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Abstract: Research Highlights: When investigating the sorption of water on lignocellulosic materials,
the sorption or mixing enthalpy is an interesting parameter that, together with the sorption isotherms
commonly measured, can be used to characterize and understand the sorption process. We have
compared different methods to assess these enthalpies. Additionally, we propose a sorption
nomenclature. Background and Objectives: Sorption enthalpies are non-trivial to measure. We have, for
the first time, measured sorption enthalpies on the same materials with four different methods, to
be able to compare the method’s strengths and weaknesses. Materials and Methods: The following
four methods were used on beech and Scots pine wood: isosteric heat, solution calorimetry, sorption
calorimetry, and RH perfusion calorimetry. Results: The results for beech and pine were similar, and
were in general agreement with the literature. We do not recommend one of the methods over the
others, as they are quite different, and they can therefore be used to elucidate different aspects of the
interactions between water and, for example, novel biobased materials (modified woods, cellulose
derivatives, and regenerated cellulose).

Keywords: wood; water; sorption; sorption enthalpy; mixing enthalpy; heat of sorption

1. Introduction

1.1. Wood-Water Interactions

Lignocellulosic materials, like wood, are greatly influenced by the moisture content, and water
absorption leads to swelling and changes in all material properties, e.g., mechanical strength, thermal
and electric conductivity, and the susceptibility to decay by fungi. Therefore, wood-water interactions
have been studied for more than century (see, for example, references Volbehr (1896) [1] and Zelinka,
Glass and Johnson [2], which leads to a variety of different perspectives within this field [3].

Wood will take up or release water, depending on the ambient relative humidity (RH), which
leads to a complex varying moisture content under natural conditions. Most wood properties show a
strong influence of moisture contents from dry conditions up to the fiber saturation point (FSP, usually
defined as the moisture content at which the cell wall is saturated with water, but the lumen are empty).
Above the FSP, where added water is held in cell lumina, and therefore not contributing to changes
in the cell wall, only properties that are directly influenced by the water content will change, e.g.,
electrical properties.

As the moisture content is highly influencing the properties, and therefore the usability of wood
in general, the state of water in wood has been intensely discussed. Most commonly, water in wood
is divided into bound and free water [4], but more divisions can also be made, for example, was
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the water in cellulose classified as free water, freezing bound water or non-freezing bound water by
Berthold et al. [5]. This classification assumed that the non-freezing bound water is directly bound to
the cellulose by hydrogen bonds, while the freezing bound water is indirectly bound to the sorption
sites [6]. More recently, it has been assumed that only non-freezing bound water is present in wood
below the FSP [7]. In the past, several explanations for the accessibility of hydroxyl groups and the
number of water molecules that were connected to each OH-group have been proposed [8].

To distinguish and calculate the quantity of water molecules that are connected to the hydroxyl
groups within the wood matrix, the energy at which the absorbed water bonds to the wood structure
is of interest. The most common energy-measurable is the enthalpy change, i.e., the heat exchange at
constant pressure. Enthalpies of the wood-water interaction have been determined in several studies in
the past, see, for example, Volbehr (1896) [1], Stamm and Loughborough (1935) [9], Weichert (1963) [10],
Simpson (1973) [11] (these references are discussed in Skaar [3]), and its meaning and importance was
also discussed, for example by Skaar (1988) [3]; Rees (1960) [12] thorough review on heat of sorption of
moisture in textiles should also be mentioned.

In this paper, we give a detailed overview of the available methods for determining the enthalpy
of interaction between water and wood and other bio-based materials. The general advantages and
disadvantages for all methods are presented and discussed. As we have found that it is difficult
(or in some cases impossible) to compare the published enthalpy results for wood-water interaction,
as methods, definitions, and units are not always clear; we start by introducing the nomenclature
and definitions that we use. Although it is the aim of this study to give an overview of methods to
quantify the heats associated with wood-water interactions, we also note that the main use of the
discussed methods in the future will not be to measure on wood, as such, wetting, sorption, and mixing
enthalpies are known, but to assess the properties of new bio-based materials, including modified
wood and cellulose derivatives.

1.2. Nomenclature

Table 1 gives a summary of the nomenclature that we use in the present paper. As much as
possible, we follow the recommendations of the International Union of Pure and applied Chemistry
(IUPAC) [13]. Although the main focus of this paper is on the interaction between lignocellulosic
materials and water, we also give the nomenclature in general terms here, i.e., of the sorption of any
vapor in/on any solid. The approach that is presented does not have any limitations from the specific
mode of interaction between the vapor and the solid; it can be adsorption (on surfaces), capillary
condensation in a pore system, or the taking up of vapor or liquid molecules in a swelling material.

In the present paper, we use an extended definition of the term RH for both the state of water
vapor in the air and the state of water absorbed in a material. The RH of a material is then equal to
the RH of a gas phase in equilibrium with it. Thus, we use RH as the term water activity is used in
other fields. Note that at temperature and pressure conditions close to NTP (normal temperature and
pressure, 20 ◦C, and 1 atm) that we have, for example, in the measurements in the present paper, the
numerical values of RH, and water activity at equilibrium are very similar [14].
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Table 1. Symbols and nomenclature (cf. Figure 1 below). Relative vapor pressure (and relative
humidity) is commonly defined as the ratio of the vapor pressure to the saturation vapor pressure.
Note that relative humidity and moisture content are often expressed as per cent (%), and gwood and
gsolid refers to the mass of dry material in this paper.

Symbol General Property Water Related Property Units

c Vapor content Moisture content gvapor gsolid
−1, gwater gwood

−1

∆condh Condensation enthalpy J gvapor
−1, J gwater

−1

∆mixh Mixing enthalpy J gvapor
−1, J gwater

−1

∆sorph Sorption enthalpy J gvapor
−1, J gwater

−1

∆weth Wetting enthalpy J gsolid
−1, J gwood

−1

∆vaph Vaporization enthalpy J gvapor
−1, J gwater

−1

m Mass g

ϕ Relative vapor pressure Relative humidity Pa Pa−1

Word Meaning

Absorption Uptake of vapor or liquid by a solid
Adsorption Sorption of vapor on a surface

Condensation Phase change from vapor to liquid
Desorption Loss of vapor by a solid

Mixing Uptake of liquid by a solid
Sorption Exchange of vapor between solid and gas phases

Vaporization Phase change from liquid to vapor
Wetting Uptake of liquid by a solid until saturation

1.3. Perspective on Sorption

Sorption thermodynamics is complicated by the fact that the sorption enthalpy, for example, for
a wood-water system, is a function of the moisture content (or the RH). We will illustrate this by
first discussing the parallel, but in some ways simpler, case of non-covalent binding that is found
when small molecules (often called ligands, typically drug molecules) bind to proteins in aqueous
environments. For the common case, where there is only one binding site (1:1 binding), classical
chemistry gives the chemical process and its binding enthalpy, and the equilibrium constant according
to the law of mass action:

P + L⇔ PL, ∆bindH

Kbind =
[PL]
[P][L]

The two constants Kbind and ∆bindH are all that is needed to describe the 1:1 binding process, as every
binding event will produce the same heat and bind with the same strength. The binding enthalpy is
conveniently expressed in units of J mol−1, and the moles can refer to either the protein or the ligand,
as it is a 1:1 binding (we can recommend references [15] for those who are interested in ligand-protein
binding).

A sorption process is similar to the above binding process, as a small vapor molecule binds to a
larger entity. However, there are also several differences:

A. The larger entity does not have a defined molecular mass, at least not if it is a material, like wood,
so we need to work with specific units (J g−1) when the denominator refers to the material.

B. The enthalpy when a vapor molecule binds to a solid is not a constant, but it depends on how
many molecules have previously been sorbed on the solid, i.e., the moisture content. Chemically,
the sorption process may be similar to the ligand-protein binding process (both are typically
hydrogen bonding), but while all the protein molecules and their binding sites are identical,
vapor can be bound in accessible porous materials in many different ways.
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C. Chemical thermodynamics states that processes spontaneously take place when they result in a
decrease in the Gibbs energy. This “driving force” has contributions from two terms: enthalpy
and entropy. The enthalpic contributions reflect the strength of the binding. For ligand-protein
binding processes in an aqueous environment, there can also be large entropical contributions,
from the loss of conformational degrees of freedom in the molecules involved and that water
molecules are expelled from the binding site [16]. Such phenomena can also take place during
sorption on, for example, bio-molecules. Some sorption processes can then be said to be entropy
driven, see, for example, reference [15]. This phenomenon is limited for vapor sorption on
relatively rigid solids, like wood.

Figure 1. Graphical description of the terms used in the paper. (a) A sorption isotherm. (b) Enthalpies
related to solid-vapor interactions (figure based on [3]). (c) Wetting enthalpy.

1.4. Sorption Isotherms

Figure 1a shows a schematic sorption isotherm, a description of how much vapor is sorbed by a
solid as a function of the relative vapor pressure of the vapor. This diagram and our analysis are valid
at isothermal equilibrium conditions, and in the absence of sorption hysteresis (we either look at only
absorption or only desorption).

The slope of the sorption isotherm is a measure of how much is taken up by the solid when the
RH is increased. This is often called the sorption capacity and it has a similar function as Kbind for the
binding process.

1.5. Sorption and Mixing

The heat of sorption is a general term often used in wood science for the heat production that is
associated with the sorption processes. However, we will use the term enthalpy; an enthalpy change
is the heat exchange with the environment associated with processes at constant pressure (the most
common situation in sorption applications). The enthalpy change (∆h) during any process is seen as the
production (∆h < 0) or consumption (∆h > 0) of heat (the sign convention in chemical thermodynamics
dictates that processes are seen from the point of view of the system that undergoes a process). We can
measure enthalpy changes that are associated with sorption processes, but there is no natural zero
point for the enthalpy of for example water. By convention, the physical state at 25 ◦C and 0.1 MPa
is often taken as the reference state, so for water, h = 0 for the liquid state (do not confuse this with
formation enthalpies used for chemical reactions).

As illustrated in Figure 1b, sorption is when a solid takes up vapor, and mixing is when a solid
takes up liquid. The enthalpy that is associated with the transfer of one unit mass of vapor to a sample
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is the sorption enthalpy ∆sorph and it is the sum of the condensation enthalpy ∆condh and a mixing
enthalpy ∆mixh [1] (all have units of J gwater

−1):

∆sorph(c) = ∆condh + ∆mixh(c) (1)

The sorption enthalpy and the mixing enthalpy are functions of the moisture content at which the
sorption/mixing takes place, while the condensation enthalpy is constant at isothermal conditions.

We prefer to work with mixing enthalpies that only contain information about the small (vapor)
molecule’s interactions with the solid, not the condensation of the vapor itself, as sorption enthalpies
include the high condensation enthalpy. As it is difficult to realize the mixing of liquid water and a
solid in practice, the mixing enthalpy is evaluated by subtracting the condensation enthalpy from a
measured sorption enthalpy as is shown in Figure 1b.

The reason that it is difficult to directly measure mixing enthalpy is that it is difficult to add a
liquid to a solid without getting large hysteresis effects. The place where the liquid first meets the solid
will get high concentrations (absorption), but later dry (desorption), as the liquid will be redistributed
to other parts of the sample. Thus, the state of the whole sample will never be homogeneous. Despite
this, the mixing enthalpy is the most sensitive measure of the interaction between a vapor molecule
and an accessible porous solid, and, as mentioned above, it can be calculated from other measures.

The mixing enthalpy can be seen as an “excess enthalpy”, which shows how much more heat that
a sorption process produces than when the same mass of vapor condenses. Also note that we use the
thermodynamic sign convention (for example, in Figure 1b), so that if heat is lost by the system to the
surroundings (heat is produced) the enthalpy is negative. Enthalpies of sorption and condensation are
therefore always negative; enthalpies of mixing are negative except in cases where mainly driven by
entropy effects [17].

The mixing enthalpy has units of J gwater
−1. It is the heat that is produced when a gram of liquid

water is absorbed by an infinite mass of the solid at constant moisture content. This heat is often only
attributed to the change of state of the water molecules that are sorbed, but it is actually the response
of the whole system that includes the wood, the previously sorbed water, and the water that is sorbed
into the wood substance.

1.6. Wetting

As discussed above, the direct addition of a small amount of liquid to a porous solid results in
conditions that are not well defined. However, there is one measurement with liquid addition that has
well defined start and end points, and that is when the whole sample absorbs water until saturated.
Such a process is called heat of wetting and it is related to measurements of heats of solution (see for
example reference [18]).

The main variable that can be changed is its initial moisture content when making heat of wetting
measurements on a solid. The heat produced during wetting is highest for a dry solid (without
any sorbed molecules), decreases as the moisture content increases, and then becomes zero for an
already wetted (saturated) solid. Figure 1c shows how the wetting enthalpy is a function of the initial
moisture content.

When a wetting measurement is made, a certain amount of heat Qwet (J) is produced. If this heat
is divided by the dry mass of the solid, m0 (g), we will get the wetting enthalpy ∆weth (J gsolid

−1):

∆weth =
Qwet

m0
(2)
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There is a relation between the mixing enthalpy and the wetting enthalpy, as is illustrated in
Figure 1b,c. The wetting enthalpy at moisture content ci is integral to the mixing enthalpy from c1 to
infinity (saturation):

∆weth(ci) =

∞∫
c=ci

∆mixh dc (3)

The converse equation is when the mixing enthalpy is calculated as the derivative of the wetting
enthalpy as a function of moisture content:

∆mixh(ci) =
∆weth(ci)

dc
(4)

but it is difficult to use this in practice, as it is difficult to measure heat of wetting well enough to
take an accurate derivative of the curve (the derivation is therefore often made on a curve fit of the
measured data). The integration of Equation (3) is mathematically much more benign.

It should be noted that the mixing enthalpy and the wetting enthalpy have different units: mixing
enthalpy is in joules per gram vapor (or liquid), while wetting enthalpy is in joules per gram (dry) solid.

1.7. Clausius-Clapeyron Equation

A commonly used method to determine sorption enthalpies is the application of the
Clausius–Clapeyron equation on sorption isotherms. This method is still rather common—probably
because it does not require any heat measurements and isosteric heats for wood are regularly published,
see for example [19].

With this method, the so called isosteric heat is calculated; the name refers to that the calculation
requires the knowledge of how the RH changes with temperature at constant moisture content
(isosteric = at constant coverage; the term refers to the case of adsorption). In practice, the isosteric
heat equals the sorption or the mixing enthalpy (depending on how the equation is formulated).
The Clausius–Clapeyron equation with the mixing enthalpy is [20]:

d ln(ϕ)
d(1/T) c

= −
∆mixh

R
(5)

Here, T is temperature (K) and R is the gas constant (8.314 J mol−1 K−1).
The isosteric method is usually applied on a set of sorption isotherms measured at different

temperatures. The Clausius–Clapeyron equation can then only be used if one can interpolate between
the curves. In literature, the sorption isotherms are usually fitted to an isotherm equation, for example,
GAB, Dent [21], or Hailwood–Horrobin [22]. The curve fitting will give smooth curves that are easy to
apply Equation (5) on, but the shape that is induced by the isotherm models may influence the result.
An alternative way to generate data for the isosteric method is to use a sorption instrument that can
simultaneously change the temperature and keep the moisture content constant; such instruments do
exist, but it is not clear if they can measure good enough data for isosteric calculations.

Although the Clausius–Clapeyron equation is thermodynamically valid, its application is not
trivial as sorption isotherm data is often not good enough to permit the determination of precise mixing
enthalpies. Three reasons for this are [12]:

1. The sorption isosteres (ln(ϕ) as a function of 1/T) should be linear. In practice they are often
more or less non-linear, possibly because of measurement errors or the use of non-optimal
fitting equations.

2. The enthalpy is assumed to be constant with temperature, which it strictly is not.
3. The Clausius–Clapeyron assumes that the sorption is reversible, which it probably is not because

of hysteresis.
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Similar problems with the related van’t Hoff equation have been noted for the determination
of other types of enthalpies, see, for example, the discussion in reference [23]. A value from a
direct measurement of an enthalpy should in most cases be preferred to a value that is calculated by
Clausius–Clapeyron or van’t Hoff equations (Skaar 1988) [3].

1.8. Literature Data

The literature contains several studies with results of isosteric calculations and heat of wetting
measurements; we will only show results from one study here, as an example. It is common to curve
fit the results of the sorption, mixing and wetting measurements to exponential functions. Skaar [3]
gives equations that represent the results of Stamm and Loughborough [9] (isosteric method, sitka
spruce, 50 ◦C), as:

∆mixh = −1180 exp(−14c) (6)

This equation can be integrated (Equation (3)) to:

∆weth = 84 exp(−14c) (7)

∆mixh(t) = ∆vaph
(

Psorp(t)

Pcond(t)
− 1

)
These enthalpies have an apparent accuracy that is doubtful, as it is assumed that the enthalpies

are related to moisture content by exponential functions, which is something that is only probably
approximate. The data on which Equations (6) and (7) are based have also been criticized for not being
of the quality that is needed for, e.g., sorption enthalpy calculations [2]. However, we have still used
these two equations as examples against which we discuss our results.

The mixing enthalpy of the first absorbed water molecules (at zero moisture content) has been
noted in several studies to be similar for different types of organic materials and substances. Rees
(1960) [12] noted that, for different textile materials, “all the evidence points to a finite value [...]
at zero regain of about 290 cal/g” and Skaar [3] gives similar values for wood (this value is about
1200 J gwater

−1). Kocherbitov [24], who has made sorption calorimetry measurements on a range of
biochemical substances, found that the mixing enthalpy at zero moisture content was close to −18 kJ
mol−1 (1000 J gwater

−1) [25]. These values are close to the enthalpy of hydrogen bonds between O-H
and O [26].

Some studies give somewhat different values of mixing and wetting enthalpy for wood than the
values that are given above, but it is doubtful that this is because different woods have different values
of these parameters; it can also be caused by experimental deficiencies.

2. Materials

Commercial kiln-dried beech (Fagus sylvatica L.) and Scots pine (Pinus sylvestris L.) milled with a
Retsch mill SM1 to a particle size lower than 4 mm in length and 1 mm in diameter was used for all the
calorimetric measurements. Wood samples from the same sources with a sample size of 20 mm (length)
× 20 mm (width) and 1.5 mm in height (longitudinal direction) were used to measure the sorption
isotherm for both the isosteric calculations and for the evaluation of the RH perfusion calorimetry
results. Tris (hydroxymethyl) aminomethane (TRIS) from Serva (research grade) and hydrochloric
acid (0.1 mol/L, for laboratory use) from Chemsolute were used for the calibration of the solution
calorimeter. Deionized water was used for all solution calorimetry measurements.

3. Methods

We have used four methods to assess the enthalpies of wood-water interactions on beech and pine
wood: the isosteric method, solution calorimetry, sorption calorimetry, and RH perfusion calorimetry.
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All, except for the first method, involve direct measurements of heat. The first two methods (isosteric
heat and solution calorimetry) have been frequently used to study the water-wood interactions, while
sorption calorimetry and RH perfusion calorimetry are used for the first time for wood in this work.
Here, we describe the four methods briefly; Table 2, which gives an overview of the methods.

Table 2. An overview of the discussed and used methods.

Isosteric Method Solution
Calorimetry Sorption Calorimetry RH Perfusion

Calorimetry

What is measured? Sorption isotherms at
different temperatures

The temperature
difference when a
sample is wetted

The thermal powers of
vaporization and sorption
when a sample is humidified

The heats produced
when the RH around a
sample is changed

Calculation
procedure

The Clausius-Clapeyron
equation (Equation (5))

The heat produced
when wood is
wetted (saturated)
with water
(Equation (2))

Three equations (Equations
(9)–(11)) are used

Integration of each peak
and combination with
moisture content change
from isotherm (Equation
(12))

What enthalpy is
calculated? Sorption/mixing enthalpy Wetting enthalpy Sorption/mixing enthalpy Sorption/mixing

enthalpy

Equipment Sorption balance Solution
calorimeter Sorption calorimeter Isothermal calorimeter

and RH-perfusion cell

Advantages Sorption balances are rather
common instruments

Solution
calorimeters are
rather common
instruments

Rather quick measurement
(1–2 days); gives both
isotherm and enthalpy

Can be used for any
RH-step; can be used in
both absorption and
desorption

Disadvantages

It is not clear if the
theoretical assumptions are
fulfilled; the isotherm data
needs to be of high quality;
measurements takes a long
time (month)

Results need to be
differentiated to
give mixing
enthalpy; many
samples need to be
measured

Very uncommon instrument;
some uncertainties about the
interpretation of the results

Rather common
instrument, but the RH
perfusion system is not
common; relatively large
uncertainties in several
input factors

3.1. Isosteric Method

We used a commercial balance SPSx-1µ-High-Load (ProUmid, Germany) for measuring the
gravimetric sorption isotherms at 20, 30, and 40 ◦C. The samples were at first and in between every
step equilibrated at the isotherm temperature and 0% RH for 48 h. The sorption measurements were
performed in absorption at 0-5-10-20-30-40-50-60-70-80% RH with 12 h at each level, which resulted in
final mass change rates between 0.0007 and 0.0018% min.−1.

For each temperature, the moisture content was calculated based on the mass that was measured
at the end of the initial drying step at 0% RH. As these 0% RH masses differed slightly, we made the
isosteric calculations both on the data as measured with different dry mass reference points at different
temperatures and while using a dry mass measured at 50 ◦C for all temperatures.

The isosteric heat of sorption was calculated in two steps. The first step was either curve fitting
while using the Hailwood–Horrobin model or linear interpolation between the measurement points.
In the second step, Equation (5) was used to assess the sorption/mixing enthalpy. The derivative of
Equation (5) was calculated from a linear curve fit of three data points at each moisture content.

3.2. Solution Calorimetry

Another common technique for studying wood-water interactions is solution calorimetry, in
which the heat production is measured when a specimen is placed in water, so that its moisture content
increases up to saturation. The name of the instrument comes from that its most common use is to
measure heats of solution of compounds in water, but such instruments can also be used to measure
heats of reaction, mixing, dilution, and wetting. The principle of the technique is to condition water
and a solid sample separately in a calorimeter, and then determine the heat that is produced when the
two are brought in contact with each other. Most such instruments are semi-adiabatic calorimeters, in
which the temperature that is increase brought about by the process of interest is measured. There are
commercial solution calorimeters from several manufacturers on the market.
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The wetting enthalpy ∆weth (J gwood
−1) is calculated from the measured heat and the dry mass of

the sample (Equation (2)). The measurements can be made with different initial moisture contents.
The highest wetting enthalpy is found when the dry samples are measured; as the moisture content of
samples increase, the wetting enthalpy will decrease. For samples that are already wet (saturated), the
wetting enthalpy is zero. By making measurements on samples with different moisture contents, the
moisture content dependence of the wetting enthalpy can be found, and this can be used to calculate
the mixing enthalpies as a function of the moisture content. One usually needs to fit the results to an
equation to do this without getting excessive noise. When we did this—while using an exponential
equation (cf. Equation (7))—we both used the same weighing factors on all data points, and applied
high weighing factors on the data at zero moisture content to make the curve pass closer to these
data points.

In our measurements, the wood samples were preconditioned via absorption at different RHs
in climate chambers for at least three days to different set initial moisture contents. The dry samples
were prepared by storing the wood at 103 ◦C in a drying oven for at least 24 h. We used a 1455
Solution Calorimeter from Parr Instrument Company (Moline, IL, USA) to determine the wetting
enthalpy. All of the equipment was stored at stable temperature prior to the measurements. The sample
and 100 mL deionized water were placed in the measuring cell of the calorimeter, while using an
initial measurement time for stable baseline prior to the initiation of the wetting of at least 15 min.
Subsequently, injection was performed. Afterwards an additional baseline time of at least 15 min. was
used. Data evaluation was performed with Origin Version 9.1. Two linear curve fits were calculated to
determine baseline parts before and after reaction. The difference between these two temperature lines
was used as temperature increase ∆T to determine the heat of wetting:

Qwet = Ca × ∆T (8)

The apparent heat capacity of the instrument Ca (J K−1) was determined while using TRIS and
hydrochloric acid.

3.3. Sorption Calorimetry

The sorption calorimeter that we have used is a specialized instrument for solid-vapor interaction
studies. In the instrument, two isothermal heat conduction calorimeters (a double twin calorimeter) [27]
simultaneously and separately measure the heat production rate (thermal power) of the vaporization of
water from a vapor source and of the absorption of the same vapor in a sample. During a measurement,
water is vaporized at the source, diffuses down a tube that determines the mass increase rate of the
sample, and is then absorbed by the sample.

The thermal power of vaporization Pvap (W) and the thermal power of sorption Psorp (W) are
continuously measured. Counting both of these as positive for exothermal processes, Psorp is positive
and Pvap is negative. From these two thermal powers, it is possible to evaluate how a triplet of
information changes throughout the measurement: sample relative humidity ϕ, moisture content c
(gwater gwood

−1), and mixing enthalpy ∆mixh (J gwater
−1) [28]:

ϕ(t) = 1−
Pvap(t)

Pmax
(9)

c(t) = c0 +
1

m0 · ∆vaph

t∫
τ=0

Pvap(τ) dτ (10)

∆mixh(t) = ∆vaph
(

Psorp(t)

Pcond(t)
− 1

)
(11)
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Here, Pmax (W) is the maximal thermal power of vaporization in the device, i.e., when a measurement
is made with a drying agent that keeps the water activity at zero in the sample position; c0 (gwater

gdry sample
−1) is the initial moisture content of the sample (usually zero); m0 (g) is the dry mass of the

sample; and, ∆condh (J gvapor
−1) is the condensation enthalpy of water. Equations (9)–(11) are based on

Fick’s law of diffusion (Equation (9)), a mass balance (Equation (10)), and a thermal power balance
(Equation (11)). Thus, the method is only based on a few fundamental physical principles, and can be
regarded as robust in this respect.

A new and unpublished prototype sorption calorimeter was used. It is based on the same
measurement principles as the sorption calorimeters that were described in references [28], but in the
new instrument all parts except a vaporization cup (for the water) and a sorption cup (for the sample)
are fixed in the calorimeter. The sample masses were 21–46 mg, the samples were dried for about 24 h
at 100 ◦C and vacuum, and the measurements were made at 25 ◦C.

In this prototype, the sample cup was smaller when compared to previous instruments and the
wood powders therefore formed a plug of about 5 mm height. There is some uncertainty on how close
to equilibrium the measurements were made because of internal diffusion resistances in the plug (see
Section 5.3).

The evaluation procedure is described in reference [28]. The calorimeter was calibrated with
electrical heaters and the maximal output signal (about 800 µW) was measured with drying agents
(molecular sieves). The Tian correction was applied to remove the effect of the thermal inertia of the
calorimeter [29]. An initial correction [28] was made, but no diffusion time-lag correction was used
(it does not improve the result of a measurement on wood). As the accuracy of the enthalpy results
deteriorates at higher RHs, no mixing enthalpies above 80% RH are reported.

3.4. RH Perfusion Calorimetry

A fourth method to directly measure heats that are associated with wood-water interactions is by
flowing gas with step-wise increasing or decreasing RH over samples in an isothermal calorimeter,
which is an instrument that measures the thermal power. This technique has been available for some
years, but it is mainly used for quantifying amorphicity in pharmaceutical powders, for polymorphism
studies, and for changing the RH inside the calorimetric vials for stability and compatibility studies [30].
We have used the instrument to step up and step down the RH of the nitrogen gas flowing through the
calorimetric vial with the wood sample. When the RH is increased, water vapor will be absorbed, so
that the wood can reach a new equilibrium state, and the calorimeter will measure the heat that is
associated with that event. The sorption/mixing enthalpy can be calculated if this heat is combined
with the change in moisture content from a separate isotherm measurement.

The primary result from the calorimeter is the thermal power P (W) as a function of time.
The thermal power result for each RH-step can be integrated to give heats Q (J). From the sorption
isotherm that was measured in a separate measurement, we can calculate the change in moisture
content, ∆c. If we divide the heat by the dry mass and the moisture content change, we get the sorption
enthalpy:

∆sorph =
Q

m0 · ∆c
(12)

which has units of J gwater
−1. This is the mean sorption enthalpy in the moisture content region of

the RH-step.
The measurements were made in a nanocalorimeter in a TAM IV thermostat (TA Instruments,

New Castle, DE, USA) and the RH of the atmosphere in the calorimeter was controlled by a Gas Flow
Control Kit (TA Instruments, New Castle, DE, USA). Samples of about 12 mg of wood particles were
weighed, placed in the calorimeter ampoule, and dry nitrogen was then purged over the sample until
the thermal power signal from the calorimeter became stable (stability criterion: 300 nW/h drift, 100 nW
standard deviation). The flow rate was set to 200 mL/h, which is the highest flow rate recommended
to allow for the gas to equilibrate to the measuring temperature. The next RH-step was made 1 h
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after stability was reached. The following RHs were used: 0-5-10-20-50-80-90-95-100% and the same
RH-levels back to 0% RH. It should be noted that other types of calorimetric instruments, in which the
vapor is delivered to the sample in other ways, can also be used for similar measurements, see, for
example, reference [31].

In the evaluation, each thermal power peak was integrated and the resulting heat was divided by
the dry mass. We adjusted the measured mass, assuming that the sample moisture content was 8%, as
the sample masses were determined in as-is conditions before the drying in the calorimeter. We then
divided by the assumed moisture content change to calculate the sorption enthalpies, calculating this
from the 20 ◦C isotherms that are seen in Figure 2 (below). Finally, the condensation enthalpy was
subtracted to give the mixing enthalpy.
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Figure 2. Evaluation of isosteric heats for the pine measurements. (a) Sorption isotherms, raw data
with different moisture contents at zero relative humidity (RH) for different temperatures. Lines are
curve fits to the Hailwood-Horrobin equation. (b) Mixing enthalpies calculated with the isotherms in
Figure 2a using linear interpolation and the Hailwood-Horrobin curve fit. (c) Same as Figure 2a, but
the isotherms have been shifted in the y-direction using the 0% RH mass at 50 ◦C as dry mass for all
temperatures. (d) Same as Figure 2b, but using the isotherms in Figure 2c.

4. Results

4.1. Isosteric Method

Figure 2 shows isotherms for pine measured at 20, 30, and 40 ◦C, and calculated the mixing
enthalpies by the isosteric method. The top isotherm moisture content values are based on RH 0%,
whereas to bottom isotherms are set to 0% moisture content as the starting value for all curves. Values
at moisture contents above 15% moisture content could not be calculated due to the limited isotherm
data in that range. The results were similar for beech.
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4.2. Heat of Wetting

Figure 3a shows the combined results from the heat of wetting measurements on beech and pine.
It is seen that the results are similar for the two species. Four pine measurements (crosses) were judged
to be outliers; possibly water vapor had leaked into the sample chamber before the measurement
started. The wetting enthalpy results were fitted to two functions (see figure caption), which were
differentiated to provide the mixing enthalpies that are seen in Figure 3b. The measured values for
beech and pine at zero moisture content are in the range of 55 to 70 J gwood

−1
, and at 20% moisture

content the wetting enthalpy is close to zero for both species.

Figure 3. Results from heat of wetting measurements. (a) Measured wetting enthalpy of beech (open
circles) and pine (filled triangles) as a function of initial moisture content. Crosses are considered to be
outliers and are not included in the evaluation. Two curve fittings are shown; the solid curve is the
least square curve fit to the exponential function; the dashed line has been forced to go through a mean
value of the points at zero moisture content. (b) Calculated mixing enthalpy.

4.3. Sorption Calorimetry

Figure 4 shows the result of six measurements with the sorption calorimeter. Sorption isotherms
and mixing enthalpies are both measured in the same measurement. The sorption isotherms are similar
to the isotherms that are given in Figure 2, but they are not sigmoidal because they lack the initial sharp
rise in the isotherm; this odd behavior is discussed in the Discussion. The mixing enthalpy curves are
only shown up to a moisture content corresponding to 80% RH. The absolute mixing enthalpy at 0%
RH is in the range 700–900 J gwater

−1.

Figure 4. Results from six measurements using a sorption calorimeter: (a) Sorption isotherms.
(b) Mixing enthalpies. In both plots, black curves are beech and gray curves are pine.
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4.4. RH Perfusion Calorimetry

Figure 5a,b shows the RH and the thermal power from a measurement with a 12 mg sample of
pine. It is clearly seen that each change in RH results in heat being released (absorption) or taken up
(desorption). We need to divide the heat (Figure 5c) with the change in moisture content to calculate
the sorption enthalpy for the RH-range of a peak (Equation (12)) As this was only a test measurement,
we have only made the mixing enthalpy calculation for the two largest absorption steps for pine, as
shown in Table 3. The differences seen between the calculated results and the literature values are
most probably explained by the uncertainties of this test measurement, see Section 5.4.

Figure 5. Results from vapor flow method for a 12 mg sample of pine. (a) The RH program. (b) The
resulting thermal power peaks (the arrow shows the exothermal direction, heat production). (c) The
total heat (integrated thermal power); the numbers are the heats (J gwood

−1) determined for each step.

Table 3. Evaluation of two absorption steps for the RH perfusion calorimetry measurement on pine.
The literature values are calculated from Equation (6). Note that the lower measured mixing enthalpy
value has the wrong sign (see Section 5.4).

RH-Step c/gwater gwood
−1 Q J

gwood
−1

∆sorph/J
gwater−1

∆mixh/J gwater−1

Initial Final Difference Calc. Lit.

20→50% 0.042 0.085 0.043 121 −2800 −360 −490
50→80% 0.085 0.148 0.063 135 −2150 300 −240

5. Discussion

5.1. Isosteric Method

As measured isotherms contain random errors, it may be difficult to directly use them to do
the isosteric evaluation with Equation (5). Therefore, it is common to use a sorption isotherm fitting
function for creating smooth sorption isotherms. This will give smooth results, but the curve fitting
may introduce errors, as the used equations may, to some extent, dictate the shape of the isotherms.
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Linear interpolation (as we also used) does not introduce the bias of an assumed fitting function, but
will lead to a noisier result. Our use of linear interpolation or the Hailwood–Horrobin model show
similar mixing enthalpies at moisture contents that are above 3%, but large deviations are noticeable at
lower moisture contents.

The two versions of the isotherms gave quite different mixing enthalpies at 0% RH, indicating
that the isosteric heat method is sensitive to the quality of the isotherm data. While using
the Hailwood–Horrobin curve fit, the maximum absolute mixing enthalpy at dry conditions is
approximately 1000 1 and 300 J gwater

−1, respectively, for the two versions of the isotherms. As 1000 J
gwater

−1 is close to the literature value (Equation (3)), it seems that the curve fitted original data from
the sorption balance was appropriate for use with the isosteric method, even if the 0% RH moisture
contents were not correct. A reason for this is that the curve fit is not influenced at all by the moisture
content value at 0% RH, as the Hailwood–Horrobin isotherm equation always passes through the
origin (see Figure 2a). In contrast, the linear interpolation—which gives similar values above 3%
moisture content—does not work at all at lower moisture content.

Here, it should be mentioned that our use of the Hailwood–Horrobin sorption isotherm equation
is rather arbitrary and does not indicate that the physical interpretation of sorption that the authors of
this equation made are correct for the wood-water case. As many of the equations used to fit wood
sorption data have the same mathematical form—which fits wood isotherms well—we could instead
have used the mathematical equation without the physical interpretations that come along with the
name. Such an approach, called the ABC-isotherm, has been proposed by Zelinka et al. [32]

The correction of the isotherms to a common dry moisture content were not successful, as it
resulted in much lower absolute mixing enthalpies than that found in literature, especially at low
moisture contents. We repeat that this highlights that the use of the Clausius–Clapeyron equation
demands very good isotherm data.

The application of the isosteric method to sorption on complex materials, like wood, has been
questioned in literature for a long time. The main criticism is based on the derivation of the
Clausius–Clapeyron equation being made under simplified/ideal conditions. An example is the
condition of reversibility, which does not seem to be present in the wood-water system, in which strong
hysteresis/scanning effects are present. Reversibility may be observed for absorption on inorganic
crystal surfaces, but it does not exist for organic materials with bulk sorption [12]. Another problem
with the application of the Clausius–Clapeyron equation to the wood-water system is that wood has
significant swelling/shrinkage [33]. A third problem is that the isosteric method needs equilibrium
isotherms [34], and it is known that the result of an isotherm measurement is influenced by how the
RH is changed (for example, how long time that is spent at each RH level).

Glass et al. [35] recommend the use of 0.0003% min.−1 as equilibrium moisture content (EMC)
criterium for measuring sorption isotherms. Our values (0.0007 to 0.0018% min−1) are above that
threshold and this could be an explanation for the seen deviations in the isosteric results. Even if some
of our results are in agreement with the literature, the dependence of curve fitting and dry mass should
be further investigated; applying the isosteric method to swelling organic materials is possible, but its
limitations should be further investigated [35,36].

In summary, the isosteric method is a classical method that has yielded some of the most used
enthalpy results in literature for the wood-water system. It is convenient for those who can measure
sorption isotherms, but that do not have appropriate calorimeters. However, the method is sensitive to
small errors in the measured isotherms, so great care must be taken during measurements, and the
wood-water system does not fulfill the theoretical foundations of the Clausius–Clapeyron equation.

5.2. Solution Calorimetry

Our wetting enthalpy for dry beech and pine (66 J gwood
−1) corresponds rather well with the

literature. Hearmon and Burcham [37] found about 62 J gwood
−1 for dry Douglas fir. Dieste et al. [22]

found about 48 J gwood
−1 for dry beech wood when using the same calorimeter as in our investigations.
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75–87 J gwood
−1 were reported for dry pine wood by Kelsey [38]. In general, the wetting enthalpy seems

to be independent of the species [39], so the differences between the above studies could be caused by
experimental non-idealities. Additionally, the degree of grinding has influence on the absolute value
of the wetting enthalpy [37].

It should be noted that the wetting enthalpy of dry materials is mainly a function of their
hygroscopicity. This is, for example, clearly seen in the compilation that is given by Rees [12], in which
the wetting enthalpies of dry viscose and cotton are approx. 110 and 45 J gsolid

−1. This is in good
agreement with that the moisture content of viscose is about twice that of cotton throughout the whole
RH-range [40].

At least for the evaluation of mixing enthalpies from wetting enthalpies, the data has to be fitted to
an equation. Most commonly, an exponentially decaying function is used, but such a function will, of
course, also put some constraints on the results. With the application of curve fitting, also values close
to 0% RH—which are difficult to experimentally assess with solution calorimetry—can be determined.

It should be noted that the individual data points might need to have different weighing factors in
a curve fit to obtain an optimal shape of the curve. We needed to apply higher weighing factors to the
data points at dry conditions, otherwise the curve gave a seemingly too high value for dry conditions.

Solution calorimetry is a robust method, but needs a good sample preconditioning at different
climates. The method is also time consuming as many measurements have to be made to collect
enough data to construct the wetting enthalpy vs. moisture content relationship.

5.3. Sorption Calorimetry

The sorption calorimetric results agreed rather well with the literature data, but the absolute
mixing enthalpy at zero moisture content was slightly lower than most literature results, and there was
a lack of a sharp rise in the isotherm at low RHs (cf. Figure 2). This type of problem can be caused by
that the sample is not dry at the start of the measurement, but this is probably not the case here, as
it was dried for 24 h in vacuum at 100 ◦C, and not exposed to the ambient conditions for more than
a few seconds during the charging. Possibly, it was the internal diffusion resistance in the sample
that was responsible for these deviations; the small sample holder was filled with a 5 mm plug of the
sample particles and the internal diffusion resistance in such a sample is not accounted for by the
evaluation equations.

The present measurements were made on samples with masses in the range 21–45 mg. The rate of
sorption was such that the RH increased from 0 to 25, 50, and 75% RH in 2, 5, and 11 h, respectively,
for the largest sample, and about twice as fast for the smallest sample. These are rather high mass
change rates for sorption calorimetry and the results may therefore not be equilibrium results (cf.
discussion above). However, there was no correlation between the sample size and the results, and
this is normally an indication that the measurements were made close to equilibrium.

Sorption calorimetry is an interesting technique, as it measures both the sorption isotherm and the
mixing enthalpy in one measurement, which typically takes only two days. The continuous curves both
isotherm and enthalpy will also show discrete phenomena like stoichiometric hydrate formation [41]
and, although such phenomena do not take place in wood, it may be of interest for studies on other
bio-based materials.

Note that the rate of diffusion is controlled by the difference in RH between the water source and
the sample (and the size of the tube through which the diffusion takes place). Thus, the rate of change
of RH (the scanning rate) is controlled by the sample. When the sample has taken up water to increase
its RH, the rate of diffusion will decrease to accommodate the fact that the vapor pressure difference
between top and bottom has changed.

Of the three parameters measured (RH, moisture content, mixing enthalpy), the RH is the
parameter that is most easily disturbed by kinetic effects, such as internal diffusion resistances in
the sample. The moisture content and the mixing enthalpy should therefore be seen as the main
measurables. It should be noted that a similar situation often exists in other types of sorption
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measurements: water uptake is easily measured by a balance, but it is often more difficult to know
whether the corresponding (equilibrium) RH has been reached.

5.4. RH Perfusion Calorimetry

RH perfusion calorimetry is an interesting method for studying solid-vapor relations.
The experimental approach is quite straight forward, only small (mg) samples are needed, and
it is easy to start an experiment, which automatically runs and only takes about a week.

The results that are presented in Figure 5 are the first measurements of this type to be made. It is
seen that the thermal power peaks and the heats of each peak look good, but the evaluated results did
not agree well with literature data, as seen in Table 2 (the results were similar for beech). We believe
that this type of measurement can be used to measure the mixing enthalpies, but to do so the method
needs to be optimized and possibly improved in several respects:

• In this type of measurement, the results of a blank run (without sample) should be subtracted
from the sample result, as there will also be sorption and the corresponding heats on the internal
surfaces of the vial (this was not done in the present measurements).

• This method should probably not be used with small steps in RH, like the 0-5-10% RH that we
used, as this generates small peaks and small moisture content changes, and large uncertainties in
the results.

• The RH that is generated by the equipment needs to be calibrated over the whole RH range,
especially at low RHs, where the mass flow controllers that the RH generation is based on can be
less reliable. We made a one-point calibration at 75% RH (that gave 0.9% RH higher value, which
is good).

• The drying of the samplse may need to be improved; it is not clear what the initial state of
the sample was after the initial drying at a set value of 0% RH at 25 ◦C. Possibly, the sample
should be externally dried, for example, in a vacuum oven, and then quickly transferred to the
calorimetric vial.

Some of the thermal power peaks show significant tailing, which indicates that the samples were
not at equilibrium with the RH of the gas at the end of an RH-step. This is similar to what is often
seen with, for example, wood in sorption balances. Two possible sources of the seen tailing are that
the gas flow rate in the calorimeter is low (200 mL/h), cf. reference [42], and that wood can take
an unexpectedly long time to come close to equilibrium, because of internal constraints on water
absorption and desorption [43].

As the sorption isotherm is needed in the evaluation, the calorimetric results have to be combined
with a sorption isotherm that is measured by some other technique. As isotherms can look slightly
different, depending on how they were measured, it may be necessary to find an isotherm technique
that has similar mass change characteristics as the calorimetric method. We used the isotherms at
20 ◦C that were measured for the isosteric calculations. The second calculation in Table 2—that gave a
mixing enthalpy with the wrong sign-used a moisture content difference of 0.063; if this difference
would have been 0.050 instead, the calculation would have given the literature value. The reason for
this sensitivity is that we are interested in the mixing enthalpy, and this is calculated by subtracting the
vaporization enthalpy from the sorption enthalpy; a small difference between two large numbers has
relatively high uncertainty.

We believe that RH perfusion calorimetry should be further investigated as a tool for studying the
interaction between lignocellulosic materials and water.

5.5. General

Figure 6 shows a comparison of the results from the four methods and literature data. It is
seen that there is a fair agreement, but also differences. For the isosteric method, only one curve is
shown in Fig. 6, as we believe that one of the methods that we used to determine the used isotherms
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was not good. As the difference between the two methods is only a minor dry mass correction, our
results indicate that the isosteric method needs very good isotherm data. The solution calorimetric
result agrees well with literature, but both our results and the literature results are based on the same
exponential curve fit, which may introduce bias into the calculation of mixing enthalpies. The sorption
calorimetry gave six measurements within a ±100 J gwater

−1 band, which is good, but both the initial
parts of the sorption isotherms and the enthalpy values at 0% RH indicate that the method does not
measure the initial part of the isotherm well. The RH perfusion calorimetry result that is shown agrees
well with the other methods, but the second result in Table 2 was on the wrong side of zero enthalpy
(not shown in Figure 6), so this method needs to be further investigated.

Figure 6. A comparison of results from literature and the methods used in the present study. Literature
data is from Stamm and Loughborough [9] and includes solution calorimetric results from Volbehr [1]
(pine wood fibers) at 0 ◦C and isosteric results from Stamm and Loughborough [9] (Sitka spruce) at 54,
71 and 88 ◦C (from lowest to highest curve). Isosteric method with the Hailwood–Horrobin curve fits
of the uncorrected data (Figure 2a,b, Scots pine); solution calorimetry (exponential curve fit that passed
through the data at zero moisture content, Figure 3, Scots pine and beech); sorption calorimetry (the
minimum and maximum values in Figure 4b, Scots pine and beech); the top RH perfusion calorimetry
result in Table 2 (Scots pine).

It is not clear to us why we get larger discrepancies between our different measurements than
Volbehr (1986) [1] and Stamm and Loughborough (1935) [9], who did their measurements about
100 years ago, even though we used modern state-of-the-art equipment. However, at least partly, this
can be the result of that Stamm and Loughborough’s compilation of data was made on interpolated
(not measured) values [2].

Beech and pine gave similar results in all four methods, also in the RH perfusion calorimetry.
This shows that these two woods, one softwood and one hardwood, have similar sorption behavior.
It also indicates that the differences between the methods are, to a large part, caused by systematic
errors and not by random errors, so there is a need for further investigations and improvements of the
experimental procedures.

The mixing enthalpy at 0% RH is an interesting parameter that is difficult to assess. The isosteric
calculations are difficult to make close to 0% RH, as the measured isotherms are not good enough
there. For example, will small changes in the dry masses at 0% RH significantly influence this enthalpy.
For solution calorimetry, the 0% RH mixing enthalpy can, in principle, be calculated from the heat
of wetting values for dry samples and samples with a low RH, but this is difficult to do, as there is a
relatively large scatter in the results. The sorption calorimetry can, in principle, measure the 0% RH
mixing enthalpy, but the method has to be improved to make measurements closer to equilibrium
(larger sample, slower sorption rate, less internal diffusion resistance). The RH perfusion calorimeter
had difficulties in measuring the 0% RH mixing enthalpy, as it cannot make small accurate steps in RH
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close to 0% RH. It seems that all four methods have their problems when it comes to assessing the
0% RH mixing enthalpy, but that the simultaneous use of more than one method will lead to more
certain values.

The sorption enthalpy is the sum of the condensation enthalpy and the mixing enthalpy, and the
mixing enthalpy is the sum of the enthalpies of all different processes that take place when liquid
water is taken up by the wood. One way to look at this is to divide the mixing enthalpy into three
parts that are related to the changes that take place for the absorbed water, the already absorbed water,
and the wood. Often, these components are defined in other ways, for example as heat of swelling. Still,
it should be remembered that the methods discussed in this paper could only assess the result of the
sum of all the processes taking place during sorption.

The four methods are different when it comes to the study of the effect of hysteresis and scanning
on the mixing enthalpy. Most straight-forward is RH perfusion calorimetry, as it is possible to make
steps in both absorption and desorption with this method. Solution calorimetry can also be used for
this by conditioning samples to different RHs by absorption and desorption before a measurement [37].
Sorption calorimetry is normally only made in absorption, but there is one study showing that it
is possible to also undertake desorption measurements in limited RH ranges [44]. For isosteric
calculations, both absorption and desorption (and scanning) data can, in principle, be used, but it seems
that this violates the assumptions (reversibility, equilibrium) of the Clausius–Clapeyron equation.

A problem for those interested in sorption thermodynamics is that it is often difficult to understand
what other scientists mean in their papers. Five problems are most common:

• Different terminology is used. For example, are the terms differential heat and integral heat [3]
sometimes used for what we have called mixing enthalpy and wetting enthalpy, respectively;
differential heat of swelling [9] is our mixing enthalpy; and, the term isosteric heat is typically the
same as our mixing enthalpy, but used if the isosteric method has been used.

• Different symbols are used; for example are Q, H, ∆H, and ∆h used for enthalpy change. We prefer
to use Q for a measured heat and ∆h for a calculated specific enthalpy change.

• Different sign conventions are used. We have followed the thermochemical convention that
looks at processes from the standpoint of the system, so heat production (loss of heat by the
system) gives negative enthalpy. However, it is common to instead show, e.g., mixing enthalpies
as positive.

• A minor issue is the use of calories in the older literature, but as long as the units are written
out, the multiplication by 4.184 J cal−1 converts heats and enthalpies from calories to joules (the
SI-unit).

• All of the sorption and mixing enthalpies can be based either on gram or on mole, as it is the water
that they refer to; wetting enthalpies for wood can only be given per mass of wood, as wood has
no molar mass. If an enthalpy has units of J g−1, it is thus not possible to know whether it is J
gwood

−1 (a wetting enthalpy) or J gwater
−1 (a mixing or sorption enthalpy), so we encourage the

use of sub-indices to indicate this.

Because of the above problems, it is important to clearly state what nomenclature that is used.

6. Conclusions

The mixing enthalpy is a robust measure that can be used for the characterization of the interaction
between lignocellulosic materials and water. For the first time, a comparison of four different methods
for determining sorption enthalpy on one material (wood) was made. The results were similar for the
two woods investigated, and they are in general accordance with the literature, but there is a significant
scatter in the result. The four methods all have their advantages and disadvantages, and it is good
to use more than one method in parallel. The isosteric method—which is based on the temperature
dependence of sorption isotherms—should be used with some caution.
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