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Abstract It has often been claimed that the equilibrium
moisture content (EMC) of wood is controlled by the
available hydroxyl group content and their accessibility, but
this has not been proven. In the present study, the accessi-
bility of the hydroxyl groups were analysed by deuterium
exchange in a dynamic vapour sorption apparatus, and
generally poor correlation with the EMC and hydroxyl
group accessibility was found. Therefore, the role of the
accessibility of wood hydroxyl groups in relation to exerting
sole influence on the EMC is disputable. It is concluded that
there has to be an additional mechanism to exercise control
over the EMC in addition to hydroxyl group accessibility.

Introduction

When wood is placed in an atmosphere containing mois-
ture, it will adsorb or desorb moisture until it attains
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equilibrium moisture content (EMC). By determining EMC
at different values of atmospheric relative humidity (RH) at
constant temperature, a sorption isotherm is obtained.
Wood, in common with cellulosic and lignocellulosic
materials, exhibits a characteristic sigmoidal sorption iso-
therm. It has been often claimed that the equilibrium
moisture content (EMC) is controlled by the available
hydroxyl group content and their accessibility [1, 2], but
this has not been proven. It is difficult to explain the sup-
posed importance of OH content with this behaviour, and
other factors would be expected to exert an influence.
Water present in the cell wall exerts a swelling pressure,
which is resisted by the cell wall matrix. Equilibrium can
therefore be viewed as a balance of these two forces. The
question that arises is either which model is correct, or is
there a mixed mechanism involving mechanical restraint in
combination with OH accessibility controlling sorption
behaviour.

Several methods [3, 4] such as chemical wood modifi-
cation and thermal modification have been developed to
decrease the hygroscopicity of wood and therefore reduce
unpreferable properties (dimensional instability, suscepti-
bility to microbiological attack, etc.). With the latter
method, wood material is kept in an elevated temperature
(usually in excess of 160 °C) in a controlled manner for
certain time period. During thermal modification, the mass
of the wood material decreases because of the thermal
degradation in the wood cell wall polymers: cellulose,
lignin and hemicelluloses. The cellulose polymer in the
microfibrils is embedded in a complex matrix of lignin and
hemicellulose, with the lignin resisting compressive forces
and the hemicelluloses acting as interfacial coupling agents
between the cellulosic reinforcement and the lignin-rich
matrix. The interior of the cellulose microfibrils is not
accessible to water [5] and the lignin has a much lower OH
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to C ratio than the polysaccharide components. The he-
micelluloses are the most thermally labile wood polymer
and are also the most hydrophilic of these polymers; hence,
their degradation results in a reduced hygroscopicity.

Recently, Borrega and Kirenlampi [6] showed that the
hygroscopicity of wood decreased in proportion to the mass
loss as a result of thermal modification. Surprisingly, the
measured EMCs of modified wood showed that the
reduction in hygroscopicity was due not only to the loss of
hydrophilic hemicellulose, but also to the influence of
another mechanism. Suchy et al. [7, 8] hypothesized that
this mechanism relates to the irreversible aggregation of
cellulose microfibrils and irreversible stiffening of the he-
micelluloses/lignin matrix during the drying of the green
wood. Moreover, Kato and Cameron [9] suggested that
during the thermal modification process, irreversible crea-
tion of new hydrogen bonds take place in the amorphous
regions of cellulose and hemicelluloses. This phenomenon
(also known as “hornification”) is well known in the pulp
and paper literature, where it is described as a decrease of
water retention value (WRV) of pulp fibres due to struc-
tural changes in the cell wall during drying [10]. Hornifi-
cation is a complex process which has been proposed to be
based upon several mechanisms, such as irreversible cell
wall nanopore closure, microfibril aggregation, irreversible
hydrogen bond formation, etc. [9, 11].

The hygroscopicity of the wood can be determined by
the dynamic vapour sorption (DVS) technique, which
reveals accurately the sorption kinetics behaviour and
sorption isotherms [12]. The accessibility of primary
sorption sites in the wood ultrastructure can be measured
with hydrogen—deuterium exchange also using such an
apparatus. Deuterium exchange is a well-established
method to determine the hydroxyl group accessibility
either spectroscopically [5, 7, 8, 13—15] or gravimetrically
[16-19].

Recently, an alternative mechanism for explaining the
reduction in EMC with increasing levels of thermal mod-
ification has been presented [12]. This posits that the EMC
of the wood is solely determined by the cell wall modulus.
As water molecules enter the cell wall, they exert a
swelling pressure, which is resisted by the cell wall poly-
mers as well as by restraint on the cell wall exerted by the
surrounding wood substance in bulk wood samples (not the
case with wood flour). Energy is expended in swelling the
cell wall, and the EMC is the point where the free energy of
the water/swollen cell wall is balanced by the free energy
of the atmospheric water vapour. Thermal degradation of
the hemicelluloses and possibly the amorphous cellulose,
coupled with increased cross-linking of the lignin, would
result in an increase in the cell wall matrix modulus and
thereby a reduction in EMC at a given RH (note that this
does not necessarily translate to an increase in the global

modulus of the wood, since degradation can also lead to a
decoupling between individual cells potentially resulting in
a decrease in modulus [4]). On the basis of the parallel
exponential kinetics (PEK) model, which has been used to
determine the cell wall moisture content at infinite time, the
cell wall modulus comprises two components: a modulus
associated with the fast sorption process, and a modulus
associated with the slow sorption process [20]. The purpose
of this study was to examine the change in accessible OH
content due to thermal modification and examine whether
such a reduction was the sole determinant influencing the
EMC. This is the first such study reported in the scientific
literature.

Materials and methods

Two tropical hardwood species, acacia (Acacia mangium)
and sesendok (Endospermum malaccense), were selected in
this study. The specimens were thermally modified in dry
conditions at 180, 200 and 220 °C for 1, 2 or 3 h, before
being milled to form fine particles (20 mesh). The water
sorption isotherms of unmodified and modified wood spe-
cies were analysed using a DVS (dynamic vapour sorption)
Intrinsic apparatus (Surface Measurement Systems, Lon-
don, UK). Full details of the sample preparation, thermal
modification and measurements of the sorption isotherms
are presented by Jalaludin et al. [21, 22].

A typical isotherm as an example is presented in Fig. 1,
which shows sorption isotherms of the untreated and
thermally modified (220 °C, 3 h) acacia wood. It is seen
that the thermally modified wood shows a dramatic
reduction in EMC compared with the untreated wood. An
earlier study [21] shows all the sorption isotherms in detail.

The accessibility of the hydroxyl groups were analysed
by deuterium exchange in the DVS apparatus. The DVS
reservoir was filled with D,O rather than with deionised
water. Approximately 10-20 mg of milled wood particles
(20 mesh) was placed in the sample pan, and it was pre-
conditioned at 0 % relative humidity (RH) of deuterium
oxide (D,0O) and nitrogen (flow rate 200 em®s7!) at a
temperature of 25 °C to remove any adsorbed water mol-
ecules. Six adsorption—desorption (RH 0-90 %) cycles
were conducted, and the dry mass increase due to deute-
rium exchange was calculated. The DVS apparatus main-
tained a constant RH until the sample moisture content
change per minute (dm/dt) was less than 0.002 % per
minute over a 10-min period to ensure the equilibrium in
each RH step. An example of a D,O exchange cycle is
presented in Fig. 2. The DVS apparatus achieved a RH of
80-85 % in the example illustrated, but it was enough to
reach all accessible OH-groups, as evidenced by the stable
mass change obtained in the dry masses of the later cycles.
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Fig. 2 Deuteration procedure. Initially the weight was measured after
drying with N, drying flow. Initial weight is shown by the dotted line

Moreover, an earlier study [13] has found out that OH-
groups accessibility did not change above 60 % RH during
deuterium exchange. More details of this experimental
technique have been given elsewhere [23]. The accessi-
bility was calculated from the difference between the initial
dry weight of the sample and the dry weight after the sixth
cycle, when the weight did not change anymore. It was
found that the major weight change was accomplished
already in the first cycle, and the difference is pointed out
as a dashed line in Fig. 2.

Chemical compositions of untreated and thermally
modified wood were evaluated from the milled wood meal
(60 mesh). The extractives were removed according to
Tappi standard [24] before determination of holocellulose,
a-cellulose and lignin, which were determined according to
a previous study [25] and Tappi standards [26] and [27],
respectively. Two replicates were measured from each
sample and averaged.

@ Springer

The accessibility of the hydroxyl groups of acacia
(n = 3-4) and sesendok (n = 3-4) are presented in Fig. 3.
The OH accessibility values of untreated acacia and ses-
endok wood were 8.1 and 7.5 mmol g~', respectively,
which is in agreement with the literature values [13, 14].
Thermal degradation of polymeric components resulted in
the reduction of the accessible OH groups in the modified
samples for both species as was seen in an earlier study
[14] on Styrax tonkinensis wood, measured using NMR
spectroscopy. In this study, the response was unclear. The
accessibility of acacia increased, when modified at 180 °C
for the first 2 h, which then decreased. It is possible that
degradation of the cell wall results in an increase in cell
wall-accessible OH content due to internal stresses gener-
ating microcracks. Thermally modified acacia at a tem-
perature of 220 °C showed entirely unexpected results
wherein there was a substantial (up to 70 %) reduction in
accessible cell wall OH content compared with sesendok.

The unexpected results mentioned above could possibly
be attributed to high degradation of the thermally labile
hemicelluloses, but this was not seen in an earlier study
[14]. Moreover, the EMC at RH 95 % from sorption



J Mater Sci (2013) 48:6352-6356

6355

isotherms [21] of the samples and accessibility of the OH
groups are compared in Fig. 4b. The degradation of ther-
mally labile components and associated OH groups during
thermal modification is believed to decrease the EMC and
accessibility of OH groups. In the present study, it is shown
that there is rather a poor correlation. The chemical com-
positions of the unmodified and thermally modified wood
are presented in Table 1. The relative cellulose content of
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Fig. 4 Accessibility of thermally modified acacia and sesendok as a
function of theoretical OH groups available (a) and EMC at RH 95 % (b)

thermally modified acacia was increased and hemicellu-
loses (pentosan + hexosan) decreased as expected; how-
ever, the relative lignin content is relatively stable after
different modifications, whereas thermally modified ses-
endok behaves differently. There was a large increase in
relative lignin content, a reduction in hemicelluloses
(except at a modification temperature of 180 °C and time
of 3 h) and a non-uniform decrease of relative cellulose
content. However, the number of theoretical OH groups in
moles per gram can be estimated by Eq. 1 proposed by
Rowell [2] and Hill [4]:
3A 3B 2C D 1
162 16 T 132 k0 M
where composition—% of cellulose (A), hemicelluloses
hexosan (B) and pentosan (C) and lignin (D) are known.
The crystalline proportion of cellulose is assumed to be
inaccessible, and therefore the hydroxyl groups of cellulose
are corrected by the crystallinity index of 50 %. The
crystallinity index (CI) is based on preliminary study by
X-ray diffraction (XRD) technique, which showed an
averaged CI of 50 %. The XRD technique was not suitable
for these studies, because the results showed high variation
in CI for reasons that we were not able to explain. Earlier
studies [28, 29] have been also found out high variation in
CI for A. mangium 46 and 68 %, respectively, using XRD
technique. However, an earlier study showed that thermal
modification in dry conditions induced a decrease in the CI,
rather than an increase that could be observed when the
wood is modified in a steam atmosphere [30]. An increase
in the CI can be explained by increased mobility of the
cellulose chains in the presence of moisture and high
temperature. The theoretical OH group contents were cal-
culated and compared with the accessible OH groups.
Figure 4a shows again the unexpected behaviour of mod-
ified acacia at 220 °C (group of three squares on the left),

Table 1 Chemical compositions of thermally modified and untreated acasia and sesendok after the removal of the extractives

Temp. (°C) Time (h) Sesendok Acacia
Cellulose Hexosan (%) Pentosan (%) Lignin (%) Cellulose Hexosan (%) Pentosan (%) Lignin (%)
(%) (%)
Control 22.7 18.0 9.3 27.4 15.1 19.4 10.0 33.0
180 1 19.2 16.0 8.2 29.8 17.6 17.3 8.9 323
2 15.2 17.7 9.1 30.7 19.8 11.8 6.1 323
3 242 6.8 35 414 21.7 10.3 53 30.2
200 1 16.2 19.4 10.0 38.2 18.6 11.2 5.8 334
2 21.8 14.9 7.7 33.9 19.4 9.8 5.1 36.8
3 21.7 13.7 7.1 37.1 18.5 13.3 6.9 33.6
220 1 22.1 13.2 6.8 35.8 18.0 11.7 6.0 37.3
2 20.5 14.9 7.7 36.5 19.3 13.1 6.8 32.0
3 19.1 12.7 6.6 42.5 17.8 13.8 7.1 34.7
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and poor correlation between the theoretical and experi-
mental data. Nevertheless, even though the crystallinity
index is averaged, it is not able to explain the results,
because the cellulose proportion is rather low. If the
crystallinity index would have increased by 10 % units,
then the theoretical accessibility of OH groups would have
decreased approximately by 6 %, according Eq. 1. If the
EMC of the wood was controlled by accessible hydroxyl
group contents alone, then a more uniform correlation
would have been expected (Fig. 4b). Therefore, more
information is needed to explain this phenomenon.

Conclusions

In this study, the accessibility of the thermally modified
wood hydroxyl groups were analysed by deuterium
exchange in the DVS apparatus—and poor correlation with
the EMC, hydroxyl groups accessibility, and theoretical
hydroxyl group content were found. If the moisture content
of wood would be controlled by accessible hydroxyl group
contents alone, then a more uniform correlation would have
been expected. Therefore, the role of the accessibility of
wood hydroxyl groups in relation to controlling the mois-
ture content exclusively is disputed, and therefore, there
has to be additional mechanism that exercises control over
the EMC.
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