the

microfibrils and their degree of aggregation is uncer-

tain although there is evidence that aggregation does

occur in poplar wood (Donaldson 2007). Here we

present X-ray and neutron scattering data on two

typical hardwood species, cherry and birch, together

with woody tissue from sunflower stems.

Materials and methods

Materials

Japanese Cherry (Prunus serrulata) and downy birch

(Betula pubescens) wood were obtained from the

sapwood (outer) region of trees aged 22 and 37 years

respectively. Sunflowers (Helianthus annuus) were

grown to maturity, reaching a height of 2.5 m, and the

vascular ring from the stem base was excised and

stripped of parenchyma tissue with a scalpel.

Small-angle neutron scattering (SANS)

Small-angle neutron scattering analysis was con-

ducted on beamline D33 at the Institut Laue-Langevin

(ILL), Grenoble. The neutron beam had a wavelength

of k = 3.5 Å (with Dk = 10 %) Å and a 2.8 m long

rectangular collimation was used. Sample-to-detector

distance was 2 m. The q range covered in this

experiment extended from 0.4 to 2.8 nm-1. Samples

2 mm in thickness were adjusted to the desired

moisture content by saturating with H2O, D2O or

35:65 D2O:H2O then equilibrating with phosphorus

pentoxide to dry to a predetermined weight, encapsu-

lating in aluminium foil and allowing at least 1 h for

internal equilibration of moisture. An empty foil

container was used as background.

The contrast matching solvent, 35:65 D2O:H2O was

chosen based on a neutron scattering length density of

194 fm/nm3, calculated from the atomic scattering

lengths (Sears, 1992), the elemental composition and

the volume of the cellulose Ib unit cell (Nishiyama

et al., 2002). For cellulose chains at accessible

microfibril faces it was assumed that on average 1.5

hydroxyls were exposed per monomer residue,

increasing the calculated scattering length density to

291 fm/nm3 when exchanged against pure D2O or

228 fm/nm3 in 35:65 D2O:H2O. For hemicellulosic

xylan and syringyl lignin the scattering length density

was derived similarly but the monomer volume was

calculated as Molecular mass/(bulk density 9 Avo-

gadro number). The bulk density in situ depends on

conformation and packing and is the main source of

uncertainty: a value of 1.3 g/cm3 for both lignin and
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hemicelluloses in hydrated wood (Harrington 2002)

was used, leading to scattering length densities of

170 fm/nm3 for lignin and 200 fm/nm3 for xylan in

equilibrium with 35:65 D2O:H2O, assuming all the

xylan hydroxyls are accessible.

Wide-angle X-ray scattering (WAXS)

X-ray diffraction patterns were obtained at ambient

temperature using a Rigaku R-RAPID image plate

diffractometer. A Mo Ka (k = 0.07071 nm) source

was used, with the beam collimated to a diameter of

0.5 mm. Scattering angles were expressed as

q = 4psinh/k Samples were 1 or 2 mm thick in the

direction parallel to the beam and their other dimen-

sions exceeded the beam diameter. The diffraction

patterns were collected in perpendicular transmission

mode. Radial profiles of scattered intensity I as a

function of q were integrated over azimuthal angles of

2� using the AreaMax software package (Rigaku/

MSC, Tokyo). Background correction was carried out

as described by Fernandes et al. (2011). Each tangen-

tial profile was fitted by a dual Gaussian function and

the narrower of the two Gaussians was used to

reconstruct the equatorial radial profile (Thomas

et al. 2013a). Asymmetric peak functions were fitted

to these equatorial profiles as described by Fernandes

et al. (2011). It was assumed that a plot of peak width

F against the square of the order of reflection r2 is

linear for the 200 and 400 reflections with, at the

intercept, the Scherrer dimension (mean column

length) L = kk/Fcosh using the Scherrer constant

k = 0.94 as appropriate for a cylindrical crystallite.

Wide-angle neutron scattering (WANS)

Wood samples approximately 15 mm 9 10 mm 9

2 mm, or fragments of sunflower xylem packed into

sheets of similar dimensions, were fully dried,

adjusted in hydration/deuteration level and encapsu-

lated in aluminium foil as described for SANS.

Wide angle neutron scattering analysis was con-

ducted on beamline D19 at the Institut Laue-Langevin

(ILL), Grenoble, France. Beamline D19 has a four-

circle diffractometer with a cylindrical detector con-

sisting of a 256 9 640 array of gas-filled cells giving

an aperture 30� vertically 9 120� horizontally. The

neutron wavelength was 2.42 Å and the sample-to-

detector distance, taken to the electrode plane in each

cell at the equator, was 756 mm. The response for each

cell of the detector was calibrated using the isotropic

incoherent neutron scattering from a vanadium rod,

and blank-corrected using an empty aluminium foil

container.

The absorption coefficient of each sample along the

beam axis was calculated from absorption coefficients

based on the elemental composition. Absorption

factors at all angles within the aperture of the detector

were then calculated using in-house software based on

the integrated path length through the sample, which

was assumed to have cuboidal geometry and was

wider than the neutron beam. The fibre axis was tilted

such that the full widths of the 001, 002, 003 and 004

reflections were collected. In-house software was then

used to remap the data into reciprocal space and to join

together the component images of the diffraction

pattern. The combined images were exported into

Fit2D, where radial intensity profiles integrated over

10� in azimuth were calculated in the equatorial and

meridional directions.

Results

Wide-angle X-ray scattering

The fibre diffraction (WAXS) patterns from woody

cell walls of all three dicotyledonous species, birch,

cherry and sunflower, were well-oriented and domi-

nated by reflections from cellulose. In each case the

azimuthal intensity distribution of the 200 (equatorial)

reflection, representing the intersheet spacing of the

cellulose lattice, could be separated into three com-

ponents. A minor isotropic component, presumably

derived at least in part from primary cell walls, was

removed with the background scattering. A broad

component was modelled as a Gaussian distribution

with s = 16� leaving a narrow component of compa-

rable intensity, also modelled as a Gaussian distribu-

tion with s = 6.3� for birch, 7.5� for cherry and 5.9�
for sunflower cellulose. These azimuthal distributions

are comparable with distributions observed for

mature, old-growth Sitka spruce wood (Fernandes

et al. 2011) and imply well-oriented cellulose

microfibrils.

Radial intensity distributions for the equatorial

reflections are shown in Fig. 1. The [200] d-spacings

of 0.394 and 0.396 nm observed for birch and cherry
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cellulose respectively were close to those observed for

coniferous wood but the [200] d-spacing of 0.398 nm

observed for sunflower cellulose was closer to that

expected for primary-wall celluloses. The 1–10 and

110 reflections were strongly overlapped in all three

samples as normally found for celluloses of relatively

low crystallinity (Thomas et al. 2013b).

The radial broadening of these equatorial reflec-

tions is an indication of the extent of disorder within

the cellulose lattice, and also of the small lateral

dimensions of the microfibrils. The influences of

dimensions and disorder are difficult to separate, but

this can be done by progressively removing the

broadening contributions of disorder of different

kinds, correcting for instrumental broadening and

then using the Scherrer equation to match the remain-

ing broadening to predicted lateral dimensions (Fer-

nandes et al. 2011; Thomas et al. 2013a, b). A more

fundamental approach is to predict the radial intensity

profile by first-principles calculation from an ensem-

ble of structures simulating the disorder assumed to be

present (Newman 2008; Newman et al. 2013). These

two approaches give comparable results although the

first-principles approach shows that in structures

containing only a few lattice planes, the Scherrer

equation becomes an approximation (Newman 2008).

By first modelling out asymmetric broadening and

then using a plot of the residual broadening dq against

q2d to separate the effects of ‘paracrystalline’ disorder

and small Scherrer dimensions (Fernandes et al. 2011;

Thomas et al. 2013a), it was evident (Fig. 1) that the

microfibril dimension perpendicular to the [200]

lattice plane was similar to that of Sitka spruce. The

broadening of the 1–10 and 110 reflections was greater

than for the 200 and 400 reflections, as can be seen in

the dq against q2d plots where those points lie above

the line joining the 200 and 400 reflections. This

feature was also evident in the diffraction data for

spruce and celery cellulose (Fernandes et al. 2011;

Thomas et al. 2013b), but was more pronounced in the

present experiments. In principle it indicates either

more disorder or smaller dimensions perpendicular to

the [1–10] and [110] lattice planes than perpendicular

to the [200] lattice plane, but practical problems

reduce the certainty of this deduction: the estimated

broadening of the 1–10 and 110 reflections is very

sensitive to the value assumed for the monoclinic

angle, and the calculated Scherrer dimensions, each of

which represents a weighted-mean column length
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Fig. 1 Wide-angle X-ray scattering. Radial equatorial profiles of

scattering intensity. The vertical scale is in arbitrary units. On the

horizontal axis, the scattering angle is expressed as q = 4psinh/k
The 200 reflection is at q = 16 nm-1, the 400 reflection is at

q = 32 nm-1 and the 1-10 and 110 reflections overlap at q = 10-

12 nm-1. The observed scattering intensity profile (open circles)

was fitted with summed, asymmetrically adjusted Gaussian

functions for these reflections. The same asymmetry function was

used for all reflections, the widths of the 1–10 and 110 reflections

were assumed to be the same and their spacing was calculated from

a monoclinic angle of 97�. Inset plot of radial broadening dq against

q2d, where d is the lattice spacing concerned. The column length

(microfibril diameter) perpendicular to the [200] lattice planes is

derived from the intercept of the line joining the 200 and 400

reflections, but the 1–10 and 110 reflections lie above this line
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perpendicular to the lattice plane in question, are

sensitive to the shape assumed for the microfibril.

Newman et al. (2013), matching predicted diffraction

data mainly against the observed 200 reflection,

suggested that a range of shapes were present but that

the dimension perpendicular to the [200] lattice plane

was increased by occasional ‘stacking’ or ‘twinning’

of microfibrils in this direction. The dq vs q2d plots in

Fig. 1 are consistent with this interpretation, suggest-

ing mean microfibril dimensions (column lengths) of

3.4, 3.0 and 3.3 nm in this direction for microfibrils of

birch, cherry and sunflower cellulose respectively.

Wide-angle neutron scattering

Neutron diffraction (WANS) patterns from wood

cellulose are in general similar to X-ray diffraction

patterns except that the intensity of the reflections is

strongly affected when accessible protons are replaced

by deuterium. Hydroxyl protons in the interior of the

cellulose lattice are inaccessible to deuteration. Hydro-

xyl protons exposed on the microfibril surface are

accessible provided that they are not located at a tight,

hydrogen-bonded interface with a neighbouring micro-

fibril (Thomas et al., 2013b). In principle hydroxyl

groups in disordered regions within the microfibril

might also be expected to be accessible, but this would

require significant expansion of the lattice to permit

access for D2O and the change in d-spacing should then

be readily detectable. WANS therefore permits any

structural differences between surface or disordered

domains and crystalline domains to be identified.

Figure 2 shows that there were substantial differ-

ences between the equatorial scattering profiles of the

deuterated and non-deuterated samples from all three

species. The (D-H) subtraction profiles (Fig. 2) for all

three species were positive at the q value of the 200

reflection and negative at the q value of the 110

reflection. In cellulose Ib, complete deuteration

(which requires more extreme conditions) slightly

increases the relative intensity of the 200 reflection

and greatly decreases the relative intensity of the 1-10

reflection (Nishiyama et al. 2002) due to the large

difference in coherent scattering length between H and

D and the consequent effect on the structure factor for

each reflection (Thomas et al. 2013b). Within the

limitations of the signal:noise ratio and q resolution,
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Fig. 2 Radial equatorial profiles of wide-angle neutron

scattering intensity. The vertical scale is in arbitrary units.

Samples were equilibrated in the vapour phase with either H2O

or D2O, hydrating or deuterating accessible hydroxyl groups.

The difference profile (D-H) identifies reflections from acces-

sible chains
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these positive and negative peaks in the (D-H)

subtraction profile were similar in q value to the

corresponding reflections in the H form (and in the

WAXS pattern), implying that the hydroxyl groups

accessible to deuteration were located on chains at

similar d-spacings to the crystalline cellulose fraction.

Deuteration of disordered domains within the micro-

fibril would require wider spacings for D2O access,

leading to reduced q. No reduction in q was observed.

If anything for the 200 reflection q appeared to

increase, but the change was too small to be

meaningful. The implication is that the deuteration-

accessible chains were not in the microfibril interior

but at the surface, and were packed at spacings

corresponding to an extension of the crystalline lattice

forming the interior. It is not necessary that the surface

chains should share the conformation and hydrogen-

bonding pattern of the interior chains, and in conifer

celluloses there are indeed conformational differences

(Fernandes et al. 2011).

Small-angle neutron scattering (SANS)

Semi-regular aggregation of well-oriented cellulose

microfibrils in primary cell walls permits small-angle

Bragg scattering of X-rays and neutrons, allowing the

centre-to-centre spacing of the microfibrils to be

calculated: their spacing increases on hydration

(Kennedy et al. 2007; Thomas et al. 2013b). Hydrated

or deuterated spruce wood showed similar Bragg

scattering but only with neutrons (Fernandes et al.

2011). The scattered neutron intensity and the micro-

fibril spacing diminished with drying until fully dried,

but surface-deuterated, spruce microfibrils showed a

very weak Bragg peak at 3 nm spacing, considered to

represent the centre-to-centre distance of microfibrils

in contact, which is equivalent to the microfibril

diameter (Fernandes et al. 2011).

Small-angle neutron scattering patterns from deu-

terated birch, cherry and sunflower cell walls showed

weaker Bragg scattering than from spruce wood but

the Bragg intensity was affected very little by

drying (Fig. 3). The microfibril spacing also was

hardly affected by drying and remained around 4 nm

even when the dicotyledonous samples were fully

dried. A similar SANS d-spacing for microfibrils in

aspen (Populus tremuloides), also a dicot, has been

reported (Nishiyama et al. 2014). For birch and cherry

wood the small-angle Bragg peak disappeared on

equilibration with moisture at the neutron scattering

contrast match point for cellulose (35 % D2O/65 %

H2O). For sunflower cell walls under these conditions,

unusually, a very weak small-angle Bragg peak

remained at higher q corresponding to a d-spacing of

approximately 3.0 nm. The origin of this feature is

uncertain but it would appear to correspond to partially

surface-deuterated microfibrils in direct contact with

one another.

It should be noted that only domains in which

neutron scattering contrast is generated by deuteration,

or by large differences in local density, give rise to the

observed small-angle Bragg scattering. If aggregation

is irregular then gaps between microfibrils that are

wide enough to admit D2O molecules are the most

likely to be deuterated and make the largest contribu-

tion to the neutron scattering intensity.

Discussion

Sunflowers are not trees, but in view of the large

bending stresses that the vascular ring must withstand

in slender sunflower stems, the close similarity in

sunflower cellulose structure to wood from the two

hardwood species examined was of interest. The

microfibril angle (deviation of microfibril orientation

from the stem axis) was, remarkably, less in the case of

sunflower stems than for most trees, suggesting

possibilities for the exploitation of sunflower straw

as a source of high-performance cellulosic fibre. The

only evident abnormality was a slightly increased

intersheet spacing, a feature commonly found in

primary-wall celluloses (Thomas et al. 2013b).

The broadening of the 200 reflection in the WAXS

patterns from the cherry and sunflower samples was

similar to that observed in spruce wood (Fernandes

et al. 2011) and celery collenchyma cellulose (Thomas

et al. 2013b), after corrections had been made for the

considerable amount of disorder identifiable. For

cherry and sunflower microfibrils, therefore, a diam-

eter (‘height’) of 3.0–3.3 nm perpendicular to the

sheets of chains seems likely.

The WANS data showed that the dimensions

estimated by wide-angle scattering are effectively

the dimensions of the whole microfibril, not just the

crystalline core, because its d-spacings are shared by

the deuteration-accessible surface chains. This obser-

vation also showed that the chains accessible to

3892 Cellulose (2014) 21:3887–3895
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deuteration were predominantly located at the micro-

fibril surfaces, and their intersheet spacing was too

narrow to be consistent with the presence of loosely

packed disordered domains in the centre of the

microfibrils. The relatively large broadening perpen-

dicular to the [1–10] and [110] crystal planes, although

difficult to quantify given the influence of the mono-

clinic angle, tends to imply either that there was more

disorder in that direction than in spruce or primary-

wall microfibrils, or that the mean dimension across

the sheets of chains (‘width’), corresponding approx-

imately to three chains side-by-side, was smaller than

the 3 nm estimated for these other celluloses.

The SANS experiments gave results quite different

from those obtained for spruce wood (Fernandes et al.

2011) and primary-wall cellulose (Thomas et al.

2013b). Because SANS contrast depends on deute-

rium-rich domains between microfibrils, the spacing

recorded is likely to be across hydrophilic interfaces,

not across the hydrophobic junction of the [200] faces.

For sunflower and cherry wood the microfibril spac-

ings calculated from the position of the SANS Bragg

peak were about 4 nm, considerably greater than the

microfibril width estimated by WAXS, and did not

change on hydration.

Considerable experimental difficulties attended the

estimation of microfibril widths using either small-

angle or wide-angle scattering, but the discrepancy

between the width estimates was large enough to

invite potential explanations. One explanation is that

for most of their length, microfibrils about 3 nm wide

were too tightly aggregated to allow deuterium

exchange, but that the SANS contrast came from

short regions where a non-cellulosic polymer or

bound water (Nishiyama et al. 2014) was interposed

between two aggregated microfibrils, allowing access

for D2O and deuteration of any hydroxyls on the

interstitial polymer together with those on the adjacent
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Samples were equilibrated to varying moisture contents with

D2O. Each scattering curve was separated into a dual-

exponential background and a broad Bragg peak derived from

coherent scattering from loosely arrayed microfibrils. Inset

Variation in the calculated d-spacing of the small-angle Bragg

peak (microfibril centre-to-centre spacing) after subtraction of

the dual-exponential non-coherent scattering background
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cellulose surfaces. The contrast matching experiment,

which eliminated the Bragg peak corresponding to the

4 nm SANS d-spacing, would be easier to reconcile

with an inserted xylan segment rather than a segment

of a lignin chain because xylan, when equilibrated

with the contrast matching solvent and bound to a

cellulose surface, has a scattering length density closer

to that of cellulose. The 4 nm d-spacing would provide

room for a xylan chain segment fitted between the

hydrophilic faces of two 3 nm microfibrils, with the

xylan ring plane in a different orientation so that it

would not contribute to the width of the cellulose

lattice. A chain segment of syringyl lignin would be

more likely to bind to the hydrophobic faces of the

microfibrils. The faint SANS peak that survived

contrast matching in sunflower cell walls, correspond-

ing to a 3 nm d-spacing, may reflect direct packing of

partially surface-deuterated 3 nm sunflower microfi-

brils along their hydrophilic faces as in celery primary-

wall cellulose (Thomas et al. 2013b).

An alternative explanation is that the microfibrils

were about 4 nm wide, equivalent to the SANS

spacing and wider than was observed for primary-

wall and spruce cellulose (Fernandes et al. 2011;

Thomas et al. 2013b). That could be the case if very

high levels of disorder at the hydrophilic faces of the

microfibril prevented its increased width from leading

to reduced broadening of the 1–10 and 110 reflections

in WAXS and WANS. It should be noted that disorder

in these directions cannot be measured directly from

the diffraction data, and was instead approximated as

being equal to disorder in the [200] direction. However

disorder, in the most likely form of loose chain

packing at the edges of the microfibril, would be

expected to lead to increased [1–10] and [110] d-

spacings in WANS after deuteration. This was not

observed.

The uncertainty as to the microfibril ‘width’ across

the sheets of chains makes it difficult to calculate the

cross-sectional area and hence the number of chains in

a hardwood microfibril. If the width is set equal to the

SANS spacing, a 3.2 9 4 nm microfibril would have

room for 30-36 chains, depending on its shape. It

would then be necessary to propose that microfibrils in

secondary cell walls of dicots are synthesised (Slab-

augh et al. 2013) in a way that incorporates more

chains than in primary cell walls or in gymnosperm

wood. If the microfibril width is only about 3 nm, on

the other hand, the cross section would be similar to

these other celluloses, consistent with the similarity in

their WAXS patterns. The WAXS pattern from mung

bean primary-wall cellulose could be matched best by

an ensemble of irregular 18-chain microfibril models,

with some degree of stacking in pairs joined through

the hydrophobic [200] faces (Newman et al. 2013)

increasing the mean height to about 3 nm. An

increased degree of stacking of this kind is a potential

explanation of the smaller broadening of the 200

reflection from birch wood, which led to an estimated

height of 3.4 nm.

This ‘stacking’, with coalescence of the lattices of

adjacent microfibrils, must be distinguished from aggre-

gation where the lattices remain distinct. Aggregation of

microfibrils into larger bundles (Donaldson 2007) is not

as well documented in dicotyledonous species as in

softwoods. These experiments show that in woody cell

walls of dicotyledons, microfibrils are indeed aggregated

but not in quite the same way: there appeared to be tighter

microfibril-to-microfibril contact than in softwoods, and

less access for water except where hemicelluloses were

interposed. These findings have implications for the

location of water binding within the structure of hydrated

wood, and may contribute to explanations for differences

between softwoods and hardwoods in the influence of

moisture on mechanical performance, pulping and

conversion to biofuel.
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