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Abstract The amount of apparently nonfreezing water per
dry mass unit significantly differs between earlywood and
latewood, and drying changes the nonfreezing water con-
tent of earlywood cell walls in a time-dependent manner.
However, the equilibrium moisture content of spruce wood
is not affected by drying and rewetting. The results indicate
that different mechanisms govern these two types of phase
transformations of cell wall water. The nonfreezing water
content, as determined using differential scanning calorim-
etry, appears to be a nonequilibrium property. It is hypoth-
esized that the measured changes in nonfreezing water
content mostly reflect changes in the porous cell wall struc-
ture, on a scale well above the molecular scale, rather than
the abundance of chemical adsorption sites.
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Introduction

In heterogeneous hydrated systems, the amount of water
with depressed melting temperature is detectable using
differential scanning calorimetry (DSC).1–3 The depressed
melting temperature can be interpreted either as a conse-
quence of some material constituents being partially solubi-
lized or the material being microporous in such a way that
surface tension of pure water depresses the melting tem-
perature of water, due to the small pore radius.4 The latter

interpretation enables porosity investigation in terms of
thermoposimetry.4–6

It is known that water in pores of nanometer scale does
not freeze at all. This can also be explained in a variety of
ways. One of the simplest explanations is that in a space of
size close to that of a molecule, there is not much room for
molecular motion. Thus, the matter appears solid-like, re-
gardless of the temperature, and no thermal transition be-
tween solid and liquid is recognized.7 Molecular mobility
may also be reduced due to adsorption to sites like ionic
groups, ultimately forming a polymer gel.8–10 Alternatively,
one might explain the existence of nonfreezing water in
terms of slowness of diffusion at low temperature and in
small capillaries.11

The porosity of the wood fiber cell wall increases along
with decreasing yield of pulp in the course of chemical
pulping,4,12–14 and increases in the course of mechanical
pulping and chemical pulp beating.4,13–15 It has been recently
shown that the cell wall porosity significantly evolves along
with wood basic density, as a function of position within an
annual ring.16

Like most organic materials, wood is hygroscopic and it
is able to absorb and desorb moisture, therefore having a
measurable moisture content. The moisture content de-
pends on the temperature and humidity of the surrounding
air. The interaction between water and a hydrophilic sur-
face is important for many physical properties of any cellu-
losic material. Water molecules may interact with different
kinds of polar surface groups such as hydroxyl groups, car-
boxylic acid groups, and sulfonic acid groups.8–9

This article clarifies the nature of cell wall water . In
particular, we investigate whether nonfreezing water is re-
lated to the existence of chemical adsorption sites within the
molecular structure, or to the porous cell wall structure in a
larger scale of pores and cavities. We investigate how the
nonfreezing water content in wood cell walls is affected by
drying and rewetting. We also investigate the effect of freez-
ing time on the nonfreezing water content. Furthermore, we
hope to gain additional understanding of the character of
cell wall water by investigating the effect of drying and
rewetting on sorption isotherms.
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Experimental procedure

Specimens of relatively fast-grown spruce sapwood were
acquired at Joensuu, province of North Carelia, Finland.
For the DSC measurements, specimens of 200µm thickness
and dry mass in the order to 5mg were prepared using a
sliding microtome. Before drying, the specimens were
soaked in deionized water for 2 days. The specimens were
oven-dried at 103°C and rewetted according the procedure
shown in Table 1: the drying times varied between 1 day and
8 days, and the rewetting times varied between 1 and 64
days.

The above procedure was carried out for both earlywood
and latewood as well as for both heartwood and sapwood.

Water-soaked wood specimens, along with 5–20mg of
deionized water, in a 40-µl aluminum pan, were placed
into a Mettler Toledo differential scanning calorimeter. The
specimen was frozen by a dynamic temperature ramp down
to �45°C at a rate of 10°C/min. The specimen was thawed
by a dynamic temperature ramp up to 25°C at a rate of 5°C/
min. The latent heat of melting, which was assumed to be
directly proportional to the mass of melting water, was
measured.

Wood specimens generally contain water that does not
freeze in the temperature range covered in the experiment.
The total amount of water was determined as the difference
between total mass and the dry specimen mass. Then, the
amount of nonfreezing water (NFW) was determined as the
difference between the total mass of water and the mass

of melted water, the latter determined through the melting
enthalpy measurements.

The effect of freezing time on the NFW content of early-
wood was studied. Specimens were frozen with a dynamic
temperature ramp down to �45°C at a rate of 10°C/min and
the specimens were held at �45°C for 6 h. In the reference
analysis, the specimens were held at �45°C for 0min. Speci-
mens were thawed with a ramp up to 25°C with a rate of
5°C/min.

For the sorption experiments, 12 sets of specimens were
prepared, each set containing microtome slices correspond-
ing to a dry weight of approximately 50mg. Two earlywood
and two latewood specimen sets corresponding to a native
(green) state were placed in water directly after prepara-
tion. Two earlywood and two latewood specimen sets were
oven-dried at 103°C for 1 day, followed by rewetting for 1
day before the sorption experiment. Two earlywood and
two latewood specimen sets were oven-dried at 103°C for 3
days, followed by rewetting for 1 day before the sorption
experiment. The preparation procedure was carried out for
both heartwood and sapwood. The determination of the
sorption isotherms was conducted at 25°C by varying the
relative humidity (RH) of the air-conditioned room and by
monitoring the masses of the specimens twice a day. The
specimens were kept at each RH level for 2 days, or until
the equilibrium weights were reached. In the experiment,
the following cycling procedure for relative air humidity
was used:

RH%: 90 –70 – 50 – 30 – 50 – 70 – 90 – 70 – 50 – 30 – 50
– 70 – 90 – 70 – 50 – 30 – 50 – 70 – 90

After the cycling, the moisture contents of the specimens
were determined by oven drying at 103°C.

Results

Calorimetric results

The NFW contents of native earlywood and latewood were
0.17–0.22g/g and 0.32–0.35g/g, respectively, as shown in
Figs. 1 and 2.

The NFW content of earlywood increased significantly in
the course of drying (Figs. 1 and 2). As seen particularly in

Table 1. Rewetting times in days for samples after drying

Drying time (days)

1 2 4 8

1 1 1 1
2 2 2 2
4 4 4 4
8 8 8 8

16 16 16
32 32

64

Fig. 1. The nonfreezing water
content of earlywood (a) and
latewood (b) of heartwood.
Circles, lines, triangles, empty
squares, and filled squares repre-
sent native specimens, specimens
dried for 1 day, specimens dried
for 2 days, specimens dried for 4
days, and specimens dried for 8
days, respectively

a b
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case of heartwood, the magnitude of the increment clearly
appears to be a function of drying time. In the case of
latewood, oven drying and rewetting appeared to have no
effect on the amount of NFW.

During rewetting, the NFW content of all specimens
remained at the level measured after the drying. Not even
rewetting for 64 days sufficed to convert the NFW content
back to that of the native state. Thus, the changes induced
by drying appeared to be irreversible.

The effect of freezing time on the amount of NFW was
studied by prolonging the time the specimens were held at
�45°C from 0 to 6h. The prolonged freezing time resulted
in a decrease of the NFW content of earlywood of 0.36–
0.40g/g down to 0.24–0.31g/g, as shown in Fig. 3. Figure 3,
which includes both heartwood and sapwood specimens,
shows that the NFW content of earlywood appears to
significantly depend on freezing time.

Sorption results

Equilibrium moisture contents for heartwood and sapwood
during the cycling procedure are shown in Figs. 4 and 5,
respectively.

The equilibrium moisture content of latewood at any
relative air humidity appears to be slightly higher than that
of earlywood (Figs. 4 and 5). The equilibrium moisture
content at any RH level appeared not to be sensitive to
drying and rewetting. This result does differ from the calo-
rimetric data, which showed a significant increase of NFW
level in oven-dried earlywood (Figs. 1 and 2).

Discussion

According to the sorption results (Figs. 4 and 5), the equi-
librium moisture content at any RH level is not sensitive to
drying and rewetting. Thus, the equilibrium moisture con-
tent may depend on the number of available bonding sites,
in accordance with the site adsorption theory.

The NFW content of earlywood increases along with
drying (Figs. 1 and 2). It has been proposed that such a
phenomenon could be explained by interpreting the cell
wall as a cross-laminated structure where each lamina
experiences anisotropic drying shrinkage.16 Internal drying
stresses obviously appear at the crossing regions of the
lamina.17 Such internal stresses appearing in cross-
laminated fibrillar structures may open new cavities of na-
nometer scale, resulting in an increase of NFW. Spruce
latewood predominantly consists of fibrillar structures with
a uniform orientation of fibrils,18–22 thus explaining the dif-
ferent behavior in comparison with earlywood.

Significant dependency of NFW content of earlywood
on freezing time was found (Fig. 3). Thus, the NFW content,
as generally determined using DSC, appears to be a
nonequilibrium property. An explanation to this may be
found in the kinetic nature of freezing. The diffusivity of
water has been reported to be a steep function of concentra-
tion and temperature.11 The diffusion coefficient decreases
steeply with decreasing concentration as well as with de-
creasing temperature. Therefore, the decrease of tempera-
ture slows down or even inhibits the transport of water from
tiny cell wall pores into larger cavities where crystallization
may take place.

Because the NFW content of wood, as determined using
conventional DSC, is obviously not at equilibrium, some
caution should be exercised when interpreting earlier

Fig. 2. The nonfreezing water
content of earlywood (a) and
latewood (b) of sapwood. Circles,
lines, triangles, empty squares,
and filled squares represent na-
tive specimens, specimens dried
for 1 day, specimens dried for 2
days, specimens dried for 4 days,
and specimens dried for 8 days,
respectively

Fig. 3. The effect of freezing time on the nonfreezing water content of
earlywood. Circles and triangles represent nonfreezing water levels in
specimens kept at �45°C for 0h and 6h, respectively

a b
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reported results of relatively rapid calorimetric experi-
ments.4,5,8,10,16 Interpretation of the present results also re-
quires a thorough discussion of the time-dependent freezing
behavior of cell wall water.

In order to clarify the effect of time-dependent freezing
on the results of calorimetric experiments, let us discuss the
freezing of cell wall water in terms of a simple phenomeno-
logical model. It is not known how freezing of cell wall
water proceeds with time. For simplicity, it will be described
as a simple exponential. Given a finite freezing time t, the
NFW content per dry mass unit is modeled as

NFW NFW FBWt

t
 �  � �� �exp

τ
Ê
ËÁ

ˆ
¯̃

(1)

where NFW� is the nonfreezing water content that is ap-
proached at infinite freezing time, FBW� is the freezing
bound water content approached at infinite freezing time,
and τ is a time constant for freezing. The sum of NFW� and

Fig. 4. Equilibrium moisture con-
tents of earlywood (a) and late-
wood (b) of heartwood specimens
as a function of sorption cycling.
Circles, squares, and diamonds
correspond to native specimens,
specimens dried for 1 day, and
specimens dried for 3 days,
respectively

Fig. 5. Equilibrium moisture con-
tents of earlywood (a) and late-
wood (b) of sapwood specimens
as a function of sorption cycling.
Circles, squares, and diamonds
correspond to native specimens,
specimens dried for 1 day, and
specimens dried for 3 days,
respectively

FBW� is assumed to equal the total amount of bound cell
wall water per dry mass unit, bound water here referring to
water with thermodynamic properties differing from free
water.

Equation 1 is schematically illustrated as the solid line in
Fig. 6. With the freezing of cell wall water being a time-
dependent process, at the limit of zero freezing time, the
apparently nonfreezing water corresponds to all the bound
cell wall water. In other words, NFW0 � NFW� � FBW�.
On the other hand, at the limit of infinite freezing time, the
NFW content tends to NFW�. Between these well-defined
extremes, the experimentally measurable NFW content is
arbitrarily addressed using the exponential of normalized

time 
t
τ

.

We find from Eq. 1 that the NFW content, determined in
an experiment with finite duration, in addition to the time t,
will depend on three variables: NFW�, FBW�, and τ. The
principle of effect of any of these variables on the experi-

a b

a b
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mentally determined NFW is demonstrated in Fig. 6. We
find that the effect of increased NFW� increases apparent
NFW at relatively long freezing times, where the contribu-
tion of NFW� is greatest according to Eq. 1. The effect of
increased FBW� increases apparent NFW at relatively short
freezing times, where the contribution of FBW� is greatest
according to Eq. 1. Increased value of the time constant τ
extends the time required for the freezing of the FBW�.

The value of any of the three variables NFW�, FBW�,
and τ certainly depends on moisture content. It appears
reasonable to assume that NFW� may relate to the site
adsorption theory. However, it is possible that in addition to
chemical bonding sites, water exists in pores small enough
to be permanently nonfreezing.7 Furthermore, it seems
reasonable to assume that FBW� depends on the cell wall
microstructure: the greater the volume of pores that are
small enough to make the thermodynamic behavior of pore
water differ from that of free water, the greater is FBW� in
a water-saturated cell wall.

Assuming that the time delay in the freezing of cell wall
water, evident in Fig. 5, can be associated with the transport
of water from tiny cell wall pores into larger cavities where
there is enough space for crystallization, the time constant
of cell wall water freezing τ can be viewed as characteristic
to cell wall transport properties. Such transport properties
obviously depend on temperature, moisture content, and
cell wall microstructure.11 The dependency on moisture
content and microstructure mean that τ is hardly indepen-
dent of FBW�. It appears reasonable to assume that in-
creased cell wall porosity, resulting in increasing FBW�,
might improve cell wall transport capability, corresponding
to a decreased value of the time constant τ.

Another question of significance is how results of pre-
viously conducted experiments should be interpreted,

considering the nonequilibrium nature of the NFW mea-
surements. In the present study, it was found that the NFW
content in fresh spruce earlywood is less than in latewood,
and that the NFW content in earlywood irreversibly in-
creases with drying (Figs. 1, 2). Other recent studies have
shown that the NFW content of spruce earlywood may
significantly increase with compressive fatigue loading.23,24

As is obvious from the above discussion, based on Fig. 3
and the tentative Eq. 1, there are basically three alternatives
for the interpretation of changes in such a measured
nonequilibrium property. Any change in measured NFW
content may reflect a change in the equilibrium NFW con-
tent NFW�, the freezing bound water content FBW�, or the
time scale of reaching equilibrium τ. Even if any of these
three variables may be affected, microscopic observations
regarding the effect of drying have shown significantly
changed cell wall pore structure.25,26 Microscopically observ-
able pores are likely to contain freezing bound water. Cre-
ation of such pores may also affect transport properties, but
because the apparent NFW content of earlywood increases
with drying (Figs. 1, 2), the increase of FBW� is likely to be
the dominating mechanism.

It is not known what is the dominating mechanism of
apparent NFW increase in the case of compressive fatigue
loading.23,24 However, it is quite possible that repeated
large-strain compression of wet wood forces water from the
lumens into the cell walls. Thus, the authors hypothesize
that increase of freezing cell wall water FBW� might be the
dominating mechanism of apparent NFW increase, also in
the case of mechanical loading.
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