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Abstract. In this study, pore size distribution in wood after high-temperature drying followed by

rewetting was investigated by differential scanning calorimetry. Nonfreezing water content of wood was

lower than previously indicated considering the effect of phase change on specific heat capacity of water.

High-temperature drying appeared to close cavities of the largest size in earlywood, particularly with

increasing drying temperature and time. Pore closure by irreversible hydrogen bonding dominated the

eventual creation of cavities by degradation of wood structural components. Stress relaxation within wood

elements, favored by slow high-temperature drying, decreased the extent of drying microcracks in

earlywood, manifested in lower nonfreezing water content.

Keywords: Differential scanning calorimetry (DSC), drying, hornification, nonfreezing water, specific

heat capacity, thermoporosimetry, wood.

INTRODUCTION

Wood cell walls have a heterogeneous disor-
dered structure with chemical adsorption sites
and pores of varying size and shape often
appearing in a hydrated state. The structure in
the cell wall appears to vary as a function of
position within an annual ring, ie between early-
wood and latewood (Watson and Dadswell
1962; Page et al 1972; Erickson and Arima
1974). It has also been shown that thermal tran-
sitions of cell wall water differ between early-
wood and latewood (Tynjälä and Kärenlampi
2001; Kärenlampi et al 2005).

In heterogeneous hydrated systems, the amount
of water with depressed melting temperature is
detectable using differential scanning calorime-
try (DSC) (Rennie and Clifford 1977; Homshaw

1981; Ishikiriyama et al 1995). The depressed
melting temperature can be interpreted as either
a consequence of some material constituents
being partially solubilized or material being
microporous in such a way that surface tension
of pure water depresses melting temperature of
water because of small pore radius. The latter
interpretation enables porosity investigation in
terms of thermoporosimetry (Maloney et al
1998; Maloney and Paulapuro 1999, 2001).

Some water in hydrated porous systems does not
freeze. This can be explained in a variety of
ways. One of the simplest explanations is that in
a space close in size to that of a molecule, there
is not much room for molecular motion. Thus,
matter appears solid-like, regardless of tempera-
ture, and no thermal transition between solid and
liquid is recognized (Berlin et al 1970). Molecu-
lar mobility may also be decreased because of
adsorption sites such as ionic groups, ultimately
forming a polymer gel (Berthold et al 1994,
1996). Alternatively, one might explain exis-
tence of nonfreezing water (NFW) in terms of
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slowness of diffusion at low temperature and
in small capillaries (Pouchlý et al 1979;
Kärenlampi et al 2005). On this basis, water in
the saturated porous cell wall can be divided into
free water, freezing bound water, and NFW
(Nakamura et al 1981). Free water is located in
large pores and cavities and has similar thermo-
dynamic properties as pure bulk water.

In wood drying, and particularly in high-
temperature drying, at least three mechanisms
may affect wood porosity. First, elevated tem-
peratures induce thermal degradation of wood
components (Stamm 1956; Esteves et al 2007;
Borrega and Kärenlampi 2010), which may
result in cavities forming within the cell wall.
Stone and Scallan (1967) and Maloney and
Paulapuro (1999) reported that removal of
hemicelluloses and lignin during pulping cre-
ated new pores within the fiber cell wall. Sec-
ond, as water exits pores during drying, pore
walls start to collapse, eventually evolving into
pore closure by irreversible hydrogen bonding
(Weise et al 1996; Park et al 2006). This is often
called hornification. Third, anisotropic drying
shrinkage of cell wall layers induces internal
drying stresses, which can be large enough to
damage wood cell walls (Van den Akker 1962;
Kifetew et al 1998; Thuvander et al 2001).
Changes in wood porosity caused by drying
may be reversible after rewetting for a
prolonged time (Tynjälä and Kärenlampi 2001).

Drying damage is manifested as microcracks
irregularly distributed within the wood cell wall
(Wallström and Lindberg 1999, 2000). This
microscopic damage appears to be more pro-
nounced in earlywood than in latewood sections
(Thuvander et al 2001; Borrega and Kärenlampi
2010). Furthermore, NFW content in earlywood
significantly increases after drying (Kärenlampi
et al 2005). The only mechanism we are aware
of that possibly induces NFW content increment
is microscopic drying damage.

Detection of a first-order transition in terms of
calorimetry requires detection of latent heat
related to that transition. This can be done by
dividing total applied/released heat into latent

heat and sensible heat for the temperature
change. Sensible heat related to temperature
change can be computed provided heat capacity
of the specimen is known. Somewhat problem-
atic is that specific heat capacity changes in
phase transformations. Specific heat capacity of
liquid water is more than two times that of ice.
In recent literature dealing with application of
calorimetry to wood and pulp fibers, latent heat
has been determined by integrating across a
baseline characterizing heat capacity of the
specimen. Heat capacity, in turn, has been deter-
mined by linearly interpolating between temper-
atures well below and well above the range of
melting temperatures (Maloney et al 1998;
Maloney and Paulapuro 2001; Kärenlampi et al
2003a, 2003b, 2005). Linear interpolation of
heat capacity across such a temperature range
is, however, generally incorrect. The result
depends on selection of temperatures between
which the interpolation is done. We favor a step-
wise method in which change in specific heat
capacity is considered within any temperature
step. Details of such a computation follow.

In this article, we first present experimental
arrangements for high-temperature drying exper-
iments and thermoporosimetry analyses. We then
present a small development in determining
wood cell wall properties through calorimetry.
Next, we report results regarding pore size distri-
bution in wood. Thermodynamic behavior of
hydrated earlywood and latewood was consid-
ered separately. Finally, mechanisms affecting
cell wall porosity during high-temperature drying
are discussed.

METHODS AND MATERIALS

Drying Experiments

The wood was Norway spruce (Picea abies)
felled in Joensuu, Finland. Wood specimens
50 � 20 � 90 mm (longitudinal, tangential,
radial) were prepared. All specimens were free
of visible flaws. Six groups containing 12-14
specimens each were formed, and each group
was subjected to a particular drying treat-
ment in which temperature and drying rate
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were controlled independently. Drying treat-
ments were conducted in a 20-L stainless steel
pressure vessel equipped with a temperature
gauge, a pressure gauge, and a valve for remov-
ing water vapor. Removed water vapor was
condensed in a container placed on a weight
scale, which allowed monitoring changes in
wood moisture content.

Before any drying experiment, initial wood
moisture content was approximated by oven-
drying six additional specimens at 103�C for
24 h. Each group of specimens was then
weighed and placed in the vessel. A measured
amount of liquid water was added to improve
heating efficiency of the system. Temperature
in the vessel was raised to 128�C, and the pres-
sure valve was opened. Because the valve is in
the upper part of the vessel, air exited first (hot
air greater than 125�C is lighter than hot
steam). After air removal, rapid water vapor
removal followed until wood had about 45%
MC. Thereafter, the drying process was started
at a predetermined temperature and drying rate.
Drying rate was controlled by operating the
pressure valve. Change in wood moisture con-
tent is given by

dM

dt
¼ kM ð1Þ

where M (g/g) is wood moisture content, t (s) is
drying time, and k (s–1) is drying rate constant.

After rearranging and integrating, Eq 1 is trans-
formed into

lnM ¼ ktþ C ð2Þ
where C is integration constant. For t ¼ 0,
C ¼ lnM0, where M0 is moisture content at

the beginning of the drying process, ie approxi-
mately 45%.

After substituting and rearranging, Eq 2 can be
rewritten as

Mt ¼ M0e
kt ð3Þ

where Mt is moisture content of wood at any
time of the drying process.

At the end of the drying process, all dried
specimens were removed from the vessel and
weighed. Specimens were subsequently placed
in a climate-controlled room at 19�C and
65% RH to attain equilibrium moisture con-
tent. Drying process parameters are shown in
Table 1.

In the case of rapid drying experiments, it was
not possible to reach moisture contents below
7% without significantly decreasing drying rate.
This is the reason why the final moisture content
reached during drying was somewhat higher
for those specimens that were rapidly dried
compared with more slowly dried specimens
(Table 1). Moisture gradients within the vessel
during water vapor removal resulted in a higher
variability in the final moisture content of rap-
idly dried specimens, shown by the greater 95%
confidence intervals, compared with more
slowly dried specimens.

Thermoporosimetry Analyses

After reaching equilibrium moisture content,
one specimen from each drying treatment was
selected for thermoporosimetry analysis. An
additional specimen to be used as a reference was
prepared from undried wood stored in a freezer

Table 1. Experimental parameters for drying processes.a

Temperature (�C) Drying rate (–10�6 s�1) Final moisture content (%) Mass loss (%) EMCb (%)

110 88.4 7.5 � 2.3 0.2 � 1.3 10.3 � 0.6

120 105.0 7.4 � 2.4 0.1 � 2.3 10.3 � 0.6

130 134.0 6.7 � 3.0 0.5 � 1.4 9.8 � 0.6

110 6.8 5.1 � 0.7 1.5 � 1.5 8.7 � 0.3

120 8.0 3.4 � 0.4 2.2 � 3.0 7.8 � 0.2

130 6.9 5.5 � 1.9 6.1 � 1.2 7.9 � 0.5
a Mean values with 95% confidence interval.
b Equilibrium moisture content (EMC) of dried specimens after being placed at 19�C and 65% RH.
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for a few months. For any selected specimen,
60-mm-thick wood slices were produced from
both earlywood and latewood with a sliding
microtome. Earlywood and latewood samples,
containing five and three microtomed slices, re-
spectively, were formed. At least three early-
wood and latewood samples were prepared from
each specimen. All samples were immersed in
deionized water and kept in a refrigerator for a
minimum of 10 da.

For thermoporosimetry analyses, each sample
was chopped with a sharp knife and fitted
in a sealed 40-mL aluminum pan. A small hole
was then pierced in the pan to keep a constant
pressure throughout the experiment. The pan
was weighed and placed in a Mettler Toledo
(Columbus, OH) 823e differential scanning cal-
orimeter. This device measures energy absorbed
or released by a sample during temperature
change. The energy absorbed when water in a
frozen sample melts during a temperature incre-
ment is the sum of latent heat and sensible heat.
Latent heat is then used to determine amount of
water melted within the temperature step by
means of the specific heat of melting. The
experimental step program used for thermopor-
osimetry analyses is shown in Table 2. For every
melting temperature, a representative pore size
(assuming a cylindrical pore shape) can be com-
puted by the Gibbs-Thomson equation:

D ¼ �4 � Vm � sls

Hm � ln Tm
T0

ð4Þ

where D is pore diameter (m), Vm is molar vol-
ume of ice, sls is surface tension at the ice–
water interface (20.4 mN/m; Ishikiriyama et al
1995), Hm is specific heat of melting (334 J/g),
T0 is melting temperature of bulk water (273.15
K), and Tm is depressed melting temperature.

The pore diameter corresponding to each de-
pressed melting temperature is shown in Table 3.

After the DSC experiment, each pan was
weighed and subsequently oven-dried at 103�C
for 24 h. NFW content was quantified by
subtracting the amount of freezing water from
the total amount of water in the sample. Dry

mass of any sample was 4.9 � 0.2 mg, and
its basic density ranged from 210-349 kg/m3 for
earlywood and 509-826 kg/m3 for latewood.

The thermodynamic properties of water were
determined by conducting six DSC runs with
only deionized water. The experimental pro-
gram applied was the same as shown in Table 2.
All energy absorbed by the water-only sample in
the temperature interval –38 to –36�C and 4-5�C
was considered to be a measure of its heat
capacity. Average values for heat capacity of
ice (Cpi) and liquid water (Cpw) were 1.85 and
4.34 J/(g��C), respectively. Specific heat of
melting was 338.3 J/g.

Table 2. Experimental step program for thermoporosi-

metry analyses in differential scanning calorimetry instru-

ment.

Step,
n

Initial
temperature

(�C)

Heating
ramp
(�C/
min)

Final
temperature

(�C)
Holding time at final
temperature (min)

1 25 �10 20 6

2 20 �10 4 6

3 4 �5 �38 6

4 �38 1 �30 6

5 �30 1 �10 6

6 �10 1 �3 6

7 �3 1 �1 6

8 �1 1 �0.5 6

9 �0.5 1 �0.2 9

10 �0.2 1 �0.1 12

11 �0.1 �5 �38 6

12 �38 1 �36 6

13 �36 5 4 9

14 4 1 5 9

15 5 10 25 —

Table 3. Pore diameter corresponding to depressed

melting temperature, computed with Gibbs-Thomson

equation (Eq 4).

Melting temperature (�C) Pore diameter (nm)

�38 1.8

�30 2.3

�10 7.2

�3 24.2

�1 72.7

�0.5 145.6

�0.2 364.1

�0.1 728.4
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Data Analysis

Because of the small hole pierced in the alumi-
num pan, some water evaporated during the
DSC experiment. Total amount of water evapo-
rated was determined by weighing the pan
immediately before and after the test. In addi-
tion, the amount of water evaporated was com-
puted through signal values (mW) given by
the DSC instrument, duration of any tempera-
ture step, and specific heat of vaporization
(2260 J/g). Good agreement was found between
measured and computed values for evaporated
water (Fig 1). Therefore, using the signal values
given by the DSC instrument, the actual amount
of water within the pan at any instant of the
experiment could be accurately determined.

Melting enthalpy during any temperature step
was computed by subtracting the amount of heat
used in increasing temperature, ie heat capacity,
from the total amount of energy absorbed by the
sample. Heat capacity of any sample was deter-
mined, as in the case of water-only experiments,
by measuring energy absorbed in the tempera-
ture range –38 to –36�C and 4-5�C. Heat capac-
ity of the sample below 0�C, however, cannot be

regarded as constant because it depends on
the amount of water melting in each tempera-
ture interval (heat capacity of liquid water is
higher than heat capacity of ice). Furthermore,
heat capacity of ice is temperature-dependent,
increasing about 10% from –38 to –10�C
(Giauque and Stout 1936). Thus, heat capacity
of any sample at a temperature step n below 0�C
(Table 2) was computed as

for n ¼ 4,

Cpn ¼ Cp0 þ ðWn �CpiÞ�ð1:05� 1Þð Þ
þWmnðCpw � 1:05CpiÞ ð5Þ

for n ¼ 5,

Cpn ¼ Cpn�1 þ ðWn �CpiÞ�ð1:052 � 1:05Þ� �

þWmnðCpw � 1:052 CpiÞ
ð6Þ

for n ¼ 6, . . .10,

Cpn ¼ Cpn�1 þWmnðCpw � 1:052CpiÞ ð7Þ
where Cpn, Wn, and Wmn are heat capacity of
the sample, mass of water in the sample, and
mass of melted water in temperature step n,
respectively; Cp0 is heat capacity of the sample
between –38 and –36�C; and Cpw and Cpi are
measured heat capacity of liquid water and ice,
respectively.

Eq 7 may be used to compute heat capacity of
the sample between –0.1 and 4�C, which should
equal heat capacity measured between 4 and
5�C. The consistency of this kind of treatment
is shown in Fig 2, where heat capacity of liquid
water computed with Eqs 5-7 is plotted vs heat
capacity of water measured from 4-5�C.

RESULTS AND DISCUSSION

Pore size distribution in earlywood and latewood
after high-temperature drying followed by
rewetting was investigated by DSC. Cumulative
pore water, expressed in relation to dry wood
mass, is plotted vs pore size in Fig 3. Accord-
ingly, NFW content appeared to be predomi-
nantly between 20 and 30% of dry wood mass.
Recent studies indicate that NFW content

Figure 1. Water evaporated from wood sample during

differential scanning calorimetry (DSC) experiments.

Values computed from DSC readings are plotted vs values

measured by gravimetry.
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of dried wood specimens is within 30-40%
(Maloney and Paulapuro 1999; Tynjälä and
Kärenlampi 2001; Kärenlampi et al 2005).
An obvious explanation for this difference is that
these studies have not succeeded in determining
specific heat capacity correctly. Heat capacity
changes along with a thawing process. Literature
values indicate overestimated heat capacity,
consequently underestimated amount of melting
water, and finally overestimated NFW content.

A very small difference was found in the amount
of NFW between earlywood and latewood, the
average values being 0.23 g/g and 0.25 g/g,
respectively (Fig 3). Similar NFW content in
dried earlywood and latewood has also been
reported by Kärenlampi et al (2005). They found
that drying increased the amount of NFW in
earlywood. This phenomenon was not detected
in this study (Fig 3a), possibly because reference
specimens were stored in a freezer for a few
months, which might have induced some
freeze-drying.

Up to 24-nm pore size, both earlywood and late-
wood appear to have similar pore size distri-
bution, indicated by the amount of pore water
(Fig 3). However, earlywood contains more

pores of larger size with almost twice as much
pore water as latewood in pores of 300-800 nm.
The greater porosity of earlywood may be
related to higher density of pits between fibers
(Sirviö and Kärenlampi 1998). Nonetheless, it is
remarkable that in a few earlywood samples, the
total amount of bound water well exceeds the
dry mass of wood (Fig 3a). Such a high amount
of pore water may be associated with artifacts
created when microtoming. Porosity may also
depend on rewetting time.

Eventual effects of microtoming and rewetting
time were investigated by preparing undried
earlywood samples with 60- and 200-mm-thick
microtomed slices and keeping them immersed
in deionized water for 48 h before the DSC
experiment. Results are shown in Fig 4, and
data from reference earlywood samples in
Fig 3a are included for comparison. Up to

Figure 3. Cumulative pore water per dry wood mass as

function of pore size in (a) earlywood and (b) latewood.

Figure 2. Heat capacity of liquid water (Cpw) computed

with Eqs 5-7, plotted vs heat capacity of liquid water mea-

sured in temperature range 4-5�C.
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73-nm pore size, pore water content in all ear-
lywood samples appeared to be nearly identical.
Increasing rewetting time appeared to open up
pores larger than 145 nm.

Earlywood samples of 200-mm thickness clearly
showed the lowest bound water content (Fig 4).
Preparing wood slices with a sliding microtome
appeared to create new cavities in the cell wall
because of mechanical damage. The thinner the
microtomed wood slice, the more damage it
experienced. This effect was clearly most pro-
nounced in the thin-walled earlywood fibers
(Fig 3).

In this study, a pierced pan was used in DSC
experiments instead of a sealed pan, which was
used previously (Maloney and Paulapuro 1999;
Tynjälä and Kärenlampi 2001; Park et al 2006).
This obviously affected the depressed melting
temperature of water as a function of pore size.
With a pierced pan, pressure is atmospheric,
regardless of temperature. With a sealed pan,
however, pressure changes as a function of tem-
perature. The wood sample is probably placed in
the pan at room temperature, and lower temper-
atures within the pan correspond to lower pres-
sure. Then, melting temperature of water in
a sealed pan is slightly higher than that at atmo-
spheric pressure. Consequently, at any depressed
melting temperature, corresponding pore size as
given by the Gibbs-Thomson equation (Eq 4)
becomes underestimated when using a sealed

pan. The total amount of bound water deter-
mined in a sealed pan might be somewhat lower
than that determined in a pierced pan, because
of some additional pore water eventually melt-
ing between –0.1�C and melting temperature of
free water.

Regarding the effect of drying conditions on
pore size distribution, it is believed that at least
three mechanisms may alter pore structure in
wood. First, thermal degradation of wood com-
ponents after exposure to elevated temperatures
may create new cavities in the cell wall
(Stamm 1956; Esteves et al 2007; Borrega and
Kärenlampi 2010). Second, irreversible hydro-
gen bonding among carbohydrate elements, ie
hornification, promotes pore closure as water
exits the pore (Weise et al 1996; Park et al
2006). Third, microscopic damage caused by
anisotropic shrinkage of cell wall layers results
in microcracks within the porous cell wall, par-
ticularly in earlywood (Wallström and
Lindberg 1999, 2000; Thuvander et al 2001;
Borrega and Kärenlampi 2010).

According to Fig 3a, earlywood sections in all
dried specimens contained less bound water
than native earlywood. Drying appears to close
cavities of the largest size (greater than 145
nm), whereas no clear effect on the smaller
pores can be observed. Furthermore, the
amount of bound water in dried earlywood
appears to decrease with increasing drying tem-
perature and time. Apparent closure of cavities
implies formation of irreversible hydrogen
bonds within the cell wall during high-tempera-
ture drying, in particular with extended drying
times, as previously proposed by Borrega and
Kärenlampi (2010).

Earlywood and latewood sections from spec-
imens slowly dried at 130�C had the lowest
amount of bound water, regardless of pore size
(Fig 3) and despite the fact that these specimens
had the greatest mass loss (Table 1). Therefore,
pore closure promoted by irreversible hydrogen
bonding appeared to dominate the creation of
new cavities by degradation of wood compo-
nents. On a macroscopic level, closure of pores

Figure 4. Effect of thickness and rewetting time of

microtomed earlywood samples on pore size distribution in

cell wall.
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by irreversible hydrogen bonding within the
wood structure and mass loss caused by degra-
dation of hygroscopic hemicelluloses resulted in
wood specimens with lower equilibrium mois-
ture content (Table 1).

Anisotropic drying shrinkage of cell wall ele-
ments results in microcracks within the po-
rous structure of dried wood (Wallström and
Lindberg 1999, 2000). Incompatibility of drying
shrinkage is pronounced when microfibril angle
varies between and within cell wall layers (Van
den Akker 1962). In wood fibers, the S1 and S3
layers have large and widely varying microfibril
angles (Paakkari and Serimaa 1984). Thus,
microscopic drying damage is likely to be more
significant in those fibers with a smaller propor-
tion of S2 layer, ie in earlywood fibers. In fact,
NFW content of earlywood has been reported to
increase considerably after drying (Kärenlampi
et al 2005), obviously caused by microscopic
drying damage.

Internal drying stresses within the wood cell wall
and the consequent formation of microcracks
may be decreased by conducting slow drying
processes at high temperatures. This is because
stress relaxation within wood elements, caused
by molecular reorganization, is favored by an
increase in available time, moisture content, and
temperature (Williams et al 1955; Kelley et al
1987).

A decreased amount of microcracks, caused by
stress relaxation, may have been partly respon-
sible for the lower amount of bound water in
dried earlywood along with increasing drying
temperature and time (Fig 3a). In particular,
slow drying processes appeared to result in
lower NFW content in earlywood (Fig 3a). In
latewood sections, however, microscopic cell
wall damage was less pronounced, and thus,
effects of stress relaxation on cell wall porosity
cannot be clearly identified (Fig 3b). Further
investigation of pore size distribution of dried
earlywood and latewood is needed to elucidate
the effects of hornification and microscopic dry-
ing damage on the cell wall structure of dried
wood.

CONCLUSIONS

Wood cell wall porosity, after high-temperature
drying followed by rewetting, was investigated
by DSC. NFW content in earlywood and late-
wood, both in never-dried and dried wood sam-
ples, was predominantly between 20 and 30%
of the dry wood mass. Both earlywood and
latewood contain a similar amount of pores of
the smallest size. However, earlywood has a
greater density of pores larger than 24 nm with
as much as twice the amount of bound water
compared with latewood. Total amount of
bound water in earlywood cell walls appeared
to be remarkably high, probably related to cre-
ation of cavities (artifacts) during sample prep-
aration and to prolonged rewetting times of
wood samples.

Drying appears to close cavities of the largest
size in earlywood sections. Amount of bound
water in dried earlywood decreased with in-
creasing drying temperature and time. This was
believed to be caused by pore closure induced
by irreversible hydrogen bonding during high-
temperature drying, in particular with extended
drying time. Pore closure appeared to prevail
over creation of cavities by degradation of
wood structural components. Stress relaxation
within wood elements, favored by slow high-
temperature drying, decreased the extent of dry-
ing microcracks within the cell wall, which was
manifested in lesser NFW content in early-
wood.
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