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Abstract Sorption of water has a profound effect
on the material properties of wood. The uptake of
water vapour in wood and other materials releases
more heat than the condensation of vapour to liquid
water. This excess energy provides insights to the
interactions and energy state of the absorbed water
molecules. Modification of wood by acetylation is
a common way of altering the wood-water interac-
tions; however, very few data exist on how this and
other types of modification affect the energy state of
absorbed water in wood. This study is the first to use
sorption calorimetry on modified wood to explore
the effect of acetylation on wood-water interactions.
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Acetylation decreased the strength of the interactions
between wood and water as seen from a decrease in
differential enthalpy of mixing, both overall and in
the dry state. It appears that acetylation removes or
hinders the most-energetic interactions or bonding
configurations of water in wood, perhaps because
acetylation reduces the number of water-accessi-
ble hydroxyls more than it reduces the amount of
absorbed water molecules.
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Introduction

The interaction between water molecules and wood
has a significant effect on the material properties of
wood materials (Carrington 1922; Hiruma 1915;
MacLean 1941; Tiemann 1906; Volbehr 1896).
Therefore, wood research has strived for more than
a century for a better understanding of how water
molecules interact with and affects wood (Bowyer
2000). When water molecules are taken up (absorbed)
into the solid cell walls, they create space between
the wood polymers while interacting with these by
hydrogen bonding to the hydroxyl (OH) groups (Chen
et al. 2018; Lindh et al. 2017; Matthews et al. 2006).
Absorption of water in wood is accompanied by
release of heat as a result of the phase change from
either liquid or gaseous (vapour) phase to a “sorbed
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state” (Nopens et al. 2019). Conversely, desorption
of water consumes heat. Since cell wall water has a
lower energy state than liquid water, absorption of
water vapour in wood will release more heat than
the condensation of vapour to liquid water (Kelly
and Hart 1970). The additional energy released
from absorption gradually decreases with increas-
ing moisture content, indicating that the difference in
energy state between cell wall water and liquid water
becomes smaller (Hearmon and Burcham 1955; Kel-
sey and Clarke 1955, 1956; Nopens et al. 2019). The
heat released upon absorption of water in dry wood to
reach a certain moisture content is known as the inte-
gral enthalpy of mixing (Thybring et al. 2022). This
study uses the term “enthalpy of mixing” in line with
(Nopens et al. 2019) to highlight that the thermody-
namic quantity relates to differences between the lig-
uid and sorbed states, whereas sorption in this study
describes the change between gaseous (vapour) and
sorbed states.

To characterize the energy state of cell wall water,
it is common to examine the derivative of the integral
enthalpy of mixing with respect to moisture content,
i.e. the differential enthalpy of mixing, A ; H. This
parameter can be thought of as the heat released by
1 g of water upon absorption in an infinite mass of
wood at a specific moisture content. It can also be
interpreted as the energy state of the latest absorbed
water molecule at a specific moisture content, assum-
ing that the absorption of a water molecule does not
change the state of the already absorbed water or the
state of the material. Therefore, characterisation of
A iH provides a window to understand more about
the state of moisture in wood. A ; H can be deter-
mined either by direct experimental calorimetric
measurements or derived from an analysis of sorp-
tion isotherms at different temperatures using the
Clausius—Clapeyron equation (Nopens et al. 2019).
Whereas the calorimetric techniques generally yield
similar A, H, the values derived from the Clau-
sius—Clapeyron equation are lower (less negative) at
low moisture contents (Nopens et al. 2019), presuma-
bly because uncertainty in the sorption isotherm data
yields higher uncertainty in A _; H in the lower mois-
ture range (Thybring et al. 2021).

Another way to gain information about the state of
moisture in wood is by manipulation of the wood-water
interactions by chemical modifications (Thybring
and Fredriksson 2021). These are ways to change the
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material chemistry, typically to enhance the material
properties of wood, e.g. increase the resistance to fire
or biological degradation (Zelinka et al. 2022). Acety-
lation is one such wood modification, where acetic
anhydride reacts with hydroxyls within the wood cell
wall to replace some of these with acetyl groups (Fuchs
1928; Zelinka et al. 2022). Hereby, the concentration
of water-accessible hydroxyls decreases along with the
available space for water within cell walls (Awais et al.
2022; Thybring et al. 2020).

Whereas the thermodynamics of moisture sorption
in untreated wood has been characterized in several
studies by calorimetry (Avramidis and Dubois 1992;
Hearmon and Burcham 1955; Kelsey and Clarke
1955, 1956; Nopens et al. 2019; Volbehr 1896) or by
sorption isotherm derivation using the Clausius—Cla-
peyron equation (Esteban et al. 2008a, b; Simén et al.
2015; Stamm and Loughborough 1935), such data for
modified wood is very sparse in literature. The only
direct calorimetric measurements on modified wood
appears to be those obtained by Dieste et al. (2008) on
European beech modified by DMDHEU using solu-
tion calorimetry which measures the integral enthalpy
of mixing. From these data, A ; H was derived from
fits of an assumed exponential model. Furthermore,
the Clausius—Clapeyron equation has been applied
to derive the differential enthalpy of mixing, A ;.H,
from sorption isotherm data on the same beech mate-
rial (Dieste et al. 2008) as well as on Sitka spruce
modified in various ways (Yasuda et al. 1995). These
data are to the best of our knowledge the only ther-
modynamic characterisations of moisture in modified
wood materials. The results obtained in these two
studies show a markedly different behaviour between
modifications, in particular below 0.05 g g~! moisture
content (see Fig. S1 in the Supplementary Material).
However, in this moisture range, uncertainty in sorp-
tion isotherm data significantly affects the uncertainty
in derived A, H values (Thybring et al. 2021).

Instead of deriving A, H from fits of mathematical
models to either solution calorimetric data or sorption
isotherm data, the parameter can be measured directly
using sorption calorimetry (Markova et al. 2001;
Wadso and Markova 2000, 2002). This technique has
only recently been applied to study water sorption in
wood (Nopens et al. 2019), and so far no studies have
been done on modified wood materials. Sorption calo-
rimetry works by measuring the heat production rate
in two chambers connected by a tube through which
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water vapour can diffuse. Liquid water is loaded in one
chamber while the dry sample material is placed in
the other chamber. By evaporation of water and diffu-
sion of vapour through the tube, the relative humidity
(RH) is slowly increased in the sample chamber at a
rate given by the geometry of the tube. In both cham-
bers, the heat production rate is measured to quantify
the amount of water evaporating and the heat released
during absorption, respectively. Hereby, the sorption
calorimeter allows simultaneous determination of the
absorption isotherm and differential enthalpy of mix-
ing, A, H (Digaitis et al. 2022; Markova et al. 2001;
Wads6 and Markova 2000, 2002).

This study is the first to apply sorption calorim-
etry to investigate how chemical modification affects
wood-water interactions. The aim is to explore how
the energy state of absorbed water is influenced by
acetylation of the wood cell walls.

Materials and methods
Material preparation

Norway spruce (Picea abies (L.) Karst) from an exper-
imental forest in Vindeln, Northern Sweden was used,
see more information about the origin in (Fredriksson
et al. 2016). From this material, samples of 5x5x10
(longitudinal) mm?® were cut out and acetylated as part
of the study reported by Digaitis et al. (2021). In brief,
samples were vacuum dried at 60 °C for 24 h before
being vacuum impregnated in a reaction flask with a
solution of acetic anhydride and pyridine (1:4 v/v).
The flask was subsequently heated at 80 °C in an oil-
bath for three different reaction times (20 min, 1 h, 3 h)
to reach different degrees of acetylation. The use of
pyridine ensured a uniform distribution of the acetyla-
tion across the cell wall (Digaitis et al. 2021).

Sorption calorimetry

The instrument used for sorption calorimetry was
a new, unpublished design with the same principal
function as the instruments reported in (Markova
et al. 2001; Wadso6 and Markova 2000, 2002). Cali-
bration of the calorimeters was done electrically, and
the maximal flow rate was determined from calibra-
tions with molecular sieves. Thin pieces of wood
that were about 4 mm in length were sliced along the

fibre direction using a razor blade. About 50 mg of
wood slices were loaded to the sample holder which
was transferred to a vacuum oven where the wood
was dried at 60 °C for at least 24 h. After drying, the
sample holder was removed from the vacuum oven
and immediately sealed with aluminum foil. It was
then allowed to cool down and the mass of the sam-
ple was recorded. After this, the sample holder was
attached to the two-chamber calorimetric cell. The
instrument was set to a temperature of 25 °C and was
left to equilibrate for at least 24 h before water was
injected on a hydrophobic membrane in the upper,
vaporization chamber to start the measurement. Each
measurement lasted approximately 2 days, and after
the measurement, the mass was recorded once again.

Data evaluation was done by the basic evaluation
procedure described in (Wadso and Markova 2002),
with the addition of the Tian correction for the ther-
mal lag of the instrument. Furthermore, a correction
for leakage was made by assuming that the differen-
tial enthalpy of mixing should go to zero at high RH.
If this was not the case, it was assumed that a constant
leakage from the water source occurred throughout
the whole measurement. This was corrected for by
subtracting the difference between the calorimetric
signals at the end of a measurement from the vapori-
zation measurement. This correction had a very
small influence of the differential enthalpy of mixing
at lower RH that is the main interest of the present
work. Moreover, the derived moisture contents for the
acetylated samples were corrected for the mass gain
from modification. This was done by multiplying the
moisture content with (1 +R,, ) where R, ., (g g7') is
the mass gain from modification relative to the initial,
unmodified mass.

Sorption isotherms

Data for one replicate at 20 °C for the same materi-
als were already available in Digaitis et al. (2021)
and could thus be used for comparison to the sorp-
tion isotherm data obtained by sorption calorimetry.
In addition, data for two replicates of the untreated
controls were available from (Thybring and Fre-
driksson 2024). However, in order to derive A . H
from the Clausius—Clapeyron equation for compari-
son with sorption calorimetric data, additional sorp-
tion isotherms at 20 °C and 40 °C were determined
in two sorption balances (DVS Advantage, Surface
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Measurement Systems, UK). To complement the
already existing data, one additional replicate at
20 °C and two replicates at 40 °C were determined for
the pyridine controls and the acetylated samples with
the longest reaction time (3 h). Since these measure-
ments were part of a larger study, both desorption and
absorption isotherms were determined although only
the absorption isotherms were needed here.

Wood samples were vacuum saturated with
water by placing the specimens under vacuum
(<2 mbar) in a desiccator for 1 h. Deionised water
was then let into the desiccator and finally atmos-
pheric pressure was re-established. A sample was
then prepared by cutting small pieces of wood with
a razor blade. Any excess surface water was wiped
off with a moist Wettex cloth (Freudenberg Home
and Cleaning Solutions AB, Malmo, Sweden), and
the sample was placed in the sample pan. Each
sample was exposed to different RH levels in steps
in the sorption balance. Because of the uncertain-
ties with using a mass stability over time criterion
to determine when equilibrium was reached (Glass
et al. 2018), a fixed time at each step was used. To
ensure that sufficient equilibrium was reached at
each RH step, the mass change over time was evalu-
ated for each sorption step (see Figs. S6-S8 in the
Supplementary Material). The RH generation of the
sorption balances was validated using the method
described by Wadso et al. (2009). The desorption
isotherm was determined using the following RH-
steps with the equilibration time at each step shown
in brackets: 95% (60 h), 80% (24 h), 65% (12 h),
50% (12 h), 35% (12 h), 0% (24 h). The absorption
isotherm up to 95% was then determined using the
same RH steps and equilibration times, except at
95% where the equilibration time was reduced to
24 h. Finally, the dry mass, my (g) was determined
by using the preheater that exposed the sample to
60 °C/0% RH for 8 h before a temperature stabilisa-
tion period of 2 h at 0% RH and the isotherm tem-
perature (20 °C or 40 °C). After this the dry mass
was measured. The dry mass range of the various
materials was 6.8—10.5 mg. The equilibrium mois-
ture content, g, (g g_l), was determined from the

equilibrium mass, Mg, at each RH step as:

Meg—My

Ueq = m (D
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The equilibrium moisture contents for the acety-
lated samples were corrected for the mass gain from
modification as described for the sorption calorimetry
data. The obtained sorption isotherms are shown in
Fig. S4 in the Supplementary Material. The absorp-
tion isotherms were then used to derive A ; H from
the Clausius—Clapeyron equation by first fitting the
ABC isotherm (Zelinka et al. 2018) to the obtained
absorption isotherms. The fit at each temperature was
used to determine the RH at specific levels of con-
stant moisture content by interpolation. From these
values, the differential enthalpy of mixing was calcu-
lated by (Thybring et al. 2022):

ding
A H=R
mix d(l/T) Meq (2)

where R (8.31446 J mol™' K1) is the gas constant, 7
(K) is the absolute temperature, and ¢ (-) is the RH.

Results and discussion

Figure 1 shows the moisture content as function of
RH as well as the differential enthalpy of mixing,
AixH, determined by the sorption calorimeter for the
five wood materials. The data has been cut off above
90% RH, since the accuracy of the determined A, H
deteriorates at high RH. In Fig. 1a-e the moisture con-
tent during measurements is compared with the equi-
librium moisture content at 20 °C obtained at five lev-
els of RH determined by Digaitis et al. (2021) with an
automated sorption balance. It is seen that the mois-
ture content measured with the sorption calorimeter is
lower than the equilibrium moisture content, and that
the isotherms measured by the sorption calorimeter
do not start at zero RH. This is also clear from Fig. S2
in the Supplementary Material which shows that the
moisture content was, in relative terms, fairly consist-
ently about 30% lower than the equilibrium moisture
content at a given RH. The reason for this discrep-
ancy is likely that during the dynamic RH measure-
ments in the sorption calorimeter, the wood is further
from equilibrium than in the sorption measurements
at constant RH in the automated sorption balance.
The RH is thus an uncertain parameter in the sorp-
tion calorimetric measurement for samples exhibiting
slow sorption. Note that in the sorption calorimeter it
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is the sample itself that, by absorbing water vapour,
generates the flow from the water source; in a sorp-
tion balance the RH is controlled by the instrument
and can be kept constant until equilibrium is reached.
However, in the sorption calorimeter, the determined
moisture content and the differential enthalpy of
mixing are robust parameters that do not rely on the
RH of the sorption calorimeter. When water diffuses
from the water source to the sample, this flow rate is
accurately measured, and when the water molecules

Moisture content, u (g g”)

interact with the wood material, the produced heat is
accurately measured. The diagrams of Fig. 1f-j are
therefore more accurate than the sorption isotherms
of Fig. la-e, and the differential enthalpy of mixing
at zero moisture content should be well determined.
Figure 1f-j shows the differential enthalpy of mix-
ing, A, H, as function of the moisture content during
measurements. Lower (less negative) initial values of
A H at low moisture contents can be seen for the
acetylated wood compared to untreated and pyridine
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controls. For these latter two materials, the enthalpy
curves correspond well with those derived using the
Clausius—Clapeyron equation, Eq. (2), on absorption
data, except below 0.05 g g=!'. As previously dis-
cussed (see Introduction section), the results derived
with the Clausius—Clapeyron equation from sorption
isotherm data are uncertain in the low moisture range
(Thybring et al. 2021).

The decreasing A, H with increasing moisture
content could be interpreted as a result of sequential
absorption of water molecules at the most energetic
sorption sites before less-energetic sites are occu-
pied. Alternatively, the decrease could be explained
by progressively decreasing ordering of the water
molecules as their concentration increases. Results
from molecular dynamics simulations of a cellulose-
hemicellulose system indicate that water molecules
at low moisture content are preferentially absorbed
in free volume voids in the hemicellulose (Kula-
sinski et al. 2015). This is in line with experimen-
tal results showing a lower swelling at low mois-
ture contents, indicating absorption of water into
free volume voids (Arzola-Villegas et al. 2019).
As the moisture content increases, the computer
simulations show water molecules accumulating at
the interface between cellulose and hemicellulose.
Importantly, the ordering of the absorbed water mol-
ecules is seen to decrease as the moisture content
increases (Kulasinski et al. 2015), indicating that the
water molecules adopt less favourable bonding con-
figurations. This makes sense when considering that
absorbed water molecules increasingly have to inter-
act with other water molecules as their concentra-
tion increases. These molecules create space within
the cell walls and may form a percolated network
of water as well as water clusters at high moisture
contents (Arzola-Villegas et al. 2019). Therefore,
absorption of water could lead to a gradual change
in bonding configuration of water molecules and
sorption sites as more and more water is accom-
modated in the cell walls. Hereby, the decreasing
A H with increasing moisture content could be a
result of lower overall energy in the bonding con-
figurations adopted as more water molecules need
to fit into the cell walls. This interpretation also fits
with the observation that the entropy of mixing as
derived from sorption isotherm data decreases with
increasing moisture content (Ouertani et al. 2014;
Stamm and Loughborough 1935). By extrapolation
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to zero moisture content, the A . H in the dry state
was estimated and plotted in Figs. 1f-j and 2a. For
untreated and pyridine controls, values around
800 J gyuer | t0 -850 J g, | Were found which
equals -14.5 kJ mol ™' to -15.5 kJ mol™~". This corre-
sponds rather well with A_; H values for natural pol-
ymers in the dry state of approximately -18 kJ mol~!
(Kocherbitov et al. 2004, 2010, 2008; Wojtasz et al.
2016). For the acetylated wood, A_; H in the dry
state falls around -440 J g ..~ to -500 J g0, "
corresponding to -7.9 kJ mol~! to -9 kJ mol~!. Thus,
the first water molecules absorbed into the modified
wood have a markedly weaker interaction with the
cell wall polymers. This might be a result of fewer
high-energy sorption sites, less energetically favour-
able bonding configurations with the fewer water-
accessible hydroxyls (Fig. 2a) or less free volume
voids present in the modified cell walls.

By integrating A, H from the dry state to 90%
RH, the integral enthalpy of mixing is obtained
describing the total energy released over this moisture
range per gram dry material (Fig. 2b). The integral
enthalpy of mixing at 90% RH is seen to decrease
from around -65 J gdry_1 for untreated and pyridine
controls to around -20J gdry‘1 to-307J gdry‘1 for acety-
lated wood. This reduction is both because of a lower
A,ixH in the dry state and a lower absorbed moisture
content at 90% RH (Fig. 2b). When normalizing the
integral enthalpy of mixing with the moisture content
at 90% RH, the acetylated wood yields values around
250 J gyaer - (-4.7 kJ mol™!) compared with around
3857 gyuer | (-6.9 kJ mol™") for untreated and pyri-
dine controls. This change in normalized integral
enthalpy points to a change in the average energy of
interaction between the absorbed water and the modi-
fied cell walls.

Figure 3 shows the A ; H curves for the acety-
lated wood right-shifted on the moisture axis by an
amount corresponding to the average reduction in
moisture content at 90% RH. Interestingly, it can
be seen that for the lower degrees of acetylation,
ie. R4 of 0.13-0.14 g ¢!, the shifted enthalpy
curves are well aligned with the later parts of the
enthalpy curves for untreated and pyridine controls.
The enthalpy curves for the wood with the highest
degree of acetylation of R, ;=0.21 g g~!, do not
align fully with those of the untreated and pyridine
controls, even though the overall inclination is simi-
lar (Fig. 3c). Thus, it appears that the first part of the
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Fig. 2 a Extrapolated differential enthalpy of mixing in the
dry state (white) for the five wood materials. Also plotted is
the gravimetrically determined hydroxyl accessibility in early-
wood (grey) and latewood (hatched) from (Digaitis et al. 2021)
for the same materials. b Integral enthalpy of mixing (white)
and moisture content (grey) at 90% RH from sorption calori-
metric measurements for the five wood materials. ¢ Integral
enthalpy of mixing at 90% RH normalised with the moisture
content at 90% RH from sorption calorimetric measurements.
Numbers in parentheses mark the mass gain from modifica-
tion, R4 (g ¢71). Moisture contents and integral enthalpy of
mixing for acetylated wood have been corrected for mass gain
from modification (R,,,q)

enthalpy curve in untreated wood has been removed
by acetylation, indicating a correlation between
moisture reduction and the highest (most negative)
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Fig. 3 Differential enthalpy of mixing of untreated and acet-
ylated wood with a mass gain from modification, R of a
0.13gg !, b0.14 g g7}, and ¢ 0.21 g g~'. For the latter three
materials, the curves have been horizontally shifted to the right
by 0.050 g g~!, 0.068 g g~!, and 0.085 g g7, respectively, cor-
responding to the average difference in moisture content in the
sorption calorimetric measurements between the untreated and
respective acetylated samples at 90% RH

values of A_; H. This could be interpreted as pro-
gressive removal of the sorption sites with highest
energy by acetylation. However, the reduction in
moisture content does not scale with the removal
of water-accessible hydroxyls, since the number of
hydroxyls that are removed or shielded by acety-
lation is about 40-80% higher than the number
of water molecules excluded from the cell walls
(Table S3 in the Supplementary Material). This is in
line with the results of Thybring et al. (2020) which
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show that the reduction of moisture content by
wood modification is correlated with the reduction
in available space for water within cell walls, inde-
pendently of the change in hydroxyl accessibility.
This means that with an increasing degree of acety-
lation, fewer hydroxyls are available for interacting
with the absorbed water, both in absolute numbers
and relative to the amount of water molecules pre-
sent, than in untreated wood. Therefore, the number
of interactions with hydroxyls per absorbed water
molecule is less in the acetylated wood than in the
untreated wood. This could mean that high-energy
interactions with specific hydroxyls are hindered
by acetylation as well as energetically favourable
bonding configurations of the absorbed water mol-
ecules. In fact, it appears that acetylation lowers
the entropy of mixing similar to the effect of other
types of modification, see Figs. S2 and S7 in the
Supplementary Material. In future work, it could be
interesting to explore different chemical modifica-
tions that affect the hydroxyl accessibility and mois-
ture reduction independently (Thybring et al. 2020).

Conclusion

This study is the first to use sorption calorimetry
for exploring the effect of chemical modification on
wood-water interactions. Acetylation decreased the
strength of the wood-water interaction which was
shown by a decrease in differential enthalpy of mix-
ing, both overall and in the dry state. It appears that
acetylation removes or hinders the most-energetic
interactions or bonding configurations of water
in wood, perhaps because acetylation reduces the
number of water-accessible hydroxyls more than it
reduces the amount of absorbed water molecules.
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