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Abstract
The properties of wood depend strongly on its water content, but the physicochemical basis for the
interaction of water with cell wall components is poorly understood. Due to the importance of the
problemboth in the context of wood technology and the biological function of swelling and
dehydration for growth stresses and seed dispersal, a wealth of descriptive data has been accumulated
but amicroscopic theory of water-biomolecular interactions ismissing.We develop here, at a
primitive level, aminimal parameter-free, coarse-grained,model of wood secondary cell walls to
predict water absorption, in the formof an equation of state. It includes for thefirst time all three—
mechanical, colloidal and chemical—contributions, taking into account the cell wallsmicrostructure.
The hydration force around the elongated cellulose crystals and entropy ofmixing of thematrix
polymers (hemicelluloses and lignin) are the dominant contributions driving the swelling. The elastic
energy needed to swell the composite is themain termopposingwater uptake.Hysteresis is not
predicted butwater uptake versus humidity, is reproduced in a large temperature range.Within this
framework, the origin of wood dissolution and different effects of wood treatments onwater sorption
can be understood at themolecular level.

1. Introduction

Water is an essential component of thewood cell walls that controls itsmechanical performance both in
sustaining and generating forces. Elasticmodulus and hardness depend on the state of hydration [1, 2] and it is
well known that dehydration generates anisotropic shrinkagewhich is relevant for wood as an engineering
material. But water uptake is also essential for biological functions by generating growth stresses in trees [3] or by
providing seedmobility [4].While hygromechanical properties of wood have been extensively studied [5, 6], the
physicochemical basis for the interaction of water with cell-wall components are poorly understood. Previous
approachesmostly had the central objective of long-termwood protection againstmoisture uptake. Increasing
wood life-time in thefield, in fact, is a long-term technological problem related to both dimensional stability and
resistance to biological degradation of wooden products. Cheap, effective but extremely toxic creosote
impregnation has been in use for over 300 years.However, it was banned in the EuropeanUnion for consumer
use in 2003 and industrial use in 2013. As a replacement for this coal-tar based treatment, wood research has
focussed on alternative impregnations and chemicalmodifications to limit thewater uptake. The effectiveness of
themethods is normally assessed bymeasuring thewater uptake by themodified/treatedwood as a function of
thewater activity. For this reason, a vast amount of experimental data (sorption isotherms)were and are still
being collected, and a lot ofmathematicalmodels (more than 70, according to [7]) have been proposed to
describe the sorption of water bywood.However,most of these are parametricmodels and they results from the
lack offirst principles frameworks consideringwood cell wallsmaterial as a hybrid containing cellulose crystals
and a tri-component interstitial gel, composed of water/hemicelluloses and lignin. Taking into account the
microstructure at chemical, colloidal (mesoscopic) andmacroscopic scales as proposed recently [8] allows for

OPEN ACCESS

RECEIVED

10 June 2016

REVISED

11 July 2016

ACCEPTED FOR PUBLICATION

18 July 2016

PUBLISHED

24August 2016

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2016 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft

http://dx.doi.org/10.1088/1367-2630/18/8/083048
mailto:luca.bertinetti@mpikg.mpg.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/18/8/083048&domain=pdf&date_stamp=2016-08-24
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/18/8/083048&domain=pdf&date_stamp=2016-08-24
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


the replacement of amulti-parametric approachwith an equation of state (EOS), which is derived from the
conservation of free energy.Here, starting from themolecular level via themeso-scale to themacroscopic one,
we use a force balance approach to develop, aminimal, parameter-free,model of wood secondary cell walls to
predict water absorption, in the formof an EOS. EOSs are derivatives of the free energy versus structural
parameters changes. In physical chemistry literature, EOSs are expressed as osmotic pressure versus distances
and/or density determined by scattering, while in chemical engineering andwood technology, the EOSs are
expressed as equilibriumwater content versus relative humidity, but these two representations are equivalent
[9].Modelling as an EOS, includingmolecular forces as long range interactions (LRI) [10] and taking into
accountmicrostructures, was first applied to bilayermembrane stack of phospholipids [9] and then to colloidal
crystals of latexs [11], hexagonal lyotropic liquid crystals [12], cross-linked gels [13], DNA [14, 15], collagen [16],
polisaccharides [17] and PEG [18]. All of these EOSs became crucial to predict/understand the systems stability
versus solvent chemical potential.We apply here the samemethodology to the secondary cell walls of soft wood
tissues taking into account the chemical, physicochemical andmacroscopic elastic term.

Our aim is to establish the simplest possible EOS at the ‘primitive level’ (water as a homogenous continuous
medium) for wood cell walls asmodel system.We avoid treating any non-measurable quantities as parameters
and combinemolecular forces withmacroscopic elasticity under the assumption that they additively contribute
to the total force.

2. Physicochemical basis

Tomodel aminimal EOS themicroscopic/molecular contributions to the total energy are decomposed here in
chemicalfirst neighbour enthalpy and colloidal LRI includingwatermixing entropy acting at nano-scale. These
are combinedwith themacroscopic elastic terms using a constitutive equation developed forfibre reinforced
nanocomposites. The secondary cell walls aremodeled here as stiff, inert nanocrystals of cellulose all parallel to
each other embedded in a softer, hygroscopicmatrix of amorphous polysaccharides (hemicelluloses) and lignin.
At themicroscopic (colloidal) level, we consider the hydration repulsion and themixing entropy termof the
water as a solute in the swellingmatrix between the cellulose crystal asmain repulsive termsDominant attractive
forces are taken in this work as an attractivemechanism linked to the adsorption enthalpy ofmatrix polymers
cross-linking to crystalline cellulosefibers aswell as the elastic energy stored in the composite while swelling.

2.1. Geometricmodel
To express the energy changes as a function of thewater content and the composition of the cell walls, and to link
them to structural changes the cell walls undergowhile swelling, a geometricalmodel is required.We build our
geometricmodel (see figure 1) starting from a structuralmodel proposed byAltanaer et al inwhich the
nanocrystals of diameter 2R equal to 2.5 nm [19] are embedded in a gelmatrix of hemicelluloses and lignin [20].
The composition of typical soft wood secondary cell walls (adult wood), in dry conditions, can be approximated
as 50% cellulose, 20%hemicelluloses and 30% lignin [21]. For the sake of simplicity, we consider the cellulose
crystals as hexagonal and arranged in an hexagonal lattice, with a center to center distanceD. The hemicelluloses
and lignin are treated as linearmacromolecules which are in contact with the cellulose crystals in specific points
named contact points (brighter regions of the polymers infigure 1).Whether the hemicelluloses and lignin fill
the space between themicrofibrils or they separate larger bundles of packedmicrofibrils (often called
macrofibrils) is still not clear. Although this is an important detail to build a correct geometricalmodel for the
system, as we lack definitive data, wewill assume that the non-cellulosic component of wood cell walls are
homogeneously distributed in between the cellulosemicrofibrils. This is a reasonable assumption as the typical
microfibrillar distance changes with hydration and because the hemicelluloses are supposed to drive the swelling
bywater. Also, here, we consider cellulose crystals as single, water inert, units. This can be justified considering
that they are insoluble and very stable in hydrated environment because of strong intermolecularH-bonds and
hydrophobic interactions [22]. Under these assumptions, we can picture thewood cell structure as depicted in
figure 1, where the black hexagonal prisms represent the unswellable cellulose crystalline domains, while the
orange and green prisms depict the non-cellulosicmacromolecular constituent. Themoisture content can be
expressed as a function of the cellulose nanocrystals separationD and the amount of non-cellulosic content as:

r
r

f= - ( )⎜ ⎟
⎛
⎝⎜

⎛
⎝

⎞
⎠

⎞
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D
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2
1 1w

cw
c

2

where rw and rcw are respectively the densities of water and the cell wallsmaterial, fc the volume fraction of the
cellulose component of the cell walls andR is the apothemof the cellulose crystals that are considered hexagonal
prisms.
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The center to center distance between cellulose crystals at 0MC (i.e. in dry conditions) can be readily
calculated as:

f
= ( )D

R2
2

c

0

Asmeasured by small angle x-ray and neutron scattering (SAXS and SANS), the average distance between the
crystals increases with hydration [19, 23] reaches about 4.2 nm in thewet state. In ourmodel,D then becomes
larger and larger as thewater is taken up and the average surface separation of the cellulose-matrix bundles,

-D D0, increases. Taking the density of thewood cell wallsmaterial to be about 1.5 g cm−3, thewater density as
1.0 g cm−3, a 50% content of cellulose for secondary cell walls and 1.25 nmas the radius of the cellulose crystals,
their separationwould be about 3.5 nm in dry conditions and 4.2 nm around the fiber saturation point
(MC≈0.3)which is in good agreement with the abovementioned x-ray and neutron scattering data.

Also, the total volume fraction of water, i.e. the ratio between volume of absorbedwater and the total volume
of cell walls andwater, can be expressed as:

f
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The definition of this geometricalmodel sets a framework to carry out the the calculation of themolecular
force balance. Here, all the derivatives are taken versus the same dimension at nano-scale, the spacingD and
considered for a unit length h of the lattice.

The choice ofD as the easily observable spacing between cellulose fibers allows a convenient graphical
representation of the different terms in themolecular forces balance equilibrating at each relative humidity
(RH). In osmotic pressure units, i.e.Π versusD, this representation has been used in biophysics considering for
example the case ofDNA gels [15]. This can be converted in partialmolar free energy versus solvent volume
fraction, which is useful to extend the treatment to other solvents than pure water [24], or in a sorption isotherm
which ismore commonly used inwood chemical engineering, where themoisture content is plotted versus RH,
i.e. thewater activity. The conversion between the different units is carried out here assuming the partialmolar
volume ofwater to be constant (18 g cm−3). As shown onfigure A1, as unit cell for calculations we use an infinite
hexagonal prismwith a central axis on cellulose crystals. This Voronoi polyhedron allows for the complete
tessellation of themacroscopic wood cell wall.

Figure 1. (A)Minimal 3Dmodel of wood structure: cellulose crystals (black) are separated by hemicelluloses and lignin bundles
(green/light green and orange/yellow). (B)Cross sectional view of theminimalmodel for the drywood composite. Brighter colors
indicate themacromolecules parts in contact with the cellulose crystals. The center to center distance between the crystals is D (D0 in
dry conditions). (C)During hydration, the separationD–D0 between the cellulose/matrix polymer bundles surfaces increases.
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2.2. The constitutive equation
The relationships betweenD andΠ can be formalized using a constitutive equation adapted from [8]where
microscopic chemical,mesoscopic colloidal andmacroscopic elastic term are combined (respectivelym, c and e
superscripts):

+ + - P =( ) ( ) ( ) ( ) ( )G D G D G D v RH Nd d d d 0 4m c e
m

3. Force balance

Wenow start to evaluate the different terms to be considered in the force balance. All the intermediate quantities
we consider here are derived fromgeometry as deduced frommicro-structural determinations and
thermodynamic quantities available in literature.

3.1.Hydration force
The hydration force is a general repulsivemechanism associatedwith ordering of water at an interface [25, 26].
The contact pressure P0 is associated to the binding free energy difference between awatermolecule coming
frombulkwith respect to one in thefirst layer close to a surface [27, 28], and the decay length of the exponential
at the primitive level l » 0.03 nm33 is linked to the partialmolar volume ofwater [27]. Recently, a successful
generalization towards a universal exponential effective solvation including hydrophobic and hydrophilic terms
in the formof an algebraic scalar,Hy, has been introduced [29]. The cell walls used here asmodel systems have a
balanced hydrophile and hydrophobe interaction in between hemicellulose and lignin, so the dominant term is
the hydration force between cellulose crystals. In the absence of salt, the secondary hydration force can be
neglected, andwe consider the primary hydration repulsionwith a fullHy parameter taken as−1 [30].

The pressure is exerted on the planes of the prisms as shown infigure 1 and translates as an exponential
variationwith the surface separation -D D0 as shownonfigure 1(C). The contact pressure at =D D0 is not a
parameter, but can be derived from the initial slope of the gravimetric sorption isotherm onwood and taken as
≈ 5.8 kJmol−1 (see [31] and appendix A.3).

The energy per unit length h related to the hydration force between 2 hexagonal prisms of apothemD0 can be
expressed as:

l
D

= D - l
-

( )G

h
G D

3

3
e 5

HF

0 0
D D0

whereDG0 is the contact free energy density (energy per unit volume) related to the energy permole spent to
remove the last water layer between two surfaces,DG0, andλ is the typical decay length for the hydration force
whichwe took as 0.19 nm, according to [32]. Note that, under the assumption that watermolecules in the last
water layer have amolar volume of v̄ , it holdsD = D ¯G G v0 0 . The pressure term can be readily obtained by
derivationwith respect toD:

D
= -D - l
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( )G h

D
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3

3
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Since in a unit cell we count 6 couple interactions belonging each to 2 cells, this termhas to bemultiplied by 3
in the force balance (vide infra, equation (10)).

3.2. Binding of polysaccharides and lignin to the cellulose crystals
At the colloidal scale, themain cohesive termopposing to dissolution and swelling of wood is the binding of
matrix polymers to cellulose crystals. In general, themonomers are considered to have a difference in free energy
when in the gel andwhen in contact with one cellulose crystal. Infigure 1 the cross-linking network of lignin
(orange) and hemicelluloses (green) are shown approximately to scale with cellulose crystals (black). Each
‘contact point’ is shown as brighter sections of the relative polymer.Whenwater is taking apart cellulose
nanocrystals, the number of contact points per unit length ofmatrix polymers decreases and this has a cost in
free energy, as the total number of contact points per unit volume decreases. The analytical expression for this
term and its derivation are detailed in the appendix A.4.Here, we consider only lignins to bind on cellulose
crystals. In fact, although the binding of hemicelluloses to cellulose crystal has been (macroscopically)
demonstrated on bacterial cellulose/mannan based polysaccharides systems [33], the interaction energy has
never beenmeasured and recent observations frommolecular dynamic simulations seem to indicate that, at the
molecular level, watermolecules adsorbed at the cellulose interface and push away from it hemicellulose chains.
On the other hand, lignin is largely constituted by aromaticmoieties which interact with carbohydrate rings in
hydrated environments. This interaction (sugar-aromatic stacking) is fundamental formolecular recognition of
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carbohydrates, and has been extensively characterised in recent years. The enthalpy per contact point for sugars/
aromatic ring has beenmeasured to be about 2.5 kbT [34] inwater.

The presence of contact points is then an attractive term in the force balance since it favours de-swelling, but
is rather small compared to the hydration repulsion term (see figure 2(A)). Adding up the attractivemechanism
due to cross-linking and the hydration force, one can calculate a partial equation of state combining the chemical
term and the one due tomesoscopicmicrostructure (as detailed in section 3.6). These are shown infigure 2. In
figure 2(A) the partial EOS is shown as a partial equation of state in pressure-distance usual form.With this
partial EOS, themain features of swelling are notwell captured: swelling goes well beyond 30% inMC (see
figure 2(B)), and thewater uptake at low humidities is significantly underestimated. The EOS calculated in terms
of partial free energy vs. volume fraction is reported infigureC1(A).

3.3. Van derWaals
Another attractive term that is often of importance for colloidal complexfluids and structures, as for example for
the adhesion ofGecko on vertical walls [35], is theVan derWaals term. In this case, theVan derWaals force
computed between cellulose crystals acting across the inter-crystalline hydratedmatrix has been found to be
negligible, by at least two orders ofmagnitude (see appendix A.5).

3.4.Mixing entropy
Mixing entropy is universal and dominated by the smallestmolecule, in this case water, which is dispersed in an
amorphous binary polymermixture of hemicelluloses and lignin. This is also the dominant term inwater uptake
in ultra-flexiblemicroemulsion near spontaneous emulsification [36]. For wood cell walls entropic contribution
becomes important aswas observed byDi Renzo et al [24] in swelling experiments in other solvents. The
systematicmaximum in excess swellingmeasured there appears always around 50% inmole fraction and
underlies the importance of themixing entropy in the force balance [37].We estimate the partial free energy of
mixing permole from the classical expression given by Flory for the partial entropy ofmixing, under the
assumption that the polymer chains are of infinite length:

f f c f
D
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D

= + - + -
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Where fw
m is a function ofD as defined in equation (A.1) and c0 is the Flory interaction parameter at low

polymer volume fractions. Here, we take c0 as 0.5 which is the value reported formany polysaccharides at water
volume fractions larger than 0.2 at around room temperature [38]. Although the value of the interaction
parameter depends on the composition, we consider it constant, as at low solvent volume fractions it accounts
for direct solvent/solute interactions. In ourmodel, this is already taken into account in the hydration force term
aswell as in the contact points term.

The scaling of this contributionwith the center-to-center separation between the cellulose crystals is
presented infigure 3(A). The entropic force is larger than the hydration force at very lowwater contents (where it

Figure 2.Contact points and hydration force contributions to the free energy changes. (A)Osmotic pressureΠ versus cellulose crystals
center to center separation. Light green and blue curves representH-Bond and hydration force contributions respectively. The dashed
black curve is the sumof the two. (B)Resulting sorption isotherm.
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diverges)while it is lower at intermediate ones. Interestingly, at larger hydrations (D>4.1 nm) it becomes
comparable with the hydration force but decays slowly, so that it becomes dominant for very large hydrations.
The dashed curve infigure 3(A) is the sumof all chemical—i.e. nearest neighbour—andmesoscopic LRI terms

The correction to the EOS introduced by taking into account themixing entropy of water is shownon
figure 3(B). The picture becomes now closer tomeasurements in the lowmoisture content regime, and the
typical sigmoid shaped adsorption isotherm that has been the object of dozens of ‘ad hoc’ parametrizations
emerges. Still, the behaviour at high humidities largely overestimates the experimental one forwood cell walls.
The EOS calculated in terms of partial free energy vs. volume fraction is reported infigure C1(B).

3.5.Mechanical energy stored in the composite
Also from amacroscopic point of view, secondary cell walls of wood tissues can bemodelled using aminimal
mechanicalmodel: we consider solvent sorption in a compositematerial constituted by a stiff, inert component
and a softer swellingmatrix [39]. In thismodel, the fibers act as an external constraint with respect to the volume
change (i.e. swelling) of thematrix.Without any constraints, thematrix would swell isotropically and no elastic
energywould be stored at all. The stiff crystallinefibers, which are considered to be at rest in dry conditions,
however, act as stiff springs and counteract this isotropic swelling. As a result, thematerial swellsmostly in the
directions perpendicular to thefibers and elastic strains are introduced. The associated elastic energy can be
computed using a simple analyticalmodel and depends on thewinding angle and the relative amount of
cellulosemicrofibrils as well as on the Young’smodulus of thematrix. Following the approach in [8], we know
the total elastic energy per unit height stored in the unit cell of the composite during the swelling of can be
expressed as:

f
D

= ( )G

h
D kE

1

2

3

2

1

9
8

El

w
2 2

Where k is a constant depending on themicrofibrillar angle (see equation (10a) in [8]),E is themoisture
dependent Young’smodulus of thematrix surrounding the cellulose fibrils (which has been estimated to
decreases from about 2.8GPa in dry conditions to about 1.7GPa around thefiber saturation point) and fw is the
water volume fraction as defined in equation (3). The pressure term related to equation (8) is then:

f
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This equation reveals that the force required to bring the cellulose crystals to a distanceD is proportional to
kE 9, which can be see as an effective spring constant. Infigure 4(A), the derivative of elastic energy stored in the
composite with respect thewater content is reported for a very lowmicrofibrillar angle (0–10 degrees) and
compared to the other termsThe effective pressure termobtained in this way represents a second term
restraining the swelling but it is significantly larger than the the contact points term described above, especially at
high hydrations.

Figure 3.Configurational entropy contribution to the free energy changes. (A)Osmotic pressureΠ versus cellulose crystals center to
center separation. The orange curve represents the configurational entropy contributionwhile the dashed black curve is the sumof
H-bond and hydration force (respectively light green and blue). (B) sorption isotherm resulting from the sumof the three
contributions.
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3.6. The total force balance
Assuming that all the terms described so far combine in an additiveway, we can nowbalance the forces in a unit
cell and compute the EOS and thewater sorption isotherm from equation (4) by combining equations (A.3), (6),
(3), (A.8) and (9) as follows:
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Asmentioned above, herewe omit theVan derWaals term because it is at least one order ofmagnitude
smaller than the smallest term in equation (10) and therefore neglegible.

The resulting graph infigure 4(B) shows that the relativemoisture content versus relative humidity predicted
by themodel exhibits the characteristic sigmoidal shape, without divergence at high humidity as found forwood
cell walls. At low to intermediates water contents, the dominant terms are hydration repulsion andmixing
entropy, while the attractive terms are relatively small. At larger hydrations, the attractive cohesive terms, in
particular the elastic one, start to be comparable inmagnitudewith the repulsive ones (seefigure 4(A)) and the
swelling is effectively limited. The contribution to the total EOS calculated in terms of partial free energy vs.
volume fraction are reported infigure C1(C).

This is easier to appreciate fromfigure 5, wherewe present the sorption isotherms calculated by suppressing
selectively one of the four interaction terms to emphasise the ranges and the effects of every term to the sorption
behaviour.

The broad bump at low humidity is due to the predominance of hydration repulsion and, to aminor extent,
of the entropic term. This feature, in fact, does not showup if either one of these contributions is suppressed, as
shown infigures 5(A) and (C). This initial slope at high osmotic pressure is rationalised forwood cell walls as it
was for lipid bilayers andDNAgel swelling, i.e. via the contact termof the hydration pressure. This is not a
parameter in themodel, but has been assessed using the experimental value corresponding to the adsorption
energy of thefirst water layer as proposed byMarčelja andRadić [27]. The universality of this interpretation of
hydration of interfaces aswell as of the associated decay length has been recently reviewed [25]. Themain term
opposing swelling is clearly the elastic energy term, that starts to have a visible effect from about 0.5 of water
activity by effectively decreasingwater uptake.Without this term, swellingwould almost diverge, as the
contribution frombinding ofmatrix polysaccharides does not affect the sorption behaviour, as it can be seen
comparing figures 5(B) and (D).

It is worth stressing that there are no free parameters in the formulation of themodel and the curve shown in
figure 4(B) is derivedmerely from geometrical and thermodynamics data. For this reason, themodel can, at least
in principle, be used to predict the sorption isothermofwood tissues with different composition orwith
othersMFAs.

Figure 4.Total force balance. (A)Osmotic pressureΠ versus cellulose crystals centre to centre separation. To the total force (black
dashed curve) the following terms contribute: light green for the contact points term; blue for hydration force, orange for the
configurational entropy and dark green for the elastic energy. (B) Sorption isotherm calculating from the sumof all the terms.
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4.Discussion

The comparison of the result from thismodel with literature data is shown infigure 6, where the sorption
isotherms are presented in terms ofMCversus RH (figure 6(A)) aswell as osmotic pressure versus interaxial
spacingD between cellulose crystals axes (figure 6(B)). The curves have been calculated assuming
incompressibility offluids involved aswell as constant partialmolar volumes of constituents. The continuous
curve represents the sorption isotherm calculated ab initio as shown infigure 4. To account for inaccuracy of
literature data used to produce themodel isotherm, we present infigure 6 also two limit isotherms assuming
50%uncertainty of the quantities involved (dashed lines). As the variability in sorption data forwood is quite
large, the experimental data are plotted as a shaded area.

Qualitatively, the sorption isothermpredicted by themodel captures themain features of the experimental
ones. Numerically, the value for themaximum swelling predicted by thismulti-scalemodel presented here falls
in the range of the experimental values. However, at lowwater chemical potentials small changes in forces are
associatedwith large changes in the equilibriumdistanceD and themaximum swelling can change significantly
if some of the force terms are not derived from careful experiments or accurately evaluaed. Therefore, even if the
computed curve captures the qualitative behaviour of the experimental one, the level of accuracy of themodel to
precisely predict the behavior at high hydration of several types of wood needs to be refined, for instance by
improving the description of themechanical energy stored in the composite. Also, we neglected here the
interaction between the twomatrix polymers (hemicelluloses and lignin) and did not take into account the
topology of the lignin network.However, as this is still not well characterized, we could not correct for it.
Moreover, ourminimal primitivemodel does not predict hysteresis effects, that can be attributed to slow

Figure 5.Contribution of each term to the total force balance. Sorption isotherms calculated considering all the terms in the force
balance (red curves) or selectively excluding one (purple curves) of the following: (A) hydration repulsion, (B) contact points, (C)
mixing entropy and (D) elastic energy.
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relaxation of some of the constraints imposed by deformation of the cross-linking the cellulose crystals, but
more details are necessary to be able to predict hysteresis effects and their variationwith chemical treatments.

Despite the intrinsic inaccuracy of themodel, the order ofmagnitude of each contribution to the total energy
seems to be correct, and it is nowpossible to appreciate how similar thewood tissues EOS (figure 6(A)) is to the
one observed for other systems. For example, the EOS ofmulti-layered vesicles dispersed in an aqueous solution
of knownwater activity [40] has been explained in termof decay of a repulsive force, counter-balanced by a
strong attractivemechanism. The repulsive contribution is the hydration force and it is common to both
systems, but while in the case of lipid vesicles the attractive termwas the van derWaals force, in the case of wood
this is ‘replaced’ by the elastic term. Also, the case of wood cell walls has several features in commonwith the case
ofDNA in the absence of condensing agents [15] and the entropic and the hydration force terms have been
invoked to describe thewater-holding inmeat [41].

Developingmodels of EOS fromfirst principles startedwith the perfect gas equation established by
Boltzmann, but is useful only if it allows to predict changes in behaviours resulting from variation in physical or
chemical parameters, i.e. if it has a predicting power. Here, we test the predictive power of themodel by
calculating the sorption isotherm forwood at different temperatures and comparing the results with available
experimental data. The change in sorption behaviourwithT, in fact, can bemodelledwithout introducing any
additional parameter by taking into account theT dependence of each term. As shown infigure 7, the distance in
MCbetween the curves calculated for different temperatures seems to be reproduced in a large range (14 ◦C to

◦45 C, data taken from [43]). Unlike parametricmodels, the EOSderived from the force balance predicts the
observed the reversal in equilibriummoisture contents at very high RHs (larger than 0.9) between different
temperatures (see figure 7). The observed trend results from the decrease of the contact free energy (which
contains enthalpic and an entropic terms, see [31] and the appendix A.3) and the concomitant increase of elastic
contribution due to the increase of the elasticmodulus of thematrix at lower temperatures.

5. Conclusions

Themodel presented here is aimed to describewater uptake bywood cell walls, starting from structural and
compositional data. To this aim,we developed a first principles EOS by balancing forces at themolecular,
colloidal andmicroscopic levels. The EOS captures satisfactorily the experimental data at different T, and can
explain qualitatively the behaviour of wood tissues subjected to different treatments. This represents a step
forward in the understanding of fundamental forces drivingwood swelling and allows to design new treatments
aimed to improvewood preservation and to describe the physical chemistry of water actuation and stress
generation in plant tissues. In the present stage of theory there is no difference between thematrix polymers. To
describe the EOS of tissues with different composition, the difference between lignin, as a branched

Figure 6.Comparison between the experimental sorption isotherms and the sorption behavior predicted by themodel. Experimental
sorption and desorption isotherms for sprucewood (shaded areas representing themaximum span in experimental data) are
comparedwith the one calculated from themodel summing up all the contributions (continuous red curve) andmultiplying the
attractive terms by 1.5 and dividing the repulsive by 1.5 or dividing the attractive terms by 1.5 andmultiplying the repulsive by 1.5
(dashed curves). (A)Osmotic pressure versus cellulose crystals center to center separation. (B)Moisture content versus relative
humidity.
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hydrocarbon containing aromatic cycles and hemicelluloses as an almost linear semi-flexible polymermust be
introduced at amore refined level than theminimalmodel introduced here. The same applies for hysteresis
effects, which are beyond theminimalmodel.
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AppendixA. Further details of themodel

A.1.Water volume fractionwithin thematrix
From the geometricalmodel presented infigure 1, thewater volume fractionwithin thematrix polymers, used
to assess themixing entropy term, can be expressed as:

f
f

f
=

-
-( )

( )
R D

R D

4

4
A.1w

m c

c

2 2

2 2

A.2.Work of expansion of the unit cell
Weconsider prisms arranged in a hexagonal lattice with a center to center distance ofD, and a unit cell
containing 1 prism (see figure A1 ).

Thework of expansion of the lattice DGd tot at osmotic pressureΠ for a small volume change is equal to:

D = P = P = P ( )
⎛
⎝⎜

⎞
⎠⎟G V D h Dh Dd d d

3

2
3 d A.2tot

2

where h is the height of the unit cell which does not change during swelling (as the cellulose crystals are
considered here almost unextensible). From equation (A.2),

P =
D ( )

D

G h

D

3

3

1 d

d
A.3

tot

It is worth noticing that, under the approximation that themolar volume ofwater does not changewith
hydration, dV is also equal to v̄ Nd , where v̄ is themolar volume ofwater.

Figure 7.Comparison between (A) the experimental (from [42], desorption branch) sorption isotherms at different temperatures and
(B) the sorption behavior predicted by themodel (dashed lines). Blue: 14 °C, red, 24 °C, orange: 43 °C.
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A.3.Hydration force
Tomake eplicit the dependence ofDG0 on temperature (which is needed tomodel the temperature dependence
of the sorption isotherms)we can decompose it in an enthalpic and an entropic term so that
D = D - DG H T S0 0 0. Here, we tookDH0 to be about 20 kJmol−1, as reported in literature [44]. From the
same reference, we evaluateDG0 to be the experimentally observed 8.3 kJ/mol subtracted from2.5 kJmol−1

which is the contribution to the total free energy due to themixing entropy at lowMCs (around 0.05 to 0.1,
where the surface separation is close toλ).

A.4. Contact points
The free energy change due to the decrease in number of contact points permatrix polymer unit length during
swelling is obtained as follows. A contact point is defined as a portion ofmatrix polymers (amonomer) directly
interactingwith the cellulose crystals.We consider here that thematrix polymer can either adsorb on a cellulose
crystal surface or lie in the inter-crystalline space, as infigure A2 .

Taking this as a geometricmodel, for each polymeric chain in a unit cell, we evaluateΛ, i.e. the portion of the
chain in contact with a cellulose surface with respect to the total chain length (i.e. the ratio between the darker
segments and the total chain length infigure A2), as:

Figure A1.Unit cell (red dashed line) used for the force balance. The black hexagons represent the cellulose crystals. D is the center-to-
center separation between them.

Figure A2.Matrix polymers bridging cellulose crystals. The portion of polymers (green for lignin and orange for hemicelluloses)
contacting the crystals are depicted in brighter colours.
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- +( )

( )R

D R

2 3

3 2
A.4

R2 4

3

2

The number ofmonomers per unit lengthwithin the unit cell is:

= ( )
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WhereVmat
0 is the volume between cellulose crystals of the unit cell in dry conditions ( f f-( )R3 1c c

2 ) and
Vm is the volume of thematrix polymersmonomer.Herewe estimate themolecular weight of amonomer to be
about 170 gmol−1 (which is in between themolecular weight of the glucose and the one of xylose, themain
components of secondary cell walls hemicelluloses and close to the one of themost abundantmonolignols
monomer in soft wood) and its density to be around 1.4 g cm−3 (in between the density of hemicelluloses and
lignin). Under this approximation, the number ofmonomers per unit cell in dry conditions is found to be about
15. If the volume fraction of lignin in thematrix is taken as f »l 0.5, and only the lignin contact points are
considered to contribute to the energy, the number of contact points per unit lengthwithin the unit cell,Ncp

could be roughly estimated as:

f= L ( )
N

h
N A.6

cp
mp l

and the total energy termper unit length is found bymultiplying the free energy difference of a single contact
pointDGCP

0 by the number of contact points per unit length at distanceD. After substituting equations (A.4)–
(A.6):
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As before, the pressure term can be derived by differentiation:
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A.5. VanderWaals
In hexagonal symmetry, containing anisotropic elements with cylindrical six-fold local symmetry,many
different cases of organicmaterials have been considered recently by Podgornik et al [45]. For a rough
estimation, we do not take into account variation of theHamaker constant with thewater content of the inter-
crystalline gel. The case shown infigure 1 is very similar to the case that has been used for evaluating the
equilibriumprecursormaterial in the synthesis of commonmesoporous silicates around hexagonally arranged
cylinders [46]. In our case, for small separations, the energy per unit length for the case of 2 cylinders of radiusR
becomes [47]:

D
= -

-( )
( )G

h
A

R

D R24 2
A.9

V Wd

3
2

whereA is theHamaker constant and a cut-off distance is taken as the apothemof the black hexagons shown on
figure 1.

We use a conservative value ofA=0.6 kT for cellulose crystals interacting through the gel. The results in
free energy density are shown infigure A3 . It can be seen by comparing the vaues of van derWaals cohesive
energy to the cross-link term that cohesion due toVan derWaals is always negligible bymore than an order of
magnitude.

A.6. Temperature variations
Temperature is an explicit parameter in ourmodel that appears in equation (6) throughDG0, in equation (3)
and in (10) so that the sorption isotherm can be trivially calculated at everyT. However, it has to be stressed that
also the Young’smodulus of thematrix E in equation (9) exhibits a temperature dependence. Although this has
not been directlymeasured, it can be assessed using the variation of thewood’smodulus of elasticityYwithT,
namely =( ) ( ) ( ) ( )E T Y T Y T E T1 1 0 0 . Although this is species andmoisture dependent, inmost dynamic studies
at constantmoisture content, for several wood tissues,Y has been reported to decrease linearly withTwith a rate
of about 1%perCelsius.
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Appendix B.Qualitative predictions of themodel

The equation of state developed in this work is aimed to allow rationalisation aswell as qualitative understanding
of several processes that have been proposed for the impregnation or chemical treatment of wood. Infigure B1 ,
we have reported the effect expected from: (1) increasing the chemical cross-link betweenmatrix polymers by
chemical agents, such as glyoxal, whichwould result in an increase in thematrix Young’smodulus (curve 1). (2)
TheKraft delignification process [48] using concentrated sodiumhydroxide, which results in (at least) doubling
the hydration force via electrostatics at high ionic strength. A crudeway to account for the effects of concentrated
bases is to replace numerically the hydration force decay lengthwith aDebye length of 0.5 nm as reported by
Marčelja [49]. This results inwinning two orders ofmagnitude in osmotic pressure forMCof about 30% (curve
2). The same is true in the case of concentratedNaClO andTEMPO (an oxidation catalyst for the

Figure A3.Comparison between energy density associated to the attractive contact points energy (green) and theVdW term (purple).

Figure B1.Changes inwoodEOS as a results of chemical treatments. (1)Cross-linking (increase inmatrixmodulus). (2)Processing in
highly basic solutions (charging ofmatrix polymers and cellulose surfaces). (3)Hydrophobization ofmatrix polymers (reduced
hydration repulsion) (A)Moisture content versus relative humidity. (B)Osmotic pressure versus cellulose crystals center to center
separation. The red curve represents the calculated EOS of the untreatedwood tissue.
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depolymerisation of hemicelluloses), as reported in thework of Isogai et al [50, 51]: here sodiumhypochlorite
charges the cellulose crystals and thewood tissues are brought to dissolution. (3)Hydrophobisation induced by
acetylation of the cellulose crystals. This is a transformation of typically half of the surface of crystalline cellulose
by esterification induced bymixed anhydrides: the effect of this treatment (as for instance in the patentedWood-
ProtectTM treatment) can be qualitativelymodelled by a reduction of 50%of the contact pressure of the
hydration force, all other parameters being constant.

AppendixC. EOS in terms of free energy versus volume fraction

InfigureC1 (A),(B) and (C), the calculated EOS reported infigure 2, 3 and 4 are plotted in terms of partial free
energy (kJ/mol) vs. volume fraction.
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