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Abstract The aim of this paper was to investigate pore-size distributions in the
nano-diameter range of wood and their alteration due to thermal modification of
wood using thermoporosimetry, and to find out what consequences can be derived
regarding the biological durability. Thermoporosimetry is a technique that is based
on the measurement using differential scanning calorimetry (DSC). The method is
based on the fact that frozen water contained within small pores is at elevated
pressure and therefore has a depressed melting temperature as a function of the
appropriate pore diameter. In addition, the fiber saturation points (FSP) were
determined by DSC. The former were performed in an isothermal-step method and
the latter using the continuous heating-up method. Native and thermally modified
twin samples of Norway spruce (Picea abies (L.) Karst.), Sycamore maple (Acer
pseudoplatanus L.) and European ash (Fraxinus excelsior L.) were analyzed. The
results clearly show that the pore shares of wood for the measurable diameter range
between 4 and 400 nm decrease considerably in all studied wood species due to
thermal modification of the wood. Furthermore, thermal modification of wood leads
to a decreased FSP for all studied wood species. For evaluation as well as repro-
ducibility of the results of pore-size distribution and FSP, the consideration of
sensible heat and specific heat of fusion plays an important role. If this is not done, it
can lead to misinterpretations.
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Introduction

Thermal modification of wood is a heat treatment of wood and is aimed mainly at
improving the biological durability and increasing the dimensional stability (Hill
2006). This procedure currently is the most advanced modification process for
alternative wood preservation. The various methods for thermal modification of
wood differ substantially in the engineering process and atmospheric conditions in
the treatment chamber. For example, steam, nitrogen, vegetable oil (partly in
combination with different pressures: over-pressure, normal pressure, vacuum) are
used to minimize the oxygen content for realization of a mild pyrolysis of the wood
components. In dependence of the atmospheric conditions, at the same treatment
time and temperature, the resulting alterations in the properties of wood differ
significantly. During the thermal treatment, the cell-wall components cellulose,
hemicelluloses and lignin are degraded or transformed. As a consequence of the
degradation processes, the wood loses some of its mass (Pétrissans et al. 2012). The
hemicelluloses as thermally unstable components are mostly degraded. Further-
more, due to oxidation and condensation processes self-crosslinking of the cell-wall
components can occur (Wagenfiihr and Scholz 2007). Thus, the porosity and pore-
size distribution of the wooden cell-wall as well as of the various voids in the wood
structure (e.g. pointed ends of the lumen, pit apertures, pit membrane voids) are
modified. Furthermore, due to the primary degradation of the very hygroscopic
hemicelluloses and also the irreversible hornification (Kiirschner and Melcerova
1965; Roffael and Kraft 2012) of the cell wall, the fiber saturation point (FSP) is
decreased due to thermal modification. In general, the increased biological
durability of thermally modified wood can be explained by different active
principles. On the one hand, toxic substances, such as furfural and formaldehyde
(Peters et al. 2008; Tjeerdsma et al. 1998) are developed during the thermal
modification process. On the other hand, due to the degradation and especially the
transformation of the cell-wall substances, the enzymes of wood-decaying fungi
cannot take effect. Furthermore, due to thermal modification, cell-wall porosity is
reduced, which can limit diffusion of cellulolytic enzymes into the cell walls
(Lekounougou 2009). Hence, it is possible that the proportion of capillary
condensed water in the nano-pores decreases due to thermal modification. That
means that the ratio of water for enzymatic activity is probably limited compared to
native wood even below FSP. Therefore, the knowledge of the alteration of the
pore-size distribution of the pores in which water capillary condensation can occur
due to thermal modification is of high importance to discuss the improved biological
durability of thermally modified wood. Its determination in this work was carried
out using thermoporosimetry.

The basis of thermoporosimetry to measure pore-size distribution using DSC is
the melting point depression of a pore-filling substance or adsorbate in very small
pores (Maloney 2000; Ksiazczak et al. 2003), which occurs by osmotic and capillary
effects (Topgaard and Soderman 2002). Because of the increased internal pressure,
a depressed melting temperature occurs in the interior of small pores (Stephan et al.
2010). On the assumption that all pores are cylindrical, the relationship between the
pore diameter and the melting-point depression will be described by the Gibbs-
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Thomson Eq. (1) (Landry 2005). From this equation it is evident that with
decreasing pore diameter, the melting point depression increases.
4Ty cos O

D=t = 1a0))pH;

(1)

where T, is the melting temperature, y is the surface tension, 6 the contact angle, p
the density and H; the specific heat of fusion of water. Since the melting point
depends on the pore diameter, a determination of pore-size distribution in the nano-
diameter range using DSC is possible. To determine the pore-size distribution using
DSC, water as pore-filling substance is well suited because of the well-known
anomaly of water and its melting point of O °C. The water in the pore structure of
wood or other ligno-cellulosic materials is generally divided into bound water in the
hygroscopic region below FSP and free water in the over-hygroscopic region above
FSP. In contrast, for DSC measurements water must be divided into three types:
non-freezing bound water (nfbw), freezing bound water (fbw) and free water (fw)
(Ksiazczak et al. 2003). The former is bound by chemisorption and adsorption as a
layer surrounding the microfibrils with approximately 1 nm thickness (Topgaard
and Soderman 2002) and cannot freeze because of its strong bonds. Thus, this water
has consequently no melting peak in the DSC measurement curve (Park et al. 2006).
On the one hand, fbw is stored by capillary condensation in the intermicellar and
interfibrillar cavities of the cell wall and on the other hand in small pore spaces
outside the cell wall, such as the pointed ends of the lumen, pits apertures and pit-
membrane voids. The embedded free water in the lumen of the wood cells under-
goes no melting point depression (Ksiazczak et al. 2003).

To apply the thermoporosimetry on cellulosic and inorganic porous material,
some investigations have already been carried out. Maloney and Paulapuro (1999)
studied the pore-size distribution depending on the degree of cooking of pulped
spruce. They found that the pore sizes are significantly enlarged due to
delignification. Park et al. (2006) examined the alteration of the pore-size
distributions of cellulose as a function of the degree of drying of the fibers, and
Fahlén and Salmén (2005) examined the alteration due to an enzymatic treatment on
various fibrous materials. The former authors determined varying pore-size
distributions in dependence of the moisture content (MC) in the over-hygroscopic
region, whereby with decreasing MC the pore diameters are decreased. All three
groups of authors performed their measurements based on Maloney (2000) using an
isothermal temperature step program.

Simpson and Barton (1991) focused their work on the determination of the fiber
saturation point (FSP) of several Australian wood species (e.g. Eucalyptus marginata)
in consideration of the wood planes, while Repellin and Guyonnet (2005) investigated
the alteration of FSP due to thermal modification on common beech and maritime pine
and compared the results to those obtained by volumetric shrinkage. For these studies
the experiments were carried out using a continuous heating program. The former
authors found no significant statistical differences between the three wood planes of
the samples and the latter authors determined a decrease of FSP due to thermal
modification as a function of treatment temperature and time. Furthermore, the
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correlation of the DSC method with volumetric shrinkage method shows a linear
regression.

Weise et al. (1996) used DSC for the quantification of the three types of water
(nfbw, fbw and fw) in different kraft pulps which were moistened and subsequently
dried again. The aim of this study was to investigate the hornification of the
cellulose fibers due to dehydration. The separation of fbw and fw was taken by a
vertical separation of both the overlapping melting peaks at the local minimum,
which visually separates both melting peaks. Dieste et al. (2009) followed a
different approach in their investigations on DMDHEU (1,3-dimethylol-4,5-
dihydroxy ethylene urea) treated beech particles. Based on Park et al. (2006), they
assumed that the melting point depression in wood also depends on the MC of the
sample. Therefore, the samples were prepared with different moisture contents and
measured with a continuous measurement program. The evaluation was performed
using the determination of the extrapolated onset temperature at the melting peak of
the fbw. Thus, the respective average melting temperature or the average pore
diameter was determined respectively. The representation of the results was shown
by defined pore classes. However, it should be noted that the average pore diameter
above FSP was determined by chance and not as a function of moisture content. The
results of Park et al. (2006) may be explained by the collapse of the lumen of the
cellulosic fibers due to dehydration and associated suctions. As a result of lignin in
the cell wall of the wood particle, this phenomenon is very limited and occurs only
due to very excessive drying. Zelinka et al. (2012) examined the freezing of water in
wood and its cell-wall components under a variety of preparation methods. They
reported that the detection of freezable bound water or “Type II water” in wood
may depend more on the sample preparation than the chemical nature of the cell-
wall components. Only for ball-milled cellulose they could determine a DSC peak
for Type II, not for milled and solid wood (Pinus taeda). The authors derive from
their investigations that Type II water is not a result of fbw, but can be explained by
homogenous nucleation in water. Furthermore, in the mentioned study, FSP were
determined from the melting enthalpy using heating up measurements.

In all mentioned studies the heating rates were very different. Weise et al. (1996),
Maloney (2000), Repellin and Guyonnet (2005) and Park et al. (2006) have aimed at
a pretty low heating rate in the range between 0.5 and 3 K min~'. Simpson and
Barton (1991) or Zelinka et al. (2012) used a setting of 5 K min~". In contrast, Dieste
et al. (2009) used a quite high heating rate of 10 K min~'. Maloney and Paulapuro
(1999) or Fahlén and Salmén (2005) described no values for the heating rate.

Materials and methods

General aspects

The investigations were carried out on native and thermally modified heartwood of
Norway spruce (Picea abies (L.) Karst.), Sycamore maple (Acer pseudoplatanus L.)

and European ash (Fraxinus excelsior L.). The thermal modification was performed
in a single-stage dry process under nitrogen atmosphere at 200 °C for 4 h at
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laboratory scale. Twin samples of unmodified and modified wood collected from the
same annual rings were analyzed. In addition, the series differ from each other in
terms of sample shape. On the one hand, samples were prepared as particles (size
fraction between 0.8 and 1 mm) and on the other hand as solid wood sections (cross-
cut sections) with a diameter of 4 mm in the radial-tangential section and 1 mm in
longitudinal direction. The particles were milled using a hammer mill and the cross-
cut sections were cut using a slicing machine and a steel punch. The preparation of
the modified wood samples was performed after thermal treatment of the twin
plank. Each test series comprised three specimens.

The DSC-measurements were carried out using the DSC-1-STARe-system with
Intracooler (Co. METTLER TOLEDO), the evaluation of the measurement curves
using STARe software V 9.20. Temperature calibration of the DSC-analyzer was
performed by two-point calibration with mercury (melting point —38.4 °C) and
deionized water (melting point 0 °C). Technically pre-dried air (4 % relative
humidity at 20 °C) was used as scavenging gas; the flow rate was 40 ml min~".
Standardized aluminum pans (Co. METTLER TOLEDO) with a center pin and a
capacity of 40 ul were used. In the lid of the empty and initially hermetically sealed
reference pan, two small holes were poked. Thus, the reference substance was air.
Weighing of the samples, pans and lids was performed using a balance (Co.
METTLER TOLEDO) with a precision of 0.01 mg. In each case, the average of
three weighings was calculated. Each mass of the pans and lids for the same test
were determined separately from the samples. In water dissolved substances, such
as soluble sugars in the wood, lead to an additional melting point depression.
Therefore, samples were washed in deionized water and stored in the water for 24 h.
Before weighing, water saturated samples were stored on a wet filter paper for two
minutes. Subsequently, samples were placed in the pans before being hermetically
sealed. After the DSC-measurements, a small hole was poked through the lid of the
pan and the sample was dried at 103 °C. The mass of the sample before drying and
in the oven-dry state were used to calculate the MC of the samples.

In the previous studies mentioned above, different initial temperatures in the
range between —10 and —40 °C were used. To select an appropriate initial
temperature, several investigations using the heating up method with a heating rate
of 3 K min~' on water saturated cross-cut sections of native spruce were carried
out. The initial temperatures were —20 and —70 °C and the end temperature in each
case was 10 °C. The tests were conducted twice per initial temperature. Figure 1
shows the determined melting curves at the different initial temperatures. The
results clearly show that the first deviation of the melting curve from the baseline
occurred in each case at —10 °C, regardless of the initial temperature. The
determined integrated areas or the enthalpy also have the same values. For the
present study it was assumed that at temperatures below —10 °C no pore water
melts, thus no latent heat is consumed for the endothermic process.

Pore-size distribution

The determinations of the pore-size distribution were carried out using an
isothermal step method according to Park et al. (2006) as well as Maloney and
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Fig. 1 DSC-melting curves with continuous heating up at different start temperatures: —20 °C and
—70 °C

Paulapuro (1999). However, in contrast to these authors an initial temperature of
—20 °C was used in the present study. This is due to the results of the preliminary
investigation mentioned above using different initial temperatures (—20 and
—70 °C) where the first deviation of the melting curve from the baseline was always
at —10 °C. Likewise, the determination of the pore-size distribution started from
—10 °C. To ensure that the freezing water is completely frozen, the start temperature
was initially held constant for 5 min. In each step, the temperature was increased
using a heating rate of 2 K min~' and the respective temperature step was held for
3 min. To calculate the effective pore diameter according to Eq. 1, the following
parameters were used: T, =273.15K; y=12.1ml] m_z; 6 = 180°;
p=10°gm™; Hy = 333.6 ] g' (Park et al. 2006; Stephan et al. 2010; Simpson
and Barton 1991). Thus, the individual pore diameters were calculated suitably
according to Eq. 2. Table 1 shows the 15 temperature steps used and the
corresponding measurable pore diameter between 4 and approximately 400 nm.

D =39.6 nm x K (2)
Tn — T(D)

To prepare an empirical distribution function of the individual pore sizes, it is
necessary to determine the total individual heats of fusion Hy, ; (o1 Of the respective
endothermic melting peak of each temperature step. This was achieved by
integration of the corresponding peak area. Based on the preliminary investigations
in this study, it was assumed that the individual melting peaks before —10 °C are
attributed to sensible heat as a result of inertia of the sample due to delayed increase
in temperature of the sample. Maloney (2000) reported that for the precise
determination of the actually consumed melting heat (latent heat), the occurring
sensible heat must be subtracted from the determined total heat of fusion (H, ; total)-
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Table 1 Comparison of the

used melting temperatures and Tm (°C) D (nm)

correspondil}g pore diameters 10 0

due to the Gibbs-Thomson effect

(Egs. 1 and 2) -9 4.4
-8 5.0
=17 5.7
—6 6.6
-5 7.9
—4 9.9
=3 13.2
-2 19.8
=15 26.4
-1l 36.0
—038 49.5
—05 79.3
—02 198.2
—0.1 396.3

Here, the function of the sensible heat depending on the temperature below 0 °C can
be assumed to be directly proportional and increases with increasing temperature.
On this account, Hp, j 1ora1 1S the sum of sensible heat Hgy; of the sample and the
actual (latent) heat of fusion H,,;, which is actually consumed for the melting
process of frozen water in the corresponding pore diameter (Maloney 2000; Park
et al. 2006) (Eq. 3).

Hujtotat = Hmji + Hsni (3)

The general calculation of sensible heat (Hgy) results from the temperature-
dependent specific heat capacity c, (T), the temperature difference of the
corresponding temperature step AT and the sample mass mg according to Eq. 4.

Hsy = ¢, x AT % m 4)

In the temperature range below 0 °C, Hgy is directly proportional to the
temperature (Aristov et al. 2010), where Hgy values decrease with decreasing
temperature. In this study, also a linear function was assumed. Hence, Hgy were
determined at each 1 K step between —20 and —11 °C. The proportions of the frozen
water v; of the corresponding pore diameter were calculated according to Eq. 5:

_ Hm,i
Hs % p * myg

(5)

Vi

where my is the mass of the oven-dry sample. To calculate v; the same parameters
(Hy, p) as described above were used.

Fiber saturation point

The determinations of FSP were carried out using the continuous heating-up method
and subsequently the investigation of pore-size distribution on the same sample.
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Again, the start temperature of —20 °C was held for 5 min and the temperature was
then increased to 10 °C using a heating rate of 2 K min~'. According to Simpson
and Barton (1991) the calculation of FSP was performed using two different
methods. FSP is defined as the moisture content, where the cell wall is fully
saturated without capillary condensed water in the cell-wall pores (Siau 1995;
Almeida and Hernandez 2006; Hill 2008). Following this, in method 1 the FSP was
determined by calculating the amount of non-freezing water (NFW) according to
Eqgs. 6 and 7:

FSP = NFW = (w - 1) x 100 (6)
my

with:
AH, x my
Mrwy = —_— (7)

where my is the mass of the sample (mg), mgw is the mass of the freezing water (mg)
and my, is the mass of the oven-dry sample (mg), AH,, is the determined total heat of
fusion (J gfl), H; is the specific heat of fusion of pure water (J gfl). On the one
hand, fw was assumed to behave like pure water, thus the accepted value of
333.6 J g~! (Park et al. 2006; Simpson and Barton 1991; Repellin and Guyonnet
2005; Dieste et al. 2009) was used for H¢. On the other hand, in accordance with
Simpson and Barton (1991), pure water-only scans were carried out and a value of
32447 g was determined using regression analysis depending on the mass of
water. This H; was also used for the calculation of FSP.

In method 2, the measured specific heat of fusion of the corresponding series was
plotted against the water content of the sample and linearly regressed using the
method of least squares. Thus, in each case the regression equation with the
corresponding coefficient of determination was determined and the proportion of
non-freezing bound water (nfbw) in a heat of fusion of 0 J g~ was calculated. This
means that the FSP was determined by extrapolating the regression line of any
sample when the H; value is zero (Simpson and Barton 1991; Zelinka et al. 2012).

Results and discussion
Pore-size distribution

The average pore-size distribution (cumulative pore volume) of native and
thermally modified spruce, maple and ash particles and sections, taking into
account the Hsy, are shown in Figs. 2, 3 and 4. The specified pore volume refers to
the oven-dry mass of the sample. The results clearly show that the pore-size
distributions differ in dependence of shape (particles, sections) and state (native,
modified) of the samples. The respective pore shares of the particles were always
higher compared to the values of the solid wood sections. This is likely to be
explained by the better accessibility and free swelling ability of the individual
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Fig. 2 Average cumulative pore-volume curves of native and thermally modified spruce particles and
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Fig. 3 Average cumulative pore-volume curves of native and thermally modified maple particles and
sections

wooden cell walls of the individual particles (Maloney and Paulapuro 1999)
compared to the individual cells in the composite of the solid wood sections.
Furthermore, the contact points of each chip may have produced additional voids. A
significant result of thermoporosimetry is that the pore shares for the pore diameter
range between approximately 4 and 400 nm decrease considerably in all studied
wood species due to thermal modification. The cause may be the shrinkage of the
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Fig. 4 Average cumulative pore-volume curves of native and thermally modified ash particles and
sections

cell wall (Zauer et al. 2013), flowing of lignin in the cell-wall pores as well as
reduced swelling behavior of thermally modified wooden cell walls and resulting
reduced interfibrillar and intermicellar spaces. This effect was likely to be amplified
due to hornification during thermal modification, which was detected by Kiirschner
and Melcerova (1965). Furthermore, Kollmann and Fengel (1965) suggested a
closure of the skeletal substance of wood due to softening and subsequent
solidification of lignin during thermal treatment. A substantial portion of the pore-
size distributions can be assigned to the pointed ends of the previously mentioned
cell elements. This decreases obviously due to the thermal modification, which is
attributable to the shrinkage of the cell walls and thus the cell lumen or pit
chambers, respectively, at their pointed ends. In addition, pit-membranes were
degraded due to thermal modification so that the presence of small “nano” voids
was reduced significantly. Figure 5 shows an intact bordered pit of spruce and a
degraded pit due to thermal modification. It can be clearly seen that the pit
membrane gets larger pores due to degradation processes during thermal treatment
compared to the native pit membrane (closer meshed). A significant ratio of the
voids of the thermally treated pit membrane has a diameter above 400 nm and
cannot be determined using thermoporosimetry. From these results it can be derived
that the proportion of capillary condensed water in the cell wall and “nano” pores
outside of the cell wall in thermally modified wood is significantly lower compared
to native wood. Thereby, the proportion of water in the hygroscopic region for
fungi-specific enzymatic activity is clearly decreased. Furthermore, the reduced
porosity can limit diffusion of enzymes into the cell wall (Lekounougou 2009). In
addition to the phenomena mentioned above, these are obviously important facts of
the improved biological durability of thermally modified wood compared to native
wood.
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Fig. 5 Alteration of the pit membrane or torus of spruce due to thermal modification: intact bordered pit
(left) and changes as well as degradation of margo and torus (right)

In this study, a depression temperature of —0.1 °C as the closest temperature
below the normal freezing point of water (0 °C) was chosen. All average cumulative
pore-volume curves (Figs. 2, 3, 4) show no plateau in the region of larger pore sizes.
This indicates that there is a significant amount of pores larger than 396 nm present
in the native and thermally modified wood samples. Park et al. (2006) also found
this phenomenon on softwood fully bleached kraft pulp. The larger pores above
396 nm in wood are probably in the pointed ends of lumens and pit apertures,
openings in the pit margo, especially of softwood with a width up to 1 pm in the
circumferential direction and up to 2 um in the radial direction (Siau 1995). A
comparison of the native wood samples shows that maple has slightly lower pore
shares in the investigated pore range compared to spruce and ash.

As mentioned above, Figs. 2, 3 and 4 represent the cumulative pore-volume
curves taking into account Hgy. However, in some investigations on pore-size
distribution, Hgy has not been considered (Maloney and Paulapuro 1999; Fahlén
and Salmén 2005; Weise et al. 1996). The maximum cumulative pore volume of this
study ranged between 12 (modified maple sections) and 22 mm> g~ (native spruce
particles). For spruce particles, Fahlén and Salmén (2005) determined a maximum
cumulative pore volume of 500 mm? g~', and Maloney and Paulapuro (1999)
determined a maximum cumulative pore volume of 250 mm® g~'. This means that
the values are higher by a decimal power compared to the values of this study. It
should be noted, that the depression temperature ranged between —33 (—30) and
—0.1 °C, contrary to the present work (—10 and —0.1 °C). But the individual pore
volumes up to approximately —10 °C, corresponding approximately to a pore
diameter of up to 4 nm, were very low compared to the individual pore volumes
above —10 °C. The main reason for the higher individual pore volume compared to
the present values is obviously that the Hgy was not accounted for. If the pore
volume of this study had been calculated without taking into account Hgy, the
maximum pore volume would have ranged between 125 (modified ash sections) and
280 mm® g~' (native maple particles). These values are similar to the results of
Maloney and Paulapuro (1999). However, Hgy is an important influential parameter,
which is necessarily taken into account when calculating the individual pore
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volume. If Hgy is not considered, the pore shares of the sample are incorrectly
determined too high.

Park et al. (2006) were the only ones that considered Hgy in the calculation of the
pore-size corresponding pore volume. Because the investigations were carried out in
bleached kraft pulp of pine, the values are not comparable to the values of the
present study. Unpublished investigation of the authors on kraft pulp of a mixture of
spruce and pine yielded a maximum pore volume under consideration of Hgy, of
approximately 160 mm® g~'. The maximum pore volume of Park et al. (2006)
ranged between 130 and 320 mm? g~' depending on the MC of the pulp fibers, thus
they are similar to unpublished results (Zauer 2011) on pulp. The results show that
the pore volumes of wood are considerably lower compared to kraft pulp. This is
mainly caused by the delignification during the pulping process and the dissolution
of hemicelluloses, resulting in additional voids between the interfibrillar and
intermicellar spaces.

Fiber saturation point

Figure 6 (left) shows a perfect example of the DSC-melting curve determined by a
continuous heating up method, exemplary of native ash sections, and represents
qualitatively all melting curves of the sample sections. The curve clearly shows two
melting peaks, where the first peak occurs due to the melting point depression of
fow and the second peak reflects the proportion of fw. However, the first peak of the
melting curve of the particles (Fig. 6 right) is not as pronounced as the first peak of
the sections. In general, a better resolution of two peaks can be achieved at lower
heating rates and a lower sample mass (Simpson and Barton 1991). From the
analysis of controlled-pore glass standards (Landry 2005) a very slow scan rate even
of 0.05 K min~"' is advised. However, it should be noted that at very slow scan rates
the resulting measured signals show noise and are difficult to evaluate reproducibly.
Additionally, the contact between the sample and the pan bottom is very important
for exact measurements and precise measurement curves. Samples with a high
degree of fineness, such as ball milled wood, are probably more suitable.

18 -6 -14 12 10 8 6 4 2 0 2 4 6 8 °C 46 14 12 10 8 6 4 2 0 2 4 6 8 °C

Fig. 6 DSC-melting curve with continuous heating up measured on native ash sections (left) and
particles (right) for determining FSP
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Table 2 Average fiber saturation [%] point of native and thermally modified spruce, maple and ash in
dependence of sample shape and method of specific heat of fusion

Wood species ~ State Sample shape Method 1 Method 2
Hy=3336Jg"' H=32441g" He[J g1
Spruce Native Particles 38.3 32.5 38.0 334.6
Sections 36.3 324 359 3332
Modified Particles 33.0 25.6 258 3228
Sections 32.1 25.8 258 3213
Maple Native Particles 38.2 333 41.0 333.1
Sections 37.4 339 37.1 3326
Modified Particles 314 26.1 27.6 3252
Sections 30.0 27.0 27.1 3239
Ash Native Particles 38.6 35.4 375 3299
Sections 37.1 355 37.6  331.6
Modified Particles 329 315 26.2 3228
Sections 315 29.6 253 3212

Table 2 presents the average FSP of native and thermally modified spruce, maple
and ash in dependence of the sample shape (particles, sections) and the calculation
method (1, 2). Additionally for method 2, the respective calculated H; are given. As
expected, all results show a significant reduction in FSP due to thermal
modification, which is mainly caused by the irreversible degradation of thermally
sensitive hemicelluloses. It cannot be excluded that chemical changes of lignin and
the formation of lignin-carbohydrate complexes cause a significant reduction in FSP
(Repellin and Guyonnet 2005). In addition, the contact angle has a significant
impact especially on capillary condensation (Kollmann and Fengel 1965), which
increases during thermal modification and thus the wettability is reduced.
Furthermore compared to cross-cut sections, the FSP of particles shows slightly
higher values. Due to sieve-fractionation through the mesh (0.8 mm), it is possible
that brittle proportions of lignin were separated from the particles and consequently
the proportion of cellulose and hemicelluloses was increased. A high influence of
the increased FSP of the particles probably creates better accessibility of the
particles compared to the sections, whereby the free swelling capacity of the
individual cell walls of the wood is improved (Maloney and Paulapuro 1999).

However, although Repellin and Guyonnet (2005) used the same Hs
(333.6 J g7') in method 1, the determined FSP are significantly lower than the
results of this study. For example, the measured FSP using DSC of the mentioned
authors were 32.9 % for native European beech and 31.7 % for native Maritime
pine. Likewise, the values for the thermally modified samples, exemplified for
thermally modified beech with a treatment temperature of 200 °C and a treatment
time of 3 h (FSP of 22.0 %), are significantly lower in comparison to the FSP of this
work. The authors also used a heating rate of 2 K min_l, but in contrast to the
measurements of the present investigations a different initial temperature (—40 °C)
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and end temperature (40 °C). However, preliminary investigations of this study
clearly show that, independent of the start temperature (—70 or —20 °C), the first
deviation from the baseline always occurred at —10 °C and the determined
integration areas, thus the enthalpy, also showed no differences. Simpson and
Barton (1991) determined FSP of approximately 38 % for different eucalyptus
species (Jarrah and Karri) and FSP of approximately 28 % for pine using DSC and
the same H; (333.6J gfl). Maloney and Paulapuro (1999) determined FSP of
approximately 37 % for untreated spruce fibers and Weise et al. (1996) FSP of
approximately 38 % for thermo mechanically pulped (TMP) fibers and thus also
significantly higher values compared to Repellin and Guyonnet (2005).

The assumptions of the accepted value for H; of 333.6 J g~' has probably not
fully taken into account all freezing water in the samples. Due to the melting point
depression in the pores with a diameter of less than 400 nm, it is possible that the
fbw has a lower Hy compared to pure water. In addition, dissolved substances, such
as organic or inorganic extractives, can also reduce Hy significantly. As a
consequence of the reduced Hy, the calculated mass of fw (Eq. 6) increases, thus the
proportion of NFW respectively FSP (Eq. 2) is reduced. The FSP calculated using
Hgof 324.4 J g are significantly lower compared to the FSP calculated using H; of
333.61J g_l. Furthermore, the results of each series show the same value
independent of the sample shape (particles, sections).

For method 2 in Fig. 7, a general review regarding the function between the
measured Hy from the MC of the sample, independent of the wood species, sample
shape and state (native, thermally modified) is presented. In contrast to the approach
of Simpson and Barton (1991), Hr and MC are based on the oven-dry mass (Zelinka
et al. 2012). The results clearly show a significant linear relationship (with
P = 0.998) between Hy and MC of the samples. Thus for each series, a separate
linear regression was performed and extrapolated MC at Hy of 0 J g~ ' was defined
as FSP. Although for each regression r* was at least 0.97, it should be noted that
each series included only three samples. Thus, it could not provide statistically
significant values. However, a comparative analysis should rather be made hereby
compared to method 1 because the measured values using method 2 were based on
really measured specific heats of fusion. Likewise, a significant difference between
native and thermally modified wood can be seen. FSP of thermally modified wood
samples determined using method 2 are clearly lower (at least 10 % MC) than FSP
of native samples compared to the results calculated using method 1. The reason of
this phenomenon is the lower H; determined consequently for all thermally modified
wood samples (Table 2). The H; for all native wood samples are similar to the
accepted value for H; of 333.6J g~' and Hy for all thermally modified wood
samples are similar to the determined value of pure water-only scans (324.4 J g™ ').
This indicates a significant influence of the thermal modification on the
hygroscopicity of the wood. Zelinka et al. (2012) determined FSP of 27 % for
loblolly pine (P. taeda) using method 2. However, in contrast to the present study
they used a higher heating rate of 5 K min~' as well as lower initial temperature
(—65 °C) and higher end temperature (25 °C).

In general, the determined FSP were partly significantly higher compared to
generally accepted assumptions.
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Fig. 7 Comparison of the measured specific heats of fusion of all series in dependence of the moisture
content of the sample based on oven-dry mass of the samples

The average FSP of woods growing in the temperate zone often is assumed to be
approximately 30 % (Siau 1995). However, this value can be assumed when wood
is conditioned (adsorption) from a state below 100 % RH, thus in the hygroscopic
region of the wooden cell wall. The swelling processes during adsorption are
particularly hampered by the crystalline areas of the cellulose and lignin matrix.
Furthermore, the intermolecular hydrogen bonds between the cellulose chains create
a prestressing, which are more pronounced at lower MC of wood than higher MC of
wood. Thus, the swelling as well as the water vapor absorption of wood is hindered.
Accordingly, the intermicellar and interfibrillar spaces are smaller than those of
desorption. In addition, the wettability of the dry state is considerably less in
contrast to the wetter state of the cell wall (Chen and Wangaard 1968). As a
consequence, less water can be bound. Thus, the well-known hysteresis between
adsorption and desorption isotherm is formed, in which the respective MC of
desorption is higher than the MC of adsorption (Aristov et al. 2010). The samples
for the DSC measurements were initially water saturated. Thus, the cell wall of each
sample was in the fully swollen state and the availability of bonding sites of sorption
on molecular surfaces (Chen and Wangaard 1968) is higher compared to wood
samples conditioned in the hygroscopic region. Therefore, FSP, for instance
measured by desorption of never-dried wood, is higher than FSP measured by
adsorption of oven-dried wood. Babiak and Kudela (1995) described different
methods for determining FSP, where the individual FSP vary in the range between
13 and 70 % depending on the method. They defined FSP in two different terms:
hygroscopic limit (HL) and cell-wall saturation (CWS) including capillary
condensed water. In their own investigations, CWS of approximately 34 % for
pine or beech and 46 % for spruce could be determined. Hill et al. (2005)
determined FSP of 40 % for Corsican pine using the technique of solute exclusion.
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Hence, by specification of FSP it should be noted, for better understanding, that it is
important from which state (hygroscopic range or water saturated) the values were
determined.

Conclusion

The DSC measurements of this work, assuming a melting point depression of water
in very small pores, have established that thermal modification of wood leads to
decreased nano-pore shares, below a pore diameter of 400 nm, and decreased FSP.
In addition to the chemical alteration and degradation of the cell-wall components
as well as the formation of fungicidal substances during the thermal modification
process, both these phenomena are probably responsible for improving the
biological durability. From the results it can be derived that the ratio of capillary
condensed water in thermally modified wood is reduced significantly. Thus, the
activity of wood decaying fungi is reduced and can be one important reason for the
improved durability of thermally modified wood compared to native wood. The
results clearly show that milled wood (particles), both native and thermally modified
wood, always has higher pore shares in the nano-diameter range and higher FSP
compared to solid wood (cross-cut sections). That means, the results significantly
depend on the sample shape. A comparison of the native wood samples with each
other shows that maple has somewhat lower pore shares in the investigated pore
range between approximately 4 and 400 nm compared to spruce and ash.
Furthermore, for the calculation of the individual pore size corresponding pore
volume, it is important to consider sensible heat due to the inertia of the sample.
Otherwise, the calculated pore proportions are falsely too high. For calculating FSP,
a separate linear regression method between heat of fusion and moisture content of
the samples appears most suitable because in this connection realistic specific heats
of fusion are obtained. The measured FSP are higher than the generally assumed
FSP of 30 %. This could be explained by the water saturated state of the samples
during measurement.
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