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Abstract This paper reviews recent findings on wood—water interaction and puts
them into context of established knowledge in the field. Several new findings
challenge prevalent theories and are critically discussed in an attempt to advance
current knowledge and highlight gaps. The focus of this review is put on water in
the broadest concept of wood products, that is, the living tree is not considered.
Moreover, the review covers the basic wood—water relation, states and transitions.
Secondary effects such as the ability of water to alter physical properties of wood
are only discussed in cases where there is an influence on state and/or transition.

Introduction

Wood-water relations have been studied scientifically for at least a century. This
implies that at a first glance, the subject appears to be a solved case and no longer
interesting or challenging. However, that wood—water relations have been studied
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for so many years, also implies that some of the established facts or truths are based
on what is now considered inadequate or insufficient data, or originates from
interpretations based on now outdated ideas or theories. During the last few years,
new findings that contradict established dogma or allow new interpretations of
existing data have been published. This review paper will with a summarized
version of established knowledge (Venkateswaran 1970; Simpson 1980; Skaar
1984) put into context new findings on wood—water interaction. The focus of this
review is put on water in the broadest concept of wood products, that is, the living
tree is not considered. Moreover, the review covers the basic wood—water relation,
states and transitions. Secondary effects such as the ability of water to alter physical
properties of wood will only be discussed in cases where there is an influence on
state and/or transition. Throughout this review, moisture content (MC) is described
by the ratio of mass of moisture to mass of dry wood substance.

Green wood and fibre saturation

Freshly cut and never-dried wood is also known as “green” wood. In this state, cell
walls are water saturated, and in addition, water is found as liquid, liquid—vapour
mixture or vapour in cell lumens. The moisture state of green wood is not a unique
quantity; it varies between tree species, within the tree, for example, sapwood or
heartwood, between seasons (if in a temporal zone) and possibly also with the time
of the day. Chiu and Lin (2007) studied the radial variation in moisture content at
breast height of 46-year-old red cypress trees. Moisture content values ranged from
approximately 100 to 170 %, with the lowest values found in the transition between
sapwood and heartwood. For softwoods, the moisture content of heartwood is
typically considerably lower than for sapwood (Pallardy and Kozlowski 2008). This
is not always the case for hardwoods, for which the relation between moisture
content in heartwood and sapwood depends on species and may also depend on
season (Pallardy and Kozlowski 2008). Further, as reviewed by Berry and Roderick
(2005), the stem diameter of living trees may also shrink during the day and swell
during the night as a consequence of diurnal variations in bark and/or xylem
moisture content superimposed over cambial growth.

Drying reduces the moisture content of green wood, and if continued, the cell
walls will reach unsaturated states. The moisture content at the transition point from
saturated to unsaturated state is defined as the fibre saturation point (FSP). This
concept was introduced by Tiemann (1906) who defined FSP as the moisture
content when lumens are empty of all liquid water, cell walls begin to dry and
strength begins to increase. There are two documented problems with this definition.
Firstly, the three phenomena do normally not occur at the same moisture content as
shown by Stamm (1971). Secondly, during drying, liquid water may still be present
in lumens as water desorbs from cell walls of other parts of the same sample (Araujo
et al. 1992; Hernandez and Bizon 1994; Almeida and Hernandez 2006a, b;
Hernandez and Pontin 2006). Another definition of FSP was proposed by Stone and
Scallan (1967) as the moisture content corresponding to “the amount of water
contained within the saturated cell wall”. This definition is, however, not
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operational as moisture is not necessarily equally distributed within a wood sample,
as just mentioned. It is, however, a definition that in theory can be applied at the
single cell level or at the cell wall level. For a block of wood, an operational
definition of FSP is to use a purely nominal value, for example, the equilibrium
moisture content at a matric water potential of —0.1 MPa, corresponding to a
relative humidity of 99.93 %, as proposed by Hoffmeyer et al. (2011). With this
definition, Norway spruce was found to have an FSP of 42 % MC at 20 °C. This
value agrees with values found using solute exclusion (Hill et al. 2005) and pressure
membrane combined with measurements of stiffness and shrinkage (Hernandez and
Bizon 1994). These methods yield FSP values in the 38.5-42.5 % MC range for
different softwood species. There is thus a difference of about 10 % moisture
between the FSP around 30 % MC which is obtained if a change in how strongly a
physical property of wood (electrical conductivity, shrinkage, strength properties)
depends on the moisture content is used as basis for the definition (Stamm 1929,
1971) and the FSP of about 40 % MC which is obtained if based on the amount of
water present in the cell wall at equilibrium conditions close to 100 % RH
(Hernandez and Bizoni 1994; Hill et al. 2005; Engelund et al. 2010; Thygesen et al.
2010; Hoffmeyer et al. 2011). This discrepancy raises the question why the last
10 % MC within the cell wall (i.e., from 30 to 40 % MC) do not affect the physical
properties of the cell wall as much as the first 30 % MC, while still apparently being
present as bound water (Engelund et al. 2010; Thygesen et al. 2010; Hoffmeyer
et al. 2011). Perhaps one should think of fibre saturation not as a state reached at a
certain moisture content (i.e., a point) but as a gradual transition from the situation
where new water molecules entering the cell wall result in breaking of intra- and
intermolecular H-bonds in the wood cell polymers (i.e., up to about 30 % MC) to
the situation (i.e., from about 30 to 40 % MC) where new water molecules are
accommodated in the cell wall without breaking further cell wall polymer H-bonds.

States of water in wood

Nakamura et al. (1981) introduced a nomenclature for water held by cellulosic
materials such as wood according to which water may be found in three different
states: free water, freezing bound water and non-freezing bound water. The concept
was further investigated and developed by Berthold et al. (1994, 1996, 1998). Free
water is assumed to be capillary water within cell lumens, whereas bound water
interacts with the more or less hydrophilic wood polymers. The division of bound
water into freezing and non-freezing components has been quantified using
Differential Scanning Calorimetry (DSC) (Nakamura et al. 1981; Berthold et al.
1996). Freezing bound water exhibits a phase change between —10 and —20 °C,
whereas non-freezing bound water does not freeze down to —70 °C (Berthold et al.
1996). Freezing bound water has therefore been assumed to be less confined by and
more loosely bound to the cell wall than non-freezing bound water, for example, as
water clusters in line with theoretical considerations of Hartley et al. (1992) and
Hartley and Avramidis (1993). However, Berthold et al. (1996) only found freezing
bound water in ligno-cellulosic model compounds containing weak or strong acidic
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groups, that is, not in native wood. Also, Low Field Nuclear Magnetic Resonance
(LFNMR) relaxometry performed on wood did not reveal any freezing bound water
down to —20 °C in Norway spruce sapwood for moisture contents close to FSP
(Thygesen et al. 2010). But most importantly, Zelinka et al. (2012) recently
presented some very interesting results indicating that the DSC peak hitherto
interpreted as freezing bound water in cellulosic materials is consistent with
homogeneous nucleation of free water. Further, they showed that this DSC peak
only occurred for isolated ball-milled cellulose, not for solid wood or milled wood.
According to these results, water in wood is better described as either free or non-
freezing bound water. Thus, freezing bound water does not exist in wood. The
results of Zelinka et al. (2012) raise the more general question of how to correctly
interpret freezing point depression of water in wood. It is well known that dissolved
sugars give a slight freezing point depression of free water. More severe freezing
point depressions are normally explained as a result of compartmentalization
(Petrov and Furo 2009). Cryo-porometry results are, however, confounded with the
influence of water situated at void walls as this water freezes at lower temperatures
than water in the centre of voids (Hansen et al. 1997, 2005). There is also the
aforementioned strong effect of bonding (Berthold et al. 1996; Zelinka et al. 2012)
and possibly also an effect of water being ‘ordered’ close to wood cell wall polymer
surfaces (Matthews et al. 2006). For experimental observations, there is further the
difficulty of reaching, maintaining and identifying equilibrium states. Clearly, the
temperature ramps used in DSC and in other methods are of paramount importance,
and the use of (too) high cooling or heating rates may give dubious results (Landry
2005).

If approaching the question of the states of water in wood from the chemical side
rather than the physical side, then hydroxyl groups of the wood polymers are the
main chemical component in terms of attracting water molecules. Those hydroxyl
groups capable of forming hydrogen bonds with water molecules are termed
sorption sites (Simpson 1980) along with other polar chemical groups attracting
water (Berthold et al. 1996). The most sorption sites are found in the hemicelluloses
followed by cellulose and lignin (Christensen and Kelsey 1959). Cellulose is
aggregated into wood microfibrils and two-thirds of the hydroxyl groups are bound
between and within cellulose chains constituting the microfibril (O’Sullivan 1997).
These hydroxyl groups are inaccessible, while hydroxyl groups on the microfibril’s
surface are possible sorption sites (Maréchal and Chanzy 2000; Hofstetter et al.
2006). The amount of sorption sites in wood can be estimated from the molecular
mass of wood components and the number of sorption sites they contain. Since
hydroxyl groups are the primary sorption sites, the concentration of these can be
used as an estimate of the amount of sorption sites present in the various wood
polymers as shown in Table 1. As hydroxyl groups made inaccessible through
binding between polymers or steric hindrance are not considered, this estimate
expresses a theoretical upper limit. Since two-thirds of the hydroxyl groups of
cellulose are known to be inaccessible to water, a more correct estimate of the
amount of sorption sites in cellulose is 6.1 mmol/g. This value is smaller than the
hydroxyl concentration of the various lignin models shown in Table 1 and suggests
that the actual amount of water accessible sorption sites in lignin is lower. Based on
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Table 1 Concentration of hydroxyl groups in various wood polymers

Wood polymer Formula unit Molecular mass OH-groups OH concentration
[g/mol] [mmol/g]

Cellulose C12010Hz0 324 6" 18.5"

Xylan® C330,4Hs, 833 12 14.4

Glucomannan® C30024H44R6® 795-1,049 9-15 8.6-18.8

Lignin® Ci600ssH 178 3,029 24 7.9

Lignin® C278096H300 5,177 39 7.5

Lignin® C3010110H33s 5,713 45 7.9

Formula units derived from wood—polymer models from (a) to (b) (Sjostrom 1993), (c) (Adler 1977),
(d) (Sakakibara 1980) and (e) (Reid 1995)

T only 33 % of the cellulose OH-groups are accessible to water. This gives a water accessible OH
concentration of in situ cellulose of 6.1 mmol/g

£ R = CH;CO or H

the composition of the various softwood species given in Kollmann and C6té (1968)
and assuming a xylan—glucomannan distribution of 2:1 (Sjostrom 1993), the amount
of sorption sites in softwood is found in the range 8.4-8.9 mmol/g with an average
of 8.6 mmol/g. This latter value is similar to that calculated by Hill and Jones
(1999) using the same approach. At FSP of 40 % MC this corresponds with 2.6
water molecules per hydroxyl group on average. An experimental indication of the
amount of sorption sites is given by Hill and Jones (1999) who modified Corsican
pine with different-sized linear chain anhydrides. They found a second-order
relationship between molar volume of anhydrides and amount of substituted
hydroxyl groups. By extrapolation, the amount of sorption sites in wood was found
to be 5.7 (£0.4) mmol/g, that is, significantly lower than the theoretical estimates.
This value corresponds with an average of 3.9 water molecules per hydroxyl group
at FSP. However, independent means of verification of the amount of sorption sites
was deemed necessary (Hill and Jones 1999).

Bergenstrihle et al. (2008) compared CP/MAS '*C NMR results to molecular
dynamics simulations of aggregates of cellulose crystals and found that water
molecules bound to two different crystallographic planes of the cellulose aggregates
had different spin—lattice relaxation times, indicating a difference in bonding
between these two accessible sides of the aggregates. Estimates of the average
number of water molecules per sorption site (Berthold et al. 1996; Joly et al. 1996)
indicate that typically only 1-2 water molecules attach to each sorption site. At low
moisture content, it is suggested that water molecules may bind to two neighbouring
hydroxyl groups simultaneously (Joly et al. 1996). As mentioned above, no water is
present within cellulose crystals, so if water molecules are bound to two sorption
sites on cellulose, this has to take place on the accessible surfaces of cellulose
aggregates or between neighbouring aggregates. This also implies that calculations
of the average number of water molecules per sorption site in wood cell wall
polymers do not express anything about the actual distribution of water molecules
between sorption sites, unless only accessible sites are included in the estimation.
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A number of studies have employed different variants of LFNMR relaxation
experiments in an attempt to identify the states of water present in wood and other
ligno-cellulosic materials. A small overview of LFNMR studies employing Carr-
Purcell-Meiboom-Gill (CPMG) measurements for the identification of wood—water
states was given by Thygesen and Elder (2008). In summary, CPMG finds only two
states of water: lumen water and wood cell wall water. According to Araujo et al.
(1994), cell wall water diffuses so fast that chemical exchange between different
bonding states (if they exist) evens out any differences in relaxation times and
results in a single population being found for cell wall water. Employing a more
advanced 2D T,-T, LFNMR experiment, Cox et al. (2010) were able to identify
two different states of water within the wood cell wall. These two components had
similar spin—spin relaxation times (thus resulting in only one CPMG population),
but different spin—lattice relaxation times. The two components were tentatively
assigned to ‘mobile water and possibly water in small voids’, respectively, to ‘less
mobile water that swells wood polymers’. In the light of the recent results by
Zelinka et al. (2012), these two states of water cannot be interpreted as freezing and
non-freezing bound water, respectively. Perhaps the two types of water found by
Cox et al. (2010) correspond to water bound to the two different accessible sides of
cellulosic microfibrils identified by Bergenstrahle et al. (2008), as these were also
found to have different spin—lattice relaxation times. However, that water bound to
two different sides of cellulose aggregates should be separable while water bound to
hemicelluloses or lignin should blend into these two populations and not stand out
does on the other hand seem peculiar.

Sorption isotherm

Being hygroscopic, wood will constantly exchange moisture with the ambient air.
An equilibrium moisture state of wood is attained when there is no measurable
exchange of moisture between a volume of wood and its surroundings. For wood
used under real-life conditions, it is doubtful whether equilibrium is ever attained
because of the often very long time it takes to reach equilibrium at given conditions
and due to the typically varying nature of the surrounding conditions, for example,
varying air humidity. A sorption isotherm is a discrete representation of equilibrium
moisture states of wood with its surrounding environment attained in constant
temperature and water vapour pressure (or relative humidity, RH) in the
hygroscopic range. Each equilibrium moisture state of wood illustrated in the
sorption isotherm is reached after either uptake (adsorption) or release (desorption)
of water molecules; both processes with significant duration (Fig. 1). These
processes are thermodynamically complex and involve both a change in temper-
ature, see Figs. 1 and 2, and volume, that is, both heat and work are involved in the
process of attaining the equilibrium moisture state. The sorption isotherm of wood
has a sigmoid shape. This so-called type II sorption isotherm is characteristic for
gas—solid solution sorption of deformable solids and for a sorption process
accompanied with significant heat of sorption (Brunauer 1943).
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Fig. 1 Schematic illustration of an adsorption process depicted in three-dimensional a moisture content—
relative humidity—time domain, and b moisture content—temperature—time domain. The process is
projected on the moisture content-relative humidity plane along with sorption boundary curves, on the
relative humidity—time plane, on the moisture content—temperature plane, on the temperature—time plane
and on the moisture content—time plane. Concept adapted from Frandsen (2007)

Temperature level influences the equilibrium moisture state. Increased temper-
ature level decreases the equilibrium moisture content of wood for a given constant
vapour pressure. For temperatures of 75 °C and above, a unique relation between
equilibrium moisture content of the wood and (relative) vapour pressure of ambient
air exists (Weichert 1963). At lower temperatures, the relation between equilibrium
moisture content and vapour pressure is hysteric and enveloped by the two
extremes: adsorption isotherm and desorption isotherm (e.g. Seborg and Stamm
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Fig. 2 Schematic illustration of 80 1
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1931; Stamm and Woodruff 1941; Kelsey 1957). If desorption takes place from
FSP, then the desorption branch describes what is known as a boundary curve. If
desorption takes place from any lower moisture content than FSP, the desorption
path follows a scanning curve which crosses the region enclosed by the two
(adsorption and desorption) boundary curves.

As mentioned above, recent results indicate that below FSP, non-freezing bound
water constitutes the only state of water present. By measuring the sorption enthalpy
related to the adsorption of water molecules to amorphous cellulose, Joly et al.
(1996) found that up to 40-50 % RH, the sorption enthalpy was constant and
corresponded to binding of one water molecule per glucose unit. A similar
observation was made by Fringant et al. (1996) on various other polysaccharides. In
both studies, the sorption enthalpy decreased between 50 and 85 % RH as water
uptake increased from 1 to 2 water molecules per glucose unit. Joly et al. (1996)
suggest that at moisture contents corresponding to one water molecule per glucose
unit or less, the water can be bound energetically more favourable to two
neighbouring sorption sites. This is supported by spectroscopic and computational
results on water—-monosaccharide interactions by Carcabal et al. (2005) which show
ordering of hydrogen bonds within the monosaccharides by attaching one water
molecule.

Around 60-70 % RH, the sorption isotherm of wood exhibits an upward bend,
that is, an increase in the first derivative dRH/dMC, which traditionally has been
attributed to sorption of free water in capillaries (Sheppard 1933; Barkas 1937,
Babbitt 1942; Stamm 1950; Spalt 1958; Kollmann 1962), at least above 90 % RH.
Thygesen et al. (2010) investigated the sorption behaviour in the range 90-99.9 %
RH of both unmodified wood and acetylated wood where a fraction of the sorption
sites had been chemically replaced. From comparison of the results of these two and
from supportive evidence from LF-NMR, it was concluded that sorption of capillary
water is insignificant below 99.5 % RH. This conclusion was further elaborated by
theoretical calculations (Engelund et al. 2010). Thus, the upward bend of the
sorption isotherm does not seem to be due to capillary sorption.

Another explanation for the upward bend of the sorption isotherm is related to
softening of amorphous polymers (Mauze and Stern 1984; Vrentas and Vrentas
1991). Softening is the transition from a glassy to rubbery state of amorphous
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polymers which significantly decreases the viscosity and rigidity of the polymeric
network. This might increase the capacity to accommodate water molecules in the
cell wall. At room temperature, softening of hemicelluloses occurs around 75 % RH
(Olsson and Salmén 2004). It depends, however, both on temperature and moisture
content of the wood as illustrated in Fig. 3. This clearly shows that the softening
curve for hemicelluloses crosses the isohumes, that is, lines of constant RH, in the
region 60-90 % RH at room temperature.

A fair amount of models have been proposed for sorption isotherms with sigmoid
shape. According to Skaar (1988), 77 mathematical equations predicting the
sorption isotherms of different biological materials including wood are listed in Van
den Berg and Bruin (1981), of which many were found by Boquet et al. (1980) to be
mathematically equivalent. Many of them coincided with the second-degree
polynomial expression first presented by Hailwood and Horrobin (1946). Excluding
the empirical models, two approaches to describe type Il sorption among the
proposed models are found. One approach considers sorption to be a surface
phenomenon while the other considers it as a solution phenomenon. The most
known model of the previous type is the BET sorption theory (Brunauer et al. 1938).
The modification of the BET model into the Dent (1977) sorption model makes it
adequate for the whole hygroscopic range. A drawback of both BET and Dent
models is, however, the inconsistency with the thermodynamic aspects of sorption.
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Furthermore, the mathematical expression of the Dent model is identical to that first
presented by Hailwood and Horrobin (1946). The Hailwood and Horrobin model is
based on the second approach, that is, sorption seen as a solution phenomenon, and
considers different grades of hydrated wood, dry wood and dissolved water as an
ideal solution. Although this model out of ten selected models gave the best fit to
experimental data in an evaluation by Simpson (1973), the Hailwood and Horrobin
model, like the Dent model, is not able to accurately account for heat of sorption and
other accompanying quantities. In general, all wood sorption models and
modifications of them found in literature have, even though they might fit
experimental data adequately, obvious flaws usually in relation to thermodynamics
(Simpson 1980). One or more assumptions made when deriving the models are in
most cases questionable since significant parts of the complex process of attaining
equilibrium moisture state are not considered. Also, and perhaps more seriously, the
reliability of the experimental data used when deriving and/or verifying the different
models is questionable. The sensitivity of the seemingly simple test, of measuring
the mass difference of a wood specimen at two different equilibrium moisture states
attained in a thermodynamic system where temperature is kept constant and where
there is a uniform step change between two levels of non-fluctuating humidity, has
been and still is apparently underestimated.

Hygro-expansion and sorption hysteresis

In the dry state, voids and pores are essentially absent from the wood cell wall
(Griffin 1977; Fahlén and Salmén 2005; Salmén and Fahlén 2006). When water
enters the cell wall, it therefore causes swelling of the material, occupying space
between the microfibrils and thereby forcing them apart. Furthermore, the
microfibrils themselves experience a change in dimensions (Abe and Yamamoto
2005, 2006; Zabler et al. 2010; Toba et al. 2012). Swelling also results in increased
cell wall dimensions. The macroscopic swelling of wood in the tangential direction
has been found to be directly proportional to swelling at the cell wall level (Murata
and Masuda 2006). On this level, the swelling of latewood in the transverse
directions is similar (Murata and Masuda 2006; Derome et al. 2011). For earlywood,
however, the swelling in the tangential direction is similar to that of latewood,
whereas the swelling in the radial direction is significantly lower (Derome et al.
2011). This may be caused by rays, which are oriented in the radial direction,
restraining swelling of the thin-walled earlywood cells more than swelling of the
stiffer, thick-walled latewood cells (Ma and Rudolph 2006; Derome et al. 2011). On
the macroscopic scale, swelling in the two transverse directions also differs in that
tangential swelling is greater than radial swelling. Swelling in the longitudinal
direction of softwood is for normal wood significantly lower (Hunt and Shelton
1988; Derome et al. 2011) than in transverse directions because the microfibrils are
aligned more or less in the longitudinal direction of the wood. In the range 5-20 %
moisture content, the relation is linear between swelling of wood and amount of
moisture both on macroscale (Stamm 1959; Hartley and Avramidis 1996) and
microscale (Ma and Rudolph 2006; Murata and Masuda 2006).
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As mentioned previously, no unique relation exists between ambient climate and
moisture content in softwood at temperatures below 75 °C (Weichert 1963). Below
this temperature, the difference between equilibrium moisture content reached by
adsorption from the dry state and desorption from saturation increases with
decreasing temperature (Djolani 1972; Hill et al. 2010). This dependence on
moisture history is termed sorption hysteresis. One special aspect of this is the
desorption from green condition which often is regarded as distinct from any
subsequent desorption from saturated condition. The experimental results of Spalt
(1958) are often quoted to support the notion that the equilibrium moisture content
at certain climatic conditions above 70 % RH is significantly higher than for any
later desorption from saturation. Hoffmeyer et al. (2011) have, however, recently
shown that drying in vacuum over a desiccant and subsequent vacuum saturation in
liquid water results in almost complete reproducibility of the first desorption
isotherm. Small differences between desorption isotherms dependent on drying and
preparation procedure were seen, nonetheless. Sorption hysteresis is widely
encountered when sorption properties of microporous materials are studied
(Rouquerol et al. 1999). Various theories have been advanced to explain the
phenomenon. One such is the “ink bottle” theory which explains the phenomenon
by suggesting a stable quasi-equilibrium during desorption between the surface
meniscus of water at the throat of nanopores with much smaller diameter than the
characteristic pore diameter. Another theory considers the differences between
adsorption and desorption loops as due to changes in contact angle between sorbed
water and the internal surface of the wood material (Chen and Wangaard 1968).
Both of these theories assume the presence of liquid water, that is, capillary water,
which is not significantly present below 99.5 % RH as discussed above.

Other theories along with mathematical models have been published offering
explanations to sorption hysteresis. One such is independent domain theory (Everett
1955) which has been applied to wood by Peralta (1995, 1996). The physical
interpretation of the parameters involved is, however, not straightforward. A review
of some of the existing models for describing sorption hysteresis is given in
Frandsen et al. (2007). In general, no physically consistent model for sorption
hysteresis has been put forward.

The physical explanation for sorption hysteresis in swelling media such as wood
might be related to the process of hygro-expansion. The structure and composition
of wood cell wall material can be seen as a very complex, heterogeneous gel type.
The layered structure with long cellulose chains almost inert in their length direction
is a formidable constraint to any form of hygro-expansion/contraction. Barkas
(1949) makes the analogy between constrained swelling of a gel and reverse
osmosis. The hydrostatic tension/pressure established by the restraint of shrinking/
swelling of the gel will alter the equilibrium moisture state in the same way as
pressure on the solution in reverse osmosis will alter its equilibrium concentration.
Contrary to the large stiffness in the length direction of the cellulose chains, the
rigidity of the layered structure of the cell wall is relatively agile, that is, it allows
deformation. The deformation is in several publications described as slippage
between the microfibrils (Balashov et al. 1957; Olsson and Salmén 2004; Engelund
and Svensson 2011). This slippage is facilitated by breaking and re-bonding of
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hydrogen bonds (Grossman 1976), a process that makes the deformations time-
dependent (Hunt and Gril 1996; Hanhijarvi and Hunt 1998) and assures stress
relaxation. Even though Barkas did not consider time-dependent behaviour, the
analogy still holds. This means that the equilibrium moisture state of wood will
change along with stress state which depends on the rate of stress relaxation. Hence,
the equilibrium moisture state will change during a sorption process also after the
step change when the ambient vapour pressure is held constant. The interdepen-
dence between moisture state and stress state is also seen when external loads are
applied (Olsson and Salmén 2001).

Adding to the complexity is the possibility that one or more of the constitutive
materials will pass their glass transition during sorption from one equilibrium state
to another, as shown in Fig. 3. As a result of the transition, a material will
drastically change mechanical characteristics from those of a solid below the glass
transition temperature to those of a fluid above. A transition will have a significant
effect on the stress relaxation and therefore on the equilibrium moisture state of the
wood material. Thus, the disappearance of sorption hysteresis above 75 °C could be
due to softening of hemicelluloses discussed previously. The effect on the time-
dependent relaxation is addressed by Vrentas and Vrentas (1996) as key to sorption
hysteresis. As the material or part hereof enters the glassy state, the volumetric
relaxation following hygro-expansion/contraction is significantly slowed down,
hereby locking or “freezing” an amount of free volume in the polymeric material.
This results in a difference in swollen volume at similar moisture content dependent
on the moisture history. Experimental results for wood (Djolani 1972; Seifert 1972;
Hernandez 1993; Hartley and Avramidis 1996; Arevalo and Hernidndez 2001;
Chauhan and Aggarwal 2004) in fact indicate a small difference in swollen volume
in a volume versus moisture content plot. Some of these ideas have been applied to
sorption hysteresis in wood (Hill et al. 2010). Furthermore, it has been suggested
that the sorption kinetics displayed at the cell wall level can be linked to hysteresis
by considering the process of polymer relaxation in the inter-microfibrillar matrix
(Hill et al. 2012).

Moisture transport

Transport of water in an open porous hygroscopic material such as wood is a
complex mass transfer with fully coupled processes of water in different phases
(Babbitt 1950). In the porous system, three phases of water are possible: solid (ice),
liquid and gas (vapour). With the exception of capillary suction when wood is partly
submerged in or in direct contact with liquid water, transport of moisture within the
porous system is strongly connected to vapour diffusion. Although transport of
liquid water as capillary flow may be significant in cases of long unbroken
capillaries, the phenomenon is of little relevance except for water transport in living
trees or for drying of sawn lumber. In the hygroscopic moisture range, characteristic
for all seasoned wood material in natural climate without direct contact to liquid
water, vapour alone is present in the porous system of wood. For this most common
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Fig. 4 Schematic illustration of moisture transport in softwood below FSP in the longitudinal direction
of the xylem, based on Krabbenhgft and Damkilde (2004)

case, moisture transport is governed by three processes (Stamm 1960): diffusion of
vapour in the porous system, sorption, and diffusion of bound water in the wood cell
wall, see Fig. 4. Each of the two diffusion processes can be mathematically
described by a Fickian equation, and they are coupled by a sorption term (Gamstedt
et al. 2012).

Diffusion of vapour in the porous system is controlled both by the properties of
the medium itself as well as the resistance from the porous structure (Krabbenhgft
and Damkilde 2004) from, for example, longer path lengths through the lumens and
other cavities in wood. Diffusion of vapour in air decreases with increasing vapour
pressure (Schirmer 1938) due to shorter mean free path of the water molecules. The
diffusion characteristics of bound water in cell walls are difficult to determine
experimentally. This is mainly because of the very slow diffusion of bound water
compared to vapour diffusion in the porous structure. Thus, for moisture transport in
larger wood specimens, bound water transport is of little significance (Hozjan and
Svensson 2011). The simplest method for evaluating diffusion characteristics is
perhaps the cup method where steady-state transport of water through a material
specimen is measured. Accurate derivation of diffusion characteristic of a single
phase, for example, the bound water phase can, however, only be achieved if the
transport is limited to that single phase. An indication of characteristics such as the
diffusion coefficient of bound water in wood may, however, come from
permeability measurements on thin films of wooden polymers. Péroval et al.
(2002) used the cup method to determine water transport through arabinoxylan
films. Correcting their results for resistance from still air inside the cup based on
Hansen and Lund (1990) yields a diffusion coefficient of arabinoxylan films of
about 1 x 107" m?%s. Similar results in the range 0.1 x 107227 x 1072 m%s
were found by Stamm (1956) on uncoated cellophane films. No correction is needed
for these results, since air circulation was ensured both inside and outside the cup.
The diffusion coefficient for bound water diffusion in wood cell walls is presumably
of the same order of magnitude as that found for cellophane and hemicelluloses
films. The results show that the diffusion coefficient increases exponentially with
increasing moisture content, a trend which is also seen for larger wood specimens
(Comstock 1963).
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Rate of sorption

Sorption of water in wood is the process of uptake (adsorption) or release
(desorption) of bound water in cell walls in the local approach to equilibrium
between the concentration of bound water and the concentration of water vapour in
adjacent macrocavities. On larger wood specimens, the rate of sorption may also
depend on the rate of diffusion of both water vapour and bound water between the
macroscopic surface and the core of the specimen. The focus of this section is,
however, put on the rate of sorption of cell walls themselves. In order to investigate
this and separate sorption from diffusion of water vapour, very thin wood samples
must be used which was done in a range of sorption experiments by Christensen
(1959, 1965, 1967), Christensen and Kelsey (1959) and Kelly and Hart (1970) using
a vacuum apparatus.

As described for moisture transport in wood, the diffusion of bound water in the
cell wall can be described by a Fickian equation. It is therefore natural to assume
that sorption might be controlled by diffusion between the lumen-cell wall interface
and the interior of the cell wall. This is assumed by Kelly and Hart (1970) who
found values for the bound water diffusion coefficient of magnitude 107 mz/s, that
is, about two orders of magnitude lower than the value for hemicellulose and
cellophane films described previously. It should be noted, however, that during
sorption in the vacuum apparatus employed by Kelly and Hart (1970), the
temperature changes significantly as can be seen in Fig. 2. The transport of bound
water in these non-isothermal conditions is therefore also influenced by a thermal
gradient, which is not accounted for by using concentration as the single driving
potential in the Fickian model. Nonetheless, a somewhat slower diffusion into the
cell walls is expected because of the change in temperature at the interface as
suggested by Kelly and Hart (1970) and Eitelberger et al. (2011). During adsorption,
the temperature increases at the interface because of positive sorption enthalpy. This
will raise the activity of bound water at the interface and thus lower the local driving
potential, that is, the gradient in activity between water vapour and interface bound
water. On the other hand, the increased activity of interface bound water results in a
greater activity gradient inside the cell wall and aids the diffusion from the interface
into the cell wall. During desorption, these effects are reversed. Substantial
temperature changes may especially occur when employing vacuum equipment as
illustrated by the results of Christensen and Kelsey (1959) shown in Fig. 5, in
particular for low initial moisture contents. In the presence of air, temperature
changes during sorption are less extreme. As illustrated in Fig. 5, the temperature
increase during adsorption is lower, the larger the initial moisture content becomes.
This reflects both an increase in heat capacity which increases by 50 % between O
and 15 % MC (Sonderegger et al. 2011) and a decrease in sorption enthalpy (Joly
et al. 1996; Fringant et al. 1996), as well as larger thermal conductivity and a slower
process of adsorption at higher moisture contents.

In a series of experiments in vacuum, Christensen (1959, 1965) observed that
time to equilibrium increased with increasing initial moisture content for similar
steps in RH. A similar decrease in sorption rate with increasing initial moisture
content is found for water sorption by thin films of hemicelluloses (Sadoh and
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Fig. 5 Schematic illustration of 80 1
successive adsorption processes
in a vacuum apparatus from 0 to
22.5 % MC plotted on top of the
moisture content—temperature
plane from Fig. 3a, based on
moisture-temperature data for
small specimens of Klinki pine
taken from Christensen and
Kelsey (1959)
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Christensen 1964). However, the diffusion coefficient is known to increase with
increasing initial moisture content and should thus facilitate a faster approach to
equilibrium. Furthermore, the approach to equilibrium seems independent of the
thickness of the wood cell walls from comparison of sorption results for balsa
(1 pum) and satin box wood (4 pm) (Christensen 1965). These results indicate that
sorption is not controlled by diffusion.

Another candidate for the controlling factor of sorption is the relaxation of
swelling and/or thermal stresses caused by local changes in concentration of bound
water and/or temperature (Christensen 1959; Sadoh and Christensen 1964). This is
in line with the concepts by Crank (1953) who explained non-Fickian sorption in
polymers as a relaxation of shear stresses. Crank (1953) suggests, however, that
these stresses in polymers are a result of concentration gradients, that is, gradients in
swelling pressure. In wood cell walls, the restraining effect of cellulose microfibrils
on the swelling amorphous polymers, hemicelluloses and lignin, might cause
significant stress gradients without large gradients in bound water concentration
being present. Time-dependent behaviour of wood cell walls has been ascribed to
shearing in the material directions (Balashov et al. 1957; Lotfy et al. 1972; Olsson
and Salmén 2001; Engelund and Svensson 2011). The rate of sorption should
therefore be related to the rate of relaxation of shear swelling stresses in wood cell
walls. In fact, Newns (1956) utilizes an expression for swelling over time as a
function of swelling pressure which is of similar form as that expression used to
describe creep in wood by Engelund and Svensson (2011).

In adsorption experiments, Christensen and Hergt (1969) observed a slower rate
of adsorption and longer time to equilibrium the longer samples were conditioned at
53 % RH prior to the initiation of sorption. Furthermore, Christensen (1959) and
Christensen and Kelsey (1959) found that the halftime to equilibrium was inversely
proportional to swelling pressure, that is, smaller steps in RH gave a longer time to
equilibrium. These observations indicate that greater swelling stresses could be
generated in the cell wall, the less stress relaxation had occurred at the previous RH
level. As stress relaxation progresses, the sorptive capacity of the cell wall
increases, hereby facilitating more bound water to be adsorbed. This might even be
true at the interface between water vapour and bound water. Hereby, equilibrium in
the outermost part of the cell wall is not instantaneous but changes gradually after a
change in water vapour pressure. Such behaviour has been observed for adsorption
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of iodohexane in polystyrene films (Hui et al. 1987) and adsorption of methyl iodide
in cellulose acetate films (Long and Richman 1960), where the surface concentra-
tion of adsorbate was time-dependent. Thus, as stress relaxation progresses, the
equilibrium surface concentration changes.

Several researchers have described sorption of water in the cell walls by a two-
stage process (Christensen 1965; Christensen and Hergt 1969; Xie et al. 2011; Hill
et al. 2012) for which moisture uptake in the initial stage resembles a process
controlled by Fickian diffusion. The second stage is slower and becomes
increasingly dominant as the initial concentration of bound water is increased
(Christensen 1965). It is most pronounced above 40-50 % RH (Christensen 1965)
where stress relaxation proceeds faster due to greater mobility of the amorphous
wood polymers above glass transition. A similar behaviour has been reported for
other swelling polymeric substances such as wool (Downes and Mackay 1958),
hemicelluloses (Sadoh and Christensen 1964) and cellulose acetate (Bagley and
Long 1955; Newns 1956). Hill and co-workers (Xie et al. 2011; Hill et al. 2012)
have shown that from a mathematical standpoint, sorption kinetics can be modelled
as a sum of two exponential decays: a relatively fast and a relatively slow process.
Although it is argued in this work that sorption is controlled by relaxation, the
apparent two-stage nature of sorption remains to be explained.

Conclusion

During the last couple of years, a number of axioms within wood—water relations
have been challenged, and new results and ideas have emerged:

1. New results based on DSC and LFNMR indicate that only two kinds of water
are present in native wood: free water in the porous system (cell lumens etc.)
and non-freezing bound water inside the cell walls. All of the bound water
molecules are suggested to be bound directly to one or two sorption sites,
mainly hydroxyl groups.

2. Below fibre saturation, that is, throughout the hygroscopic range, capillary
sorption does not in any significant extent take place in native wood.

3. The upward bend of the sorption isotherm of wood above approximately 70 %
RH is most likely due to softening of hemicelluloses, which at room
temperature crosses the glass transition point at this moisture range and thus
allows accommodation of more water molecules within the wood cell wall.

4. Sorption hysteresis is presumably also linked to the glass transition of
hemicelluloses, where volumetric relaxation processes following hygro-
expansion/contraction are suggested to be governed by the moisture content—
dependent mobility of the hemicelluloses component of the wood cell wall.

5. Considerable progress has been made regarding the understanding and
modelling of moisture transport processes in wood.

6. Regarding the rate of sorption, it has been realized that stress relaxation plays a
dominant role, while diffusion processes are less important.
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