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Abstract: Wood-water interactions are central to the utilization of wood in our society since water
affects many important characteristics of wood. This topic has been investigated for more than a
century, but new knowledge continues to be generated as a result of improved experimental and
computational methods. This review summarizes our current understanding of the fundamentals
of water in wood and highlights significant knowledge gaps. Thus, the focus is not only on what
is currently known but equally important, what is yet unknown. The review covers locations of
water in wood; phase changes and equilibrium states of water in wood; thermodynamics of sorption;
terminology including cell wall water (bound water), capillary water (free water), fiber saturation
point, and maximum cell wall moisture content; shrinkage and swelling; sorption hysteresis; transport
of water in wood; and kinetics of water vapor sorption in the cell wall.

Keywords: moisture; sorption; shrinkage; swelling; fiber saturation point; maximum cell wall
moisture content; hysteresis; transport

1. Introduction

Products made of wood are key components in modern society and can be found
everywhere around us in our daily lives. We use wood to build houses, furniture, and
tools. Wood fibers are used for paper, packaging, and insulation materials, energy for
heating our homes can come from wood logs or wood pellets, and we can even use wood
to make biofuels and biochemicals. For all applications of wood, the material is exposed
to water in the form of vapor in the air and sometimes also in the form of liquid water
(e.g., outdoor wood structures exposed to rain). Similar to many biomaterials, wood
attracts water molecules from its surroundings and absorbs them within the material
structure. This water dramatically affects material characteristics which are important for
all applications of wood. For instance, water affects the structural use of wood by changing
the mechanical properties (stiffness, strength, creep) and dimensions of the material [1–5].
Water also changes the heat capacity and thermal conductivity [6–9], hereby impacting
the performance of wood and wood-based insulation materials. Wood products in the
built environment are required to have a long service life, but water can affect this since
high moisture contents facilitate degradation by decay fungi [10–12]. On the other hand,
the production of fibers or biochemicals from wood requires efficient decomposition of
the material, which is assisted by water in the processing of the wood biomass [13,14].
Additionally, the transport of water in wood is important for example within the field
of wood drying. Thus, the interaction of water with wood is central to all aspects of the
utilization of wood in our society.

Because of the importance of wood-water interactions, the topic has been studied
for more than a century [4,10,15,16] and several books and reviews have summarized
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existing data and knowledge over the years [17–25]. New and improved experimental and
computational methods have been introduced to the field of wood science, a development
that continues to this day. This evolution continues to generate data that contradicts,
reaffirms, or brings new nuances to our existing ideas about water in wood. This forces
us to regularly rethink and reformulate our understanding of water in wood. In doing
so, we should not only reflect on what we currently think we know but what is equally
important—what we currently do not know or understand. This review summarizes our
current understanding of the fundamentals of water in wood and highlights significant
knowledge gaps that need to be addressed to advance this area of wood science.

2. Where Is the Water?

Water in wood can be present both within cell walls and in the porous, macro-void
structure of the material, as depicted in Figure 1. Within cell walls, water molecules are
commonly referred to as “cell wall water” or “bound water” as they closely interact with
the cell wall polymers. Water in the macro-void structure is called “capillary water” or
“free water” and interacts with wood through surface forces. Although “free water” is often
used in the literature, this term is misleading because capillary water is constrained within
and interacts with the wood structure albeit by other mechanisms than cell wall water [26].
The following sections discuss the state and location of water within cell walls and the
macro-void structure of wood.
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Figure 1. Water in different locations in wood. Cell wall water is found inside the solid cell walls
where it interacts with the hydroxyls of the constituent polymers (cellulose, hemicelluloses, lignin)
by hydrogen bonds. Capillary water is found in the porous microstructure of wood, e.g., in pits
and lumina.

2.1. Cell Wall Water

Water molecules inside the solid cell walls are located in transient nano-pores and
closely interact with the cell wall polymers (cellulose, hemicelluloses, and lignin), mainly
by hydrogen bonding to the hydroxyl (OH) groups [27,28] (Figure 1). Although cellulose
has the highest concentration of hydroxyls [17,29], the most accessible cell wall constituents
for hydrogen bonding with water are the hemicelluloses. This is because a large fraction
of the cellulose hydroxyls is found inside the aggregated cellulose microfibrils that are
impenetrable to water under normal environmental conditions [30,31].

The concentration of hydroxyls interacting with water is termed the “hydroxyl accessi-
bility”. Typically, the hydroxyl accessibility for various wood species is found in the range
of 6–10 millimoles of water per gram of dry solid (mmol g−1) [29,32–36]. However, these
values are slightly underestimated because of methodological limitations. Hydroxyl acces-
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sibility is commonly determined by deuterium exchange [30,34,37] where the hydrogen on
water-interacting hydroxyls is replaced by its heavier isotope, deuterium. This is done by
continuously supplying the wood with heavy water, also known as deuterium oxide (D2O).
Hereby, hydroxyls that interact via their hydrogen, i.e., act as acceptors in a hydrogen
bond with D2O molecules will exchange hydrogen atoms and become heavier. However,
those hydroxyls that can only interact via their oxygen, i.e., act as hydrogen-bond donors,
because of steric hindrance, will not exchange hydrogen with D2O [38]. Therefore, about
one-third of the water-accessible hydroxyls on the surfaces of the cellulose microfibrils can-
not be deuterated [38] and thus the measured hydroxyl accessibility is underestimated. For
example, the underestimation of the accessibility from water-accessible cellulose hydroxyls
is estimated to be 0.7 mmol g−1 for Norway spruce [39]. Previously, hydroxyl accessibility
was thought to increase with moisture content [37], but recent results show that this is a
consequence of methodological artifacts since the rate of deuteration and re-protonation is
higher at higher moisture contents [40].

Whether or not cell wall water could be differentiated into different populations based
on unique properties has been a topic of much debate in the literature. For decades it
was thought that cell wall water consisted of two different types of water molecules with
distinctly different properties. One type called “primary (bound) water” was envisioned
to consist of water molecules that hydrogen-bond directly with sorption sites (hydroxyls);
the other type called “secondary (bound) water” was thought to hydrogen-bond only with
other water molecules (including with primary water). This idea arose from the theoretical
sorption isotherm models that describe the number of water molecules taken up by wood
as a function of the surrounding environment (Section 3.3). The idea was strengthened in
the 1980s by experimental data from differential scanning calorimetry (DSC) which found
two types of “bound water” in cellulosic materials: freezing and non-freezing [41–43].
The freezing water was found to exhibit a phase change around −20 to −10 ◦C during
cooling, whereas the non-freezing water did not change phase when cooling further down
to −70 ◦C [42]. However, in the last 15 years, further work using DSC [44,45] as well
as other experimental techniques [46,47] have failed to observe primary or secondary
water in wood cell walls. Furthermore, Zelinka et al. [45] showed the observed phase
change in DSC measurements was a result of sample preparation and not two distinct cell
wall water populations. More recently, two distinct populations of cell wall water have
been observed in wood with other experimental techniques such as 2D low-field nuclear
magnetic resonance (NMR) spectroscopy [48–51] and Quasielastic Neutron Scattering
(QENS) [52]. While the QENS and NMR results may appear to conflict with the absence
of two types of water in DSC measurements, it should be noted that the size and scale of
the hypothesized types of cell wall water vary greatly across the techniques. Currently, an
understanding of what the types of cell wall water represent is lacking, but suggestions
include water clusters [48] and water molecules in locations that differ in their chemical
environment [49,50,52].

It appears reasonable to expect that the distribution of the different water populations
relates to the size and chemistry of the transient nano-pores occupied by cell wall water,
including the strength and abundance of hydrogen bond interactions. However, it is
currently not known how the available volume within cell walls and its spatial distribution
or hydroxyl accessibility affect the distribution of the different water populations. It
may be possible to better understand these water populations by using various chemical
modifications [53,54]. Chemical modification can change the hydroxyl accessibility of wood
by reaction with chemicals that replace hydroxyls with another functional group, e.g., acetyl
groups formed by reaction with acetic anhydride [55]. Such reactions also fill some of the
available space for water with the volume of the added chemical entities [56]. It is therefore
possible to independently tune the hydroxyl accessibility and available space for water
within cell walls by using chemicals that differ in size and/or ability to replace one or more
hydroxyls [39]. Similarly, different chemicals can be used to change the spatial distribution
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of the available space on the nano-scale [57], whereas the micro-scale distribution of cell
wall water can be tuned by targeted modification [58].

2.2. Capillary Water

Water in the porous, macro-void structure of wood interacts through surface forces
at the interface between the solid cell walls and the type of void (pits, lumina, etc.). This
capillary water can enter wood either by capillary condensation or capillary action. Capil-
lary condensation is the mechanism describing that condensation of water vapor can occur
in small voids at relative humidity (RH) levels below 100% [59]. The relative humidity at
which capillary condensation occurs depends on the size and geometry of the voids [60]
(Section 3.4). Capillary action describes the flow of liquid water in the porous structure
which is assisted by the adhesive forces between the liquid and the solid surfaces. The
size, geometry, and continuity of the porous, macro-void structure all affect the flow rate of
liquids by capillary action (Section 7.3).

The interaction between liquid water and wood is often characterized by methods
that determine interfacial forces or wetting properties of bulk wood surfaces [61,62]. While
these are relevant for practical applications of wood such as the wetting of surfaces by
adhesives or coatings, they do not necessarily describe the surface properties relevant
to capillary water within the wood structure. These occur at the surfaces of the cell
walls inside the lumina, pit chambers, and other voids, whereas the wetting properties
of bulk wood surfaces also include contributions from the cut-open cell walls. Thus, the
characterization of surface forces within the macro-void structure of wood requires in situ
measurement on the micro-scale. This has, for instance, been done using atomic force
microscopy (AFM) [63–65]. Alternatively, the contact angle of capillary water in the macro-
void structure could be determined in situ by X-ray tomography which has been done to
characterize fluids in porous rocks [66,67]. While several studies have employed AFM to
characterize the surfaces inside wood lumina, so far no studies have determined the in situ
contact angle of capillary water in wood.

3. Wood–Water Equilibrium States

When placing a dry piece of wood in a climate with a certain RH and temperature,
the wood will start to absorb water vapor from the air and the mass of the wood will
increase. This will occur until the piece of wood is in equilibrium with the ambient RH and
temperature. The wood has then reached its equilibrium state and the mass will no longer
change as long as the climate is kept constant. The uptake of water occurs by water vapor
sorption. This refers to the change in phases of water molecules from the vapor phase to a
condensed phase in wood, where the water molecules are located within the cell wall or
the capillary structure (Section 2).

The sorption process involves the creation or disruption of strong intermolecular
attractions between water molecules and wood polymers. The exchange of water molecules
occurs in both directions: absorption refers to water vapor uptake by wood and desorption
refers to the release of absorbed water to the vapor phase. In much of the wood science
literature, the absorption of water vapor is often referred to as adsorption. However, the
term adsorption strictly refers to processes at an interface according to consensus definitions
by IUPAC (International Union of Pure and Applied Chemistry). The sorption of water
molecules in the bulk of the wood cell walls and the macro-void structure is more consistent
with the term absorption.

The moisture content of wood is defined as the mass ratio of water to dry solid material
(g g−1). In this review, moisture content is given the symbol u, and the moisture content at
equilibrium is denoted ueq. Moisture content is also commonly expressed as a percentage
of dry solid mass. The relationship between ueq and RH of the environment at a given
temperature is known as the water vapor sorption isotherm, as illustrated in Figure 2. This
relationship is fundamental to the understanding of wood-water interactions.
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Figure 2. Schematic illustration of sorption isotherms in the hygroscopic and over-hygroscopic
moisture ranges. Both absorption (right-pointing arrows) and desorption (left-pointing arrows)
isotherms are illustrated. The right diagram is a zoom of the over-hygroscopic moisture range.
In the hygroscopic range, water is predominantly found within the cell walls interacting with the
wood polymers. In the over-hygroscopic range, the dominating sorption mechanism is capillary
condensation in the macro-void structure.

The full range of RH values from 0 to 100% is commonly divided into two sections:
the hygroscopic and the over-hygroscopic range. This division reflects differences in
the dominant sorption mechanisms as well as the experimental techniques for moisture
conditioning of samples. The hygroscopic range extends from 0% to about 95%–98% RH; the
upper limit of this range may depend on the specific material and does not necessarily reflect
an abrupt transition (Figure 2). In the hygroscopic range, water is primarily located within
the wood cell walls, interacting with polymers by hydrogen bonding. The over-hygroscopic
range extends above about 95%–98% RH to full saturation, where the additional water is
largely capillary water in the macro-void structure (Figure 2).

Cell wall water interacts strongly with cellulose, hemicelluloses, and lignin, mainly by
hydrogen bonding with the hydroxyl groups (Section 2; see also [68,69]). The absorption
of water in the cell wall involves several physicochemical phenomena that may affect the
equilibrium state. These include the release of heat as water molecules change from the
vapor state to the absorbed state (Section 3.2), the mechanics of the cell wall as it swells
(Section 5), diffusion of water molecules into the solid cell walls (Section 7.2), and glass
transition of the amorphous polymers that are plasticized by water [70]. In addition, water
sorption in wood exhibits hysteresis in both the hygroscopic range and the over-hygroscopic
range (Section 6). Further influential factors include the relative proportions of ordered
cellulose, amorphous cellulose, hemicelluloses, and lignin, and the amounts of mineral ions
and extractives in the wood cell wall [24,71–75]. The understanding of these phenomena
continues to advance as new insights are gained, in part because of the development and
refinement of experimental techniques and analytical tools. The following sections discuss
the need for reliability when measuring wood–water equilibrium states, thermodynamic
relations, and sorption models for the hygroscopic range, followed by a discussion of the
over-hygroscopic range.

3.1. Care When Measuring at Moisture Equilibrium States

Experimental measurements are fundamental for describing the relationships between
ueq, RH, and temperature. Reliable measurements provide a basis for thermodynamic anal-
ysis (Section 3.2) and for validating empirical and theoretical sorption models (Section 3.3).
Additionally, the measurement of equilibrium states is important for relating dimensional
changes to ueq (Section 5) and characterizing sorption hysteresis (Section 6). It is therefore
critical that care is taken when conditioning specimens to equilibrium and taking measure-
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ments. This section highlights several important considerations that influence data quality.
Further information on measurement techniques can be found in recent reviews [76–78].

Reliable measurements of equilibrium states depend on several key criteria [78].
Foremost is the operational definition of equilibrium; most often a mass stability criterion is
used, meaning that the moisture content is assumed to be sufficiently close to equilibrium
when the rate of change in mass under constant environmental conditions with time
becomes arbitrarily small. Definitions differ in two aspects: the size of the mass change
and the time interval over which the criterion is applied. For manual measurements, time
intervals up to 24 h or more with a change in mass of less than 0.1% are typical [79]. For
automated instruments, an often-reported criterion is a rate of change in moisture content
less than 0.002% min−1 (20 µg g−1 min−1) over a 10-min period [80,81]. Moisture contents
reached when this criterion is met are claimed to be within 0.001 g g−1 of the equilibrium
value measured at the extended time [80], although no supporting data have been presented
to verify this claim. The criterion has, however, been found to yield much larger errors than
previously thought when compared to extended measurements where the change in mass
was on the order of the inherent mass stability of the instrument [82]. Further discussion
and recommendations for minimizing error can be found in [78,82].

Additional criteria that affect the quality of sorption measurements are the calibration
accuracy of mass, temperature, and RH measurements, and the stability of temperature
and RH conditions [78]. In general, in situ weighing is preferred to avoid disturbances
from specimen exposure to the surrounding environment. The effects of sorption history
are discussed in Section 6.

3.2. Thermodynamics of Sorption

Thermodynamic equilibrium refers to the condition of a system in which there is no
net flow of heat or mass. Sorption isotherms are not strictly reversible but exhibit hysteresis
(Section 6), so thermodynamic relations discussed in this section need to be treated with
care. Nonetheless, they do provide insight into wood–water interactions.

Two general approaches are used for measuring the energy of interaction between
water and wood [83,84]. The first is calorimetry, which involves the direct measurement
of heat given off by a process. Various types of calorimetry have been used for study-
ing water in wood, including sorption calorimetry, solution calorimetry, and isothermal
calorimetry [15,84]. Several quantities can be measured. For the absorption process starting
from an initially dry solid and reaching equilibrium moisture content ueq, the integral
enthalpy of sorption refers to the total heat given off, expressed per gram of dry solid. At
a particular value of ueq, the differential enthalpy of sorption ∆sorpH is the derivative of
the integral enthalpy of sorption with respect to ueq; it is also the difference between the
enthalpy of absorbed water in wood at ueq and pure liquid water at the same temperature
(Figure 3). The differential enthalpy is expressed per mole of water or per gram of water
(also known as mixing enthalpy in [84]). The enthalpy of wetting refers to the total heat
given off when a solid starting at some initial ueq is brought to full water saturation; this
quantity is expressed per gram of dry solid.

The second approach involves the analysis of sorption data acquired at multiple
temperatures (Figure 3). Water activity, aw, (or relative humidity) is the ratio of the partial
pressure of water vapor in equilibrium with the material at a constant temperature to the
water vapor saturation pressure (vapor in equilibrium with pure liquid water) at the same
temperature. The natural logarithm of the water activity required to achieve a specified
ueq is plotted versus inverse absolute temperature. The differential enthalpy of sorption,
∆sorpH (J mol−1), for a given ueq can then be calculated by the Clausius-Clapeyron equation:

∆sorpH = R
d ln aw

d(1/T)

∣∣∣∣
ueq

(1)
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where R (8.31446 J mol−1 K−1) is the gas constant and T (K) is the absolute temperature.
Equation (1) relies on the assumption that water vapor can be described by the ideal gas
law and that the molar volume of absorbed water is negligible compared to the molar
volume of water vapor. These assumptions are reasonable approximations below 100 ◦C
but introduce error at higher temperatures. Another limitation of Equation (1) in practice is
that the enthalpy is not independent of temperature over large temperature ranges. For
example, the enthalpy of vaporization of pure water changes by 8% between 25 ◦C and
100 ◦C. It should be noted that the Clausius-Clapeyron equation requires water activity
values at constant ueq, which often necessitates interpolation between measured data.
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In addition to enthalpy values, an important thermodynamic quantity is the Gibbs
energy of sorption, ∆sorpG, expressed per mole of water or per gram of water. This quantity
is the difference between the chemical potential of absorbed water in wood at ueq and pure
liquid water at the same temperature. The Gibbs energy of sorption, ∆sorpG (J mol−1), is
calculated as

∆sorpG = RT ln aw (2)

The Gibbs energy of sorption is negative, indicating that the sorption process is
spontaneous; absorbed water in wood is thermodynamically more favorable than pure
liquid water. As the water activity approaches unity, ∆sorpG goes to zero. The differential
entropy of sorption, ∆sorpS, describes the degree of disorder of absorbed water in wood
relative to pure liquid water. It can be calculated from the general relationship

∆sorpG = ∆sorpH − T∆sorpS (3)

Direct enthalpy measurements of water sorption in wood by calorimetry are scarce
in the literature [6,15,87,88], and most enthalpy values of water sorption in wood are
derived from the Clausius-Clapeyron equation [89–92]. However, the development of
sorption calorimetry [93–95] in the last two decades provides new opportunities for direct
measurements that could improve our understanding of wood-water interactions [84], not
only for native wood but also for modified wood of various kinds.

3.3. Equilibrium Sorption Models

Equilibrium sorption models are often used for predicting the equilibrium moisture
content in specific environments and for the physical interpretation of wood–water in-
teractions. These models describe ueq as a function of temperature and RH. Numerous
models exist in published literature. For instance, van den Berg and Bruin [96] reviewed
77 different models, and multiple models have been developed since then. Various em-
pirical models have been evaluated for goodness of fit to sorption data for wood [97–100].
Other models are derived from theories describing the sorption process in an idealized
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physical system, including well-known models such as the Guggenheim-Anderson-de
Boer (GAB) [101–104], Hailwood-Horrobin [105], and Dent [106] isotherm models. In the
scientific literature, these models are often used to predict properties of wood such as the
monolayer capacity, which is a representation of the number of available sorption sites in
the material. Thybring et al. [107] fitted twelve equilibrium sorption models, including the
GAB, Hailwood-Horrobin, and Dent isotherm models, to high-quality water vapor sorption
isotherm data for wood at multiple temperatures. Physical properties predicted by the
models were compared with independently measured values of hydroxyl accessibility, rela-
tive amounts of primary and secondary water, and differential enthalpy of sorption. None
of the models accurately predicted any of the physical properties. Uncertainty analysis
showed that the disagreement between predicted values and experimental measurements
could not be attributed to experimental error. Therefore, it must be concluded that these
equilibrium sorption models are not valid for water in wood cell walls despite the good fit
they provide. However, these models can be reduced to a common mathematical form

aw

ueq
= Aaw

2 + Baw + C (4)

where A, B, and C are independent fitting parameters. Zelinka et al. [85] suggested that this
“ABC isotherm” can be useful for empirical fitting and is free of the (incorrect) theoretical
frameworks associated with these other models.

Many additional models applied to water vapor sorption in wood were reviewed in
the 1980s [19,98,99]. Although some of these models provide good empirical fits, none
have been independently validated for water sorption in wood. Several models have
since been developed and applied to wood. The excess surface work model [108,109] is
based on a thermodynamic function calculated directly from measured values; however,
interpretation of the model involves the problem described above, that the monolayer
capacity for water in wood obtained from the model is relatively similar to those found
by the GAB, Hailwood-Horrobin, and Dent isotherm models, which do not agree with
independent measurements of hydroxyl accessibility.

The sorption site occupancy model [110,111] is roughly consistent with hydroxyl acces-
sibility measurements, explains the temperature dependence of water sorption isotherms,
and offers a way to quantify sorption hysteresis. Another model uses an equation of state
approach [112] based on balancing chemical, colloidal, and mechanical forces at multiple
length scales using simplified, idealized geometries to represent cell wall polymers; it
explains the temperature dependence of water sorption isotherms and sorption-induced
swelling but does not address sorption hysteresis. While these approaches seem promising,
the sorption data at multiple temperatures used for comparison have been found to be
unreliable [78]. Further development and investigation of these approaches and compar-
ison with reliable independent measurements are needed. In summary, a valid physical
model would correctly account for molecular sorption sites, distinct populations of cell
wall water, and the energy of interaction between water and wood. In addition, it would
elucidate the role of water-induced swelling, glass transition of amorphous polymers, and
sorption hysteresis.

3.4. Over-Hygroscopic Range

Wood in equilibrium with high levels of RH will not only contain cell wall water, but
also capillary water in the macro-void structure, e.g., cell lumina and pit chambers. The
amount of water taken up in the macro-void structure is closely related to the density of
the wood, since lower density corresponds with a larger macro-void volume available for
liquid water. Equilibrium between liquid capillary water and RH is described by the Kelvin
equation [113]:

ln(aw) = −γMwcos θ
RρwT

(
1
r1

+
1
r2

)
(5)
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where aw (−) is water activity (or equilibrium RH), γ (N m−1) is the surface tension of water,
Mw (0.018 kg mol−1) is the molar mass of water, θ (rad) is the contact angle, ρw (kg m−3)
is the density of water, and r1 and r2 (m) are the two principal radii of curvature of the
vapor-liquid interface. For a slit-shaped void r2 = ∞, whereas for a cylindrical void r1 = r2.

Liquid water in capillaries can thus be in equilibrium with relative humidity levels
less than 100% if the water-containing void is smaller than the size defined by the principal
radii of curvature. If this condition is met, capillary water will arise in porous materials
by capillary condensation, i.e., water vapor will condense to liquid water in the voids.
The higher the RH, the larger voids can contain capillary water in equilibrium with the
surrounding climate. The voids in the wood structure are predominantly found in the
micrometer range, and therefore equilibrium between capillary water in these voids and
RH is only found at very high levels of humidity above 99% RH [26,114].

Investigating equilibrium states in the over-hygroscopic moisture range requires differ-
ent experimental techniques for moisture conditioning than in the hygroscopic range. This
is because of the difficulties in maintaining stable humidity conditions close to saturation
which cannot be achieved with conventional moisture conditioning methods such as satu-
rated salt solutions [26,78]. Instead, the pressure plate and pressure membrane techniques
are needed, which were originally developed for use in soil science. The two techniques
rely on the control of the curvature of water menisci by an applied pressure to produce a
specific very high RH which is related to the applied pressure by:

ln(aw) = −Mw∆P
RTρw

(6)

where ∆P is the pressure relative to the atmospheric pressure (Pa). The maximum pressure
in the pressure plate technique is around 15 bar which corresponds with 98.9% RH at 20 ◦C,
whereas the pressure membrane technique can handle applied pressures up to 100 bar
corresponding with around 92.9% RH [26]. In order to construct sorption isotherms in the
over-hygroscopic moisture range, specimens are conditioned to several levels of pressure
(relative humidity) and their equilibrium mass is determined.

4. Fiber Saturation Point and Maximum Cell Wall Moisture Content

The “fiber saturation point” (or FSP) is an important concept in wood-moisture re-
lations. Despite its practical and theoretical importance, there is little consensus in the
wood literature about how the FSP should be defined and measured. Below, we discuss the
original definition of the fiber saturation point and how this definition may be partially
responsible for the lack of consensus in the literature.

4.1. Original Definition of the Fiber Saturation Point

FSP was originally defined by Tiemann in 1906 [4] who examined the effect of moisture
on the strength and stiffness of wood. Tiemann observed that the crushing strength of
wood did not depend upon moisture content above a certain value. Below this threshold of
moisture content, the strength became moisture-dependent. Tiemann used this observed
threshold in the crushing strength to define FSP in the following words,

“In drying out a piece of wet wood, since the free water must evidently evaporate
before the absorbed moisture in the cell walls can begin to dry out, there will be a
period during which the strength remains constant although varying degrees of
moisture are indicated. But just as soon as the free water has disappeared and the
cell walls begin to dry the strength will begin to increase. This point I designate
the fiber-saturation point.”

These three sentences were the first description of the FSP and they have been in-
terpreted and reinterpreted many ways throughout the wood literature. Importantly, it
should be noted that Tiemann’s definition actually describes three different states and
implicitly assumes that they are found at the same moisture content. He describes a state
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at which the strength begins to change with decreasing moisture content. This is what
he observed in his experiment. Tiemann’s definition of the FSP assumes that the state
at which property changes begin represents the same state where no capillary water is
present in the wood as well as the state where the cell walls are fully saturated. Since the
work of Tiemann over 100 years ago, it has been shown experimentally that the moisture
content at which physical properties, such as dimensions, begin to change is not the same
moisture content at which the cell walls are fully saturated [114–117]. Therefore, it must
be concluded that the fiber saturation point as Tiemann described it cannot actually exist.
However, the FSP is often measured and reported for different wood species and wood
modifications. Not surprisingly, there is a wide range of reported FSPs and many proposed
measurement techniques.

4.2. Subsequent Interpretations of the Fiber Saturation Point

Many different methods have been used to determine FSP. Each of these methods
contains implicit assumptions about what the FSP is since the definition is not consistent.
Tiemann based his FSP of observations on the strength of wood. However, many wood
properties exhibit a change in behavior around a given moisture content. Researchers
have determined the FSP from strength or stiffness [4,118], dimensional changes [119,120],
and electrical conductivity [121–123]. These techniques focused on the part of Tiemann’s
definition, which describes a change in property. Hence, in these studies, the FSP was
identified as the moisture content at the intersection point between the moisture content
range in which the physical property changes and the range in which it is constant, as
illustrated in Figure 4a.
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In contrast, other methods focused on measuring the saturation moisture content
of the wood cell wall, which was invoked in Tiemann’s speculative explanation. These
methods include DSC [124–127], low-field NMR relaxometry [128–132], and solute ex-
clusion [126,133–135]. In these methods, a fully water-saturated sample at its maximum
moisture content is normally used. All three methods calculate the amount of capillary
water in the sample, and by subtracting this quantity from the total moisture content, the
cell wall moisture content can be determined. If the wood is fully water-saturated, these
techniques determine the maximum cell wall moisture content, as illustrated in Figure 4b.
Some of the techniques can also measure the cell wall moisture content in non-saturated
states, e.g., DSC and low-field NMR, and determine the amount of capillary water present.
Hereby, the state hypothesized by Tiemann where capillary water first appears in significant
amounts could be determined (Figure 4b). However, this requires careful conditioning of
samples to avoid moisture gradients which would give erroneous results.
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4.3. Maximum Cell Wall Moisture Content

The previous sections highlight the complications with using the term “fiber saturation
point”. The original definition contained an implicit equivalence between three states of
water in wood that was later shown to be incorrect. Therefore, it is necessary to distinguish
between the intersection point for property changes and the maximum cell wall moisture
content. For clarity, if it is the cell wall moisture content in the water-saturated state
that is measured by e.g., DSC, low field NMR, or solute exclusion, it is advantageous to
consistently call this moisture content “the maximum cell wall moisture content”. The
use of the term “FSP” should perhaps be reserved for measurements related to changes in
mechanical properties and dimensions to avoid further confusion.

5. Moisture-Induced Shrinkage and Swelling

Shrinkage and swelling can refer to a change in volume or a change in a single dimen-
sion (e.g., length in the radial, tangential, or longitudinal direction). Swelling is defined as
the change in volume or length relative to the value in the dry state, whereas shrinkage is
defined as the change in volume or length relative to the value in the water-saturated state.
When water is absorbed by the cell wall, the wood swells, and when water is removed
from the cell wall, the wood shrinks. In the dry state, the wood cell walls are virtually
non-porous [136–138]. Therefore, the absorption of water molecules in the cell walls creates
nano-pores [139] and causes an expansion of the material (swelling). Subsequent desorp-
tion of water causes the nano-pores to collapse and results in a contraction (shrinkage). The
following sections discuss the physical mechanisms involved in shrinkage and swelling on
multiple scales and its anisotropy.

5.1. Shrinkage and Swelling on Multiple Scales

Shrinkage and swelling can be observed on all length scales of wood, from the nano-
scale to the bulk scale. For bulk wood, the dimensional changes are approximately linearly
correlated with moisture content in the range from 0.05 g g−1 to 0.25–0.30 g g−1 [140–142]. In
the over-hygroscopic range, the uptake of water occurs simultaneously in the cell walls and
macro-void structure, but only uptake in cell walls causes dimensional changes. Therefore,
shrinkage and swelling as a function of moisture content decrease in the over-hygroscopic
range as the capillary water becomes increasingly dominant, and the dimensional changes
eventually diminish at moisture contents above 0.40–0.45 g g−1 [140–142].

On the nano-scale, swelling results in an increased distance between the cellulose
microfibrils, since water molecules do not penetrate the interior of these [52,143]. How-
ever, the forces generated within the cell wall during shrinkage and swelling will cause
deformation of the microfibrils [144,145] (Figure 5e,f).
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Figure 5. Multiple phenomena involved in the swelling of wood from macro-scale to nano-scale. On
the macro-scale, bulk wood exhibits swelling hysteresis (a) which results in differences in dimensions
at similar moisture contents depending on moisture history (arrows show sorption direction). On the
micro-scale, the dominant microfibrillar orientation (b), i.e., the microfibril angle, affects the swelling
in different directions of the cell (illustrated by the tangential and longitudinal swelling), and the
interaction between earlywood tissue and stiffer latewood tissue affects the swelling in the tangential
(c) and radial (d) directions. On the nano-scale, swelling stresses arising from changes in moisture
content cause deformation of the cellulose microfibrils in the axial (e) and transverse (f) directions.
Experimental data: (a) spruce [146], (b) Radiata pine [147], (c,d) Norway spruce [148], (e,f) Norway
spruce [144]. Note that swelling data in (b) are calculated from data for the total shrinkage from
green to oven-dry conditions, whereas swelling data in (c,d) are reported relative to the dimensions
in equilibrium with 25% RH and not to those in the dry state.

5.2. Anisotropy in Shrinkage and Swelling

The various anatomical directions of wood do not expand or contract equally; in
fact, wood exhibits significant swelling anisotropy, i.e., differences in swelling between
different material directions. In the longitudinal direction of wood, the dimensional changes
are typically much smaller than in the radial and tangential directions (Figure 5a). The
reason for the smaller changes in the longitudinal direction is the orientation of the cellulose
microfibrils. The majority of the cellulose microfibrils are oriented with only a small angle to
the longitudinal direction, which has a stiffening effect. This angle between the longitudinal
direction and the orientation of the microfibrils is called the microfibril angle (MFA). Some
wood cells, e.g., compression wood in softwoods or juvenile wood, have a larger MFA than
normal mature wood (Figure 5b). These wood cells have larger dimensional changes in
the longitudinal direction, but smaller dimensional changes in the radial and tangential
directions because of increased stiffening from the microfibrils [147,149,150].
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Swelling anisotropy cannot be understood from microfibrillar orientation alone.
Swelling and shrinkage also differ between the radial and tangential directions with the
tangential swelling being about twice as large as the radial. This swelling anisotropy is
observed on several length scales, from isolated micro-pillars of cell wall material [151] to
isolated tissues of early- and latewood [148,152,153] to bulk wood [154,155]. On the cell
wall scale, the arrangement of the microfibrils in concentric lamellas [156] might cause the
swelling anisotropy observed for isolated cell wall material. However, this cannot explain
why the swelling in thickness of tangential cell walls is about twice as high as in radial cell
walls [157–159].

On the tissue scale, isolated material of earlywood exhibits a larger anisotropy than
isolated latewood [148,152,153,159,160] (Figure 5c,d). This could be a result of a stiffening
effect from the radially aligned ray cells which are relatively stiffer compared with ear-
lywood than with latewood tissue [152,160]. When placed adjacent to each other in bulk
wood, the shrinkage and swelling of earlywood and the relatively stiffer latewood will
interact and affect the overall swelling anisotropy [148,152,158] (Figure 5c,d). Thus, there
are structural organisations and differences in mechanical stiffness between wood elements
(cell wall biopolymers, cell wall layers, tissue types, etc.) that can affect the dimensional
changes on multiple length scales. This complicates the study of dimensional changes
induced by water and the analysis of the fundamental mechanical and other physical
causes controlling it [161].

5.3. Changing Shrinkage and Swelling by Modification

To further study the underlying mechanisms controlling swelling and its anisotropy, it
is possible to use wood modification as a tool to tune the cell wall properties [53]. Since the
cell wall mechanics and hereby the swelling of wood depend on the cell wall chemistry,
modification can affect both of these. One of the initial targets of wood modification was to
create a more dimensionally stable material [162]. Therefore, a lot of the modifications that
limit the available space for water within cell walls exhibit smaller dimensional changes
as a result of reduced water uptake. However, it is also possible to modify the internal
space for water in cell walls by selective removal of cell wall components [133] or thermal
modification [163]. For the latter, swelling depends on the process conditions, which can
be tuned to either increase or decrease swelling by controlling the extent of cross-linking
reactions during modification [163]. Cross-linking affects the cell wall stiffness and limits
stress relaxation, which can also be achieved by chemical reaction of hydroxyls with for
example glyoxal or glutaraldehyde [164]. Thus, the swelling of the cell wall material can be
manipulated by tuning properties such as the cell wall mechanics and internal space for
water, even while increasing the hydroxyl accessibility of the modified cell walls [165].

6. Moisture History Dependence

One of the complexities of studying water in wood is that the moisture state of wood
is path-dependent, i.e., the state depends on the moisture history. Thus, the moisture
content in equilibrium with a specific RH depends not just upon the level of RH, but
also on whether the wood approached equilibrium by desorption from a higher RH or
by absorption from a lower RH. This path dependence, called sorption hysteresis, is also
observed in porous materials that do not swell with changes in moisture content. Moreover,
wood appears to exhibit swelling hysteresis on the bulk scale, i.e., its volumetric changes
with moisture depend on whether equilibrium is reached by absorption or desorption. The
following sections discuss the underlying mechanisms behind sorption hysteresis in the
entire moisture range and important methodological aspects for investigating sorption
hysteresis and hysteresis models, as well as swelling hysteresis.

6.1. Sorption Hysteresis

Although sorption hysteresis is observed throughout the whole moisture range, the
mechanisms that give rise to it are different for cell wall water and capillary water.
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Sorption hysteresis in the wood cell walls in the hygroscopic region is widely acknowl-
edged in the wood literature, but the exact mechanisms of hysteresis remain elusive. In
the past decade, several different theories have been proposed. Hill et al. [166] suggested
that the equilibrium moisture contents were the result of a glass transition in certain wood
polymers at higher moisture contents. In this framework, rubbery polymers allow redis-
tribution of moisture, further allowing more available hydroxyl groups. Chen et al. [69]
used molecular dynamic simulations to examine hysteresis and found that the hydrogen
bond network and cellulose energy landscapes are different in absorption and desorption.
Engelund et al. [17] also hypothesized that the energy state was different in absorption and
desorption, and attributed these differences to a mechano-sorptive effect where mechanical
constraints caused by swelling affect the equilibrium moisture content.

The mechanism of sorption hysteresis in liquid (capillary) water is relatively well
understood, yet there is little data on its magnitude. Capillary absorption is governed
by the Kelvin equation, see Equation (5), which is a relationship between the radius of
curvature of the vapor-liquid interface and the equilibrium RH [26,59] (Section 3.4). Given
that many of the smallest pores in wood outside of the cell wall are on the order of 1 µm in
radius, capillary condensation only contributes appreciably to the wood moisture content
above 99% RH [167]. The Kelvin equation predicts that porous materials, including wood,
will exhibit hysteresis at high levels of RH when a large pore has a small opening. This
is the case in wood where lumina with large radii (greater than 10 µm) are connected to
other cell lumina through bordered pits. This phenomenon is called the “ink bottle effect”
and has been widely studied [168–170]. Given that most of the pore volume in wood is
comprised of cell lumina connected with small bottleneck openings, the magnitude of the
sorption hysteresis is much greater in the over-hygroscopic region than in the hygroscopic
region [26].

Measuring hysteresis in the over-hygroscopic range is more complicated than collect-
ing a hygroscopic sorption isotherm (Section 3.4), and less data are therefore available in
the literature [168]. Fredriksson and Thybring did absorption and desorption pressure
plate measurements and looked at hysteresis in the over-hygroscopic range [114]. However,
because of methodological aspects, thin samples were used which allowed full access
to all tracheids and eliminated the ink-bottle effects from lumen-to-lumen moisture flow
through bordered pits. Hence, the focus of the study was on hysteresis in cell wall moisture
content while the magnitude of the hysteresis in capillary water was underestimated in
these measurements.

6.2. Care When Measuring Desorption Isotherms

One important aspect of sorption hysteresis involves the collection of desorption
isotherms. Currently, most reported water vapor sorption data use an automated sorption
balance (often referred to as dynamic vapor sorption or DVS) [77,81,82]. These measure-
ments are performed with an instrument where a sample is exposed to a constant flow of
gas with a known RH while the mass is continuously recorded. Such instruments allow
researchers to collect data in the hygroscopic regime (0%–95% RH) very easily. Typically,
these measurements present data collected in 5% or 10% RH steps, beginning with 0% RH,
increasing to 90% or 95% RH, and then decreasing the RH over the same steps until 0%
RH is reached. The data from increasing steps are plotted as the absorption curve and the
data collected starting at 95% (or 90%) are labeled as the desorption isotherm. However,
since the cell walls are not fully saturated in this moisture range [26,114], the desorption
isotherm collected from 0%–95%–0% RH is not the same as an isotherm collected from a
fully water-saturated state [114], as shown in Figure 6a. As a result, sorption hysteresis is
underestimated, especially at higher humidity levels: at 90% RH the difference in moisture
content can be as much as 0.02 g g−1 [114] (Figure 6b).

Therefore, while the desorption isotherms collected using automated sorption balances
are often reported as “desorption” measurements, it should be understood that they are
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technically scanning desorption measurements, and the boundary desorption curve will lie
above the desorption curve collected in this manner (Figure 6a).

Another important consideration for collecting desorption isotherms concerns com-
paring the desorption of kiln-dried or oven-dried wood to green wood. For many years, the
wood science literature stated that the first (initial) desorption caused an irreversible loss of
hygroscopicity (see for example [171]). In other words, once a piece of green lumber was
dried, its desorption isotherm could never again approach the initial desorption isotherm.
This assertion in the literature points back to the work of Spalt [172] who found differences
in sorption isotherms above 70% RH in the initial and subsequent desorption cycles. How-
ever, careful work by Hoffmeyer et al. [173] showed with several different experimental
techniques that if the samples are properly rehydrated to full saturation using pressure and
vacuum cycles, it is possible to recreate the initial desorption isotherm. Therefore, the most
recent research on this topic suggests that these apparent differences are an artifact of the
measurement techniques used in early experiments on the topic.
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6.3. Sorption Hysteresis Models for Wood

Several researchers have developed numeric models for sorption hysteresis in wood.
These models can be used in hygrothermal (heat and moisture) or HAM (heat, air, and
moisture) models that predict wood moisture content in buildings in response to the
environment [175–177]. Many of the models can be traced back to fundamental work in the
1950s by Everett who developed a model for all materials that exhibit sorption hysteretic
behavior [178]. The independent domain framework developed by Everett was further
advanced by Peralta in the 1990s [179,180]. Since that time several new hysteretic models
have been developed [181,182]. While these models of hysteresis may improve the accuracy
of hygrothermal or HAM models, they were developed based upon isotherms collected in
the hygroscopic region and do not account for the large difference between absorption and
desorption isotherms in the over-hygroscopic region.

6.4. Swelling Hysteresis

The equilibrium moisture content of wood under specific climatic conditions can vary
as a result of sorption hysteresis. From this follows that the wood volume under similar cli-
matic conditions can vary as a result of the moisture history. However, the swelling of wood
on the bulk scale can differ slightly at similar moisture content, for the same piece of wood,
depending on whether equilibrium is reached by absorption or desorption [146,183–186]
(Figure 5a). The difference in swelling is small and sometimes not observed [187]. Swelling
hysteresis is also hardly seen on the tissue scale when wood swelling is studied with
X-ray tomography [148,188] (Figure 5c,d). Similarly, at the nano-scale there appears to
be no swelling hysteresis in the deformation of cellulose microfibrils [144] (Figure 5e,f).
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Therefore, the phenomenon of swelling hysteresis might only arise on the bulk scale from
yet-unknown effects.

7. Transport of Water in Wood

Water transport in wood occurs by several pathways, depending on the phase of water
and location within the wood structure, as illustrated in Figure 7. Transport of water in
wood can therefore be divided into water vapor diffusion, cell wall water diffusion, and
capillary water transport. Diffusion refers to a net flow of mass caused by random molecular
motions. Diffusion can occur in the vapor phase and within the wood cell wall. At constant
temperature, the overall diffusion of water through wood in the hygroscopic range can be
described mathematically in terms of the gradient in various assumed potentials, including
concentration, moisture content, vapor pressure, relative humidity, chemical potential,
osmotic pressure, and spreading pressure [189,190]. Transport of water by diffusion is
often described by Fick’s law [191,192] which relates the flux of water to the gradient
in potential and a coefficient describing the ability of the diffusing substance to move
within the material. For steady-state conditions with constant gradient, the relationship is
described by

J = Dα
dα
dx

(7)

where J (kg m−2 s−1) is the flux of water, x (m) is the distance in the direction of the flux, α
is the driving potential for transport, and Dα is the diffusion coefficient corresponding to
that specific potential. Thus, the flux depends on both the gradient in driving potential,
dα/dx, and the diffusion coefficient which is a material property.
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Figure 7. Transport of water in wood. The porous, macro-void structure (lumina, pits, etc.) facilitates
the transport of both water vapor by diffusion and liquid water by capillary action (wetting). Cell
wall water is transported in the solid cell walls by diffusion (not shown). There is a continuous
exchange of water molecules at the interface between cell walls and macro-voids, here exemplified
by the exchange between vapor and cell wall water.

A difference in potential, e.g., in vapor pressure, results in water being transported
from the side with high vapor pressure to the side with lower vapor pressure. However,
also in the absence of gradients, water molecules are in continuous motion, but there is no
net migration. When a temperature gradient is present, the situation is more complex and
mathematical description of diffusion may involve multiple potentials [189]. However, an
analysis of non-isothermal water vapor diffusion in porous building materials found that
using vapor pressure alone as the driving potential is sufficient [193].

Liquid water transport is usually described by Darcy’s law [194] which is of similar
mathematical form as Fick’s law for steady-state conditions:

J = ρw
k
µ

∆
dp
dx

(8)
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where J (kg m−2 s−1) is the flux of water, x (m) is the distance in the direction of the flux, p
(Pa) is pressure, k (m2) is material permeability, ρw (kg m−3) is water density, and µ (Pa s)
is the dynamic viscosity of liquid water.

Although water vapor diffusion, cell wall water diffusion, and capillary water trans-
port are described in separate sections below, these should not be viewed as isolated
processes because they are usually coupled. In the hygroscopic range, water molecules
continuously exchange between the vapor phase and the cell wall by absorption and des-
orption (Section 8); see Figure 7. In the over-hygroscopic range, continuous exchange
occurs among water vapor, cell wall water, and capillary water. For both diffusion and
capillary water transport, there are differences in the longitudinal, radial, and tangential
directions. This is further discussed in each of the subsections below.

7.1. Water Vapor Diffusion in the Macro-Void Structure

The rate of water vapor diffusion through still air (without convection) depends on
the speed of molecular translational motion and the mean free path between collisions of
water molecules with other molecules, including nitrogen, oxygen, carbon dioxide, etc.
The mean free path depends on the total air pressure: the lower the pressure, the greater
the mean free path. At constant pressure, the rate of diffusion increases with temperature
because of the greater mean molecular speed.

The dominant cells in softwoods are axial tracheids, which contain long tubular macro-
voids (cell lumina) oriented in the longitudinal direction. In hardwoods, the dominant cells
are vessels and fiber tracheids, which are also oriented in the longitudinal direction. Due to
the fact that the length is generally much greater than the diameter, these voids present a
greater continuous pathway for water vapor diffusion in the longitudinal direction than in
the radial and tangential directions (see Figure 7). Ray cells offer a similar pathway in the
radial direction but make up a small percentage of the cross-sectional area. Measurements
generally indicate faster rates of water vapor transmission in the longitudinal direction
than in the radial and tangential directions [195–201].

In addition to direction, the diffusion of water vapor through wood depends on the
connectivity of the void structure. The pathway of least resistance between adjacent cells
is through pits. Bordered pits are the most important type of pits for fluid transport in
softwoods because they connect conducting tracheid cells [202]. If the pits are not aspirated,
molecules can diffuse through voids between microfibrillar strands that form the margo of
the pit membrane. However, in aspirated pits, the torus blocks the direct passage of water
molecules in the vapor phase, thus increasing the resistance to transport. To cross the torus,
water molecules must adsorb from the vapor phase on one surface of the torus, diffuse
through the torus, and desorb into the vapor phase from the opposite surface.

7.2. Diffusion of Water in the Cell Wall

Molecular dynamics simulations of absorbed water in model polymer systems includ-
ing amorphous cellulose, amorphous hemicellulose, and a composite of ordered cellulose
with hemicellulose, indicate that water diffusion coefficients increase approximately expo-
nentially with water content [203,204]. These studies find that water molecules are either
stationary, where they form hydrogen bonds with polymer hydroxyl groups, or undergoing
translational movement. As the moisture content increases, several phenomena give rise to
an increase in water mobility: the polymer systems swell with an accompanying increase in
porosity, the tortuosity of the environment for water movement decreases, the connectivity
between water molecules increases, and the activation energy needed to break a hydro-
gen bond at a polymer sorption site decreases [203,204]. These phenomena in molecular
dynamics simulations are consistent with measurements indicating that water softens the
polymers in the wood cell wall [70] and that the strength of interaction between water and
cell wall polymers decreases as moisture content increases [15,83,84,87,89] (Section 3.2).
Furthermore, diffusion coefficients measured with NMR for absorbed water in cellulose
fibers increase exponentially with moisture content [205].
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The diffusion of water in the wood cell wall is challenging to measure on its own,
given the couplings with water vapor and capillary water in the macro-void structure.
Stamm [206,207] attempted to isolate cell wall water diffusion by filling the voids with
a metal alloy of low melting point. It is not clear whether the diffusion measurements
represent cell wall water alone given that the alloy did not completely fill the voids. An
additional difficulty is that the alloy could have restrained the swelling of the cell wall. As
an alternative, Thybring and Fredriksson [53] suggested filling the voids with hydrophobic,
flexible polymers grafted to cell wall surfaces by chemical modification [208,209]. Despite
the uncertainties of Stamm’s data, his measured diffusion coefficients increased exponen-
tially with moisture content, a trend that is consistent with molecular dynamics simulations
and NMR measurements as discussed above. The diffusion coefficients measured by Stamm
were greater in the longitudinal direction than in the transverse direction. Additionally, the
logarithm of the diffusion coefficients varied linearly with inverse absolute temperature,
indicating that the diffusion process requires energy to overcome an activation barrier
(such as Arrhenius kinetics). Stamm [210,211] observed the same trends with moisture
content and temperature for water diffusion in thin films of regenerated cellulose based on
steady-state transmission and time-dependent vapor sorption measurements.

7.3. Liquid Water Transport in the Macro-Void Structure

In the over-hygroscopic range, liquid water is present in the macro-void structure
(Section 2.2). The flow of liquid water is driven by a gradient in capillary pressure. In some
cases, capillary uptake has the same dependence on the square root of time as diffusion,
and out of convenience liquid water transport is often described mathematically by Fick’s
law, Equation (7), with a diffusion coefficient even though it is not a diffusive phenomenon.
The proper term for quantifying liquid transport is permeability, which describes the rate at
which a fluid flows through a porous material under a pressure gradient; see Equation (8).

Liquid water flow in wood requires the void structure to be connected, for example
through bordered pits in softwoods (Figure 7). Given the structure and orientation of the
dominant cells, liquid water transport is much faster in the longitudinal direction than in the
radial and tangential directions [212,213] as for water vapor diffusion (Section 7.1). Different
wood species vary considerably in liquid water permeability [212,214], and within a given
species, liquid water permeability is usually greater in sapwood than heartwood because
the latter has a higher degree of pit aspiration and encrustation with extractives [213].

In softwoods, the dominant cell types are axial tracheids oriented longitudinally and
ray cells oriented radially. In the longitudinal direction, liquid water transport is faster in
the latewood than in the earlywood, giving rise to non-uniform profiles [214–217]. This
is generally attributed to latewood cells being more interconnected, as the degree of pit
aspiration in latewood is less than that in earlywood [218,219] because of the thicker
cell walls and more rigid pit membranes. Additionally, the voids in latewood cells are
narrower than the voids in earlywood cells, causing a larger capillary pressure difference.
The structure of hardwoods is more complex and varied than that of softwoods. In the
longitudinal direction, liquid flow is primarily through the vessels. Here, liquid water
permeability depends on whether tyloses are present [220].

The imbibition of water in wood is often quantified by the water absorption coefficient,
which is determined from the slope of a plot of water uptake vs. the square root of time.
For many materials, such data are bi-linear, and the capillary absorption coefficient is
evaluated from the slope of the initial part of the curve. However, water uptake in wood
is often non-linear [195,197,214,216,217] which makes the evaluation less straightforward.
Non-linearity may be a result of different rates of liquid water transport in latewood and
earlywood, as discussed above. Additionally, multiphase transport occurs in wood, and the
cell wall moisture content has been observed to increase spatially well ahead of the capillary
water [221,222]. When using a non-swelling liquid instead of water, a linear behavior is
observed also for wood [195], indicating that the non-linear behavior is related to water
uptake of the cell walls.
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7.4. Models for Multi-Phase Transport

The fact that water in wood is transported in multiple phases which individually
are described by different transport equations, and with a constant exchange between
phases, makes modeling complex. Several approaches have been used to try to simplify
the mathematical description of the phenomenon. Steady-state transport of water, i.e., with
a constant gradient, can be captured with a single diffusion coefficient. This, however, does
not provide any understanding of the underlying transport pathways and their magnitude.
Some studies have therefore tried to understand differences in water transport between
anatomical directions by combining transport equations for different phases. An early
theoretical attempt to account for the different pathways for diffusion of water vapor and
cell wall water was an electrical circuit analogy involving series or parallel resistances
based on the approximate anatomy of softwood axial tracheids [223].

For transient cases where the moisture content changes over time, the use of a single
Fickian equation to describe isothermal water transport in wood breaks down. This is
for instance seen by differences in calculated diffusion coefficients with specimen thick-
ness, sorption direction (ab-/desorption), and between steady-state and transient condi-
tions [224–228]. Instead, several studies have used two Fickian equations to describe the
diffusion of water vapor and cell wall water separately together with a coupling term that
describes the exchange between phases [229–233]. These studies, however, only considered
water transport in cases without liquid water present.

Modeling of liquid water transport has practical relevance for wood drying after
harvesting, treatment of wood by preservatives or chemical modification agents, as well as
for the performance of wood structures, and several models have attempted to describe
this. Krabbenhøft and Damkilde [234] tried to separate the transport in the three phases by
three Fickian equations, some of which had coupling terms but highlighted the difficulty in
obtaining all needed material parameters for such an approach.

Recently, Autengruber and co-workers [235] attempted a physical description of the
combined transport of both water vapor and cell wall water described by Fickian equations,
Equation (7), and liquid water transport described by Darcy’s law, Equation (8), including
the continuous exchange between phases. The developed model was able to describe
observations from multiple experimental studies in the literature. However, as for the
study by Krabbenhøft and Damkilde [234], a large number of model parameters need to be
determined and validated experimentally.

8. Water Vapor Sorption Kinetics in the Cell Wall

Sorption kinetics describes the path to moisture equilibrium. For larger wood speci-
mens, the approach to moisture equilibrium involves moisture transport both in the porous
microstructure and cell walls (Section 7). However, this section focuses on sorption kinetics
in the cell walls, i.e., the approach to moisture equilibrium between cell walls and the
local, surrounding climate. Sorption kinetics are typically investigated gravimetrically
on small specimens by the same experimental techniques used to characterize moisture
equilibrium (Section 3).

A common parameter for describing the approach to moisture equilibrium is the
fractional change in moisture content, E, given by

E(t) =
u(t)− u0

ueq − u0
(9)

where u(t) (g g−1) is the moisture content at time t (s), u0 (g g−1) is the initial moisture
content at t = 0, and ueq (g g−1) is the final moisture content at equilibrium. Since sorption
kinetic data are collected by the same gravimetric technique as equilibrium measurements,
many of the same concerns about the reliability and data quality of equilibrium measure-
ments (Section 3.1) apply to kinetic data as well. For instance, the correct identification
of the final equilibrium state of the wood, i.e., ueq in Equation (9), affects the analysis
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and interpretation of the sorption kinetics (Section 8.2). The following sections discuss
the physical mechanisms of sorption kinetics as well as models and methods to analyze
sorption kinetic data.

8.1. Physical Phenomena Involved in Sorption Kinetics

Water sorption in wood involves several physical phenomena resulting in complex be-
havior. For instance, water sorption causes an increase of stresses from shrinkage/swelling
and subsequent stress relaxation (Section 5), temperature changes from the uptake/release
of heat (Section 3.2), as well as diffusion of cell wall water between the interior and surface
of the cell walls (Section 7.2). Moreover, the internal state of the amorphous wood polymers,
hemicelluloses, and lignin, may change during moisture sorption if these polymers pass
their glass transition temperature (also termed “softening point”). Finally, the experimental
conditions may affect the observed sorption kinetics, because of the external resistance to
vapor transfer in the thin stagnant air layer close to the material surfaces. The thickness of
this layer depends on the flow of water vapor across the surfaces which again depends on
the experimental setup [236,237]. The effect on the kinetic measurements is particularly
relevant for experiments with thin specimens, where neglecting the external resistance can
lead to significant underestimations of the actual sorption kinetics of the specimen [236].

Internal stresses from shrinkage and swelling arise from the mechanical constraints of
the stiff cellulose microfibrils (Section 5), and reducing these will cause a slightly higher
moisture content under similar environmental conditions [238]. Over time, the viscoelastic
properties of the cell wall material will result in stress relaxation, gradually decreasing
the internal stresses. The effect of internal stresses on the sorption kinetics can be seen in
the experimental results of Christensen and co-workers [238–241] performed in a vacuum
sorption balance. For instance, the rate of absorption was shown to depend positively on
the size of the increase in RH [239] which corresponds with larger internal stresses. On the
other hand, increasing the stress relaxation time by keeping wood specimens longer at 53%
RH prior to an increase in RH was found to reduce the rate of sorption [241].

Water sorption changes the temperature of the surface at which water molecules
change phases between vapor and cell wall water. This causes a change in the RH at
the surface because the saturation vapor pressure depends on the temperature. As a
result, the temperature change will affect the driving potential for moisture transfer at
the surface [242,243]. The effect of temperature changes on the rate of sorption is difficult
to gauge from the experimental data available in the literature since detailed data on
surface temperatures is very rarely reported. This presents a current barrier to a deeper
understanding of how temperature changes affect sorption kinetics.

Diffusion of cell wall water plays a role only at lower moisture contents [239]. Thus,
in a series of experiments in a vacuum sorption balance, Christensen [239] found that for
thin wood specimens, with a tangential thickness between 20 µm and 3 mm, the sorption
rate did not depend on thickness above 60% RH. Since these experiments were performed
in a vacuum, the external resistance to moisture transfer was removed. Below 60% RH, the
sorption rate was affected by specimen thickness indicating an effect of diffusion of cell
wall water.

The internal state of the wood polymers is not a direct mechanism to explain sorption
kinetics; however, it is a parameter that may affect other mechanisms [70]. At low moisture
contents, the amorphous wood polymers, hemicelluloses and lignin, are in a “glassy” state
characterized by low mobility. As the moisture content increases, water molecules break
internal hydrogen bonds between wood polymers, thereby increasing the probability for
polymer fragments to re-orient [244]. At room temperature, the hemicelluloses will reach
their glass transition (softening point) around 0.1–0.2 g g−1 moisture content corresponding
with 55%–90% RH [70,77] in which range the polymer mobility will increase markedly.
Lignin, on the other hand, will only soften at temperatures above 50 ◦C at high moisture
contents [70,77]. Softening of amorphous wood polymers will increase the diffusion of
cell wall water [70] as well as increase the rate of stress relaxation [245], thus affecting



Forests 2022, 13, 2051 21 of 30

other physical phenomena involved in sorption kinetics. It is, therefore, difficult to link the
internal state of the wood polymer directly to specific sorption kinetic behavior.

8.2. Sorption Kinetic Models

A variety of theoretical models have been developed to explain sorption kinetics
in wood and other cellulosic materials [229,242,246–248]. Sorption kinetics in wood is
often claimed to exhibit exponential behavior [249–253] similar to many other physical
phenomena such as first-order chemical reactions and radioactive decay. Therefore, many
of the sorption kinetic models are found in the same family of exponential functions [254]
described by

E =
u(t)− u0

ueq − u0
= 1 −

N

∑
n=1

An exp
(
− t
τn

)
(10)

where t (s) is time, N is the number of exponential components in the model, τn (s) is the
characteristic relaxation time of the nth exponential component, and An (−) is the relative
weight of this component.

Many sorption kinetic models have been claimed to fit well with experimental data,
indicating the possibility that the models capture the physical mechanisms governing
sorption. For instance, the popular Parallel Exponential Kinetics (PEK) model [246], N = 2
in Equation (10), is often found to provide fits with high goodness-of-fit, R2, in studies
using automated sorption balances [255–257]. However, the fits in these studies were
performed on sorption data that was interrupted before equilibrium when a certain mass
stability criterion was met. This is problematic since the PEK model only fits well when
sorption is interrupted by a loose stability criterion resulting in a relatively short hold time
under constant environmental conditions [258]. Thus, the fit of the PEK model becomes
poorer and poorer as the data acquisition time increases with stricter mass stability crite-
ria [258], highlighting the importance of appropriate experimental protocols for sorption
kinetic studies.

A novel methodology for analyzing sorption kinetic data without relying on a spe-
cific model was introduced by Glass and co-workers [254,258]. They suggested using
multi-exponential decay analysis (MEDEA) as often done in NMR relaxometry. The fun-
damental assumption is that sorption kinetics exhibit exponential behavior as described
by Equation (10), but otherwise, no model-specific constraints about the number of expo-
nential components or their relative weights are introduced. While this approach cannot
elucidate the fundamental physical mechanisms involved in sorption, it provides a robust
description of the dominant time scales of sorption kinetics. Hereby, the methodology can
act as a tool to evaluate theoretical sorption kinetic models. Each of these models has a
specific “fingerprint”, i.e., a combination of a number of exponential components with
specific relaxation times and relative weights. For instance, the popular PEK model has
two exponential components, i.e., N = 2 in Equation (10), whereas the Fickian diffusion
model can be described by an infinite sum of exponentials with one component dominating
at a long relaxation time and an infinite series of shorter relaxation times with rapidly
diminishing weights [254]. The fingerprints of these models can thus be compared with the
fingerprint derived from the experimental sorption kinetic data by MEDEA, as shown in
Figure 8. This allows a test of how well the models capture the fundamental nature of the
experimental data.

Unfortunately, none of the available theoretical models are able to describe the ex-
perimental data for wood and other cellulosic materials as indicated in Figure 8 and
documented in [254,258]. The experimental sorption kinetic data indicates a more complex
behavior than any of the common theoretical models can describe. Therefore, experimen-
tal investigations and model development are needed, guided by MEDEA as a model
evaluation tool.
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diffusion model after optimization of the fit to data [254,258].

9. Summary and Outlook

This review describes the current understanding of water in wood based on available
data from experimental and computational methods. This understanding has evolved
over the course of time as new data have gradually emerged. However, as discussed in
each of the sections of this review, a range of knowledge gaps persist about water in wood.
For instance, the fundamental state of cell wall water and the potential different pools or
types of it remains elusive. Similarly, important details are missing about the physical
mechanisms controlling basic aspects of water in wood such as the equilibrium moisture
state, multi-scale shrinkage and swelling, hysteresis, and sorption kinetics.

Given these persisting knowledge gaps, it is not surprising that the available theoretical
models for describing basic wood-water relations are often found to be physically invalid.
Thus, there is a need for developing realistic theoretical models for describing moisture
equilibrium (sorption isotherms), sorption kinetics, sorption hysteresis, and moisture
transport in multiple phases based on solid theories and experimental evidence. This
development needs support from new and improved experimental methods that can
investigate wood at even smaller length scales or with even better data quality than before,
backed by refined computational methods. Moreover, chemical modification presents an
opportunity to manipulate the physical and chemical properties of the wood material. This
could help elucidate fundamental aspects of water in wood and close some of the existing
knowledge gaps.
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