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ABSTRACT

The moisture content-water potential relationship was determined at 40°C and 60°C for sugar maple
(Acer saccharum Marsh.) sapwood and at 60°C for white spruce (Picea glauca (Moench.) Voss.)
heartwood from green to dry conditions. The pressure membrane technique was used for high moisture
contents and equilibration over salt solutions for low moisture contents. The results show that at high
moisture contents, the equilibrium moisture contents obtained from the green condition are lower than
those obtained from full saturation (boundary desorption). It is recommended that the sorption history
must be taken into account when modeling wood drying. Water potential at a given moisture content
increases with temperature. There is a characteristic plateau in the green moisture content-water po-
tential relationship obtained for sugar maple at water potentials between —2,000 and —6,000 J kg,
which can be attributed to its heterogeneous capillary structure. The maximum concentration of ef-
fective pore radius occurs at 0.02 um in the case of sugar maple, corresponding to the size of the pit

membrane openings.
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INTRODUCTION

A particular problem occurring when some-
one is preparing to model the moisture move-
ment in wood during drying is the choice of
the driving force. Different potentials are ad-
vocated in the literature. Moschler and Martin
(1968), Nadler et al. (1985), and Cunningham
et al. (1989) used the gradient in moisture con-
tent as the driving force. Comini and Lewis
(1976), Thomas et al. (1980), and Irudayaraj
et al. (1990) presented models of heat and
mass transfer in wood based on the concept of
moisture potential, which was first stated by
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Luikov (1966). Following Babbit (1950), the
use of a thermodynamic potential function
characterizing the energy status of water in
wood has gained a wider acceptance during
the last twenty years. In fact, its space deriv-
ative gives a force. The function used is either
the gradient in chemical potential (Kawai et
al. 1978; Siau 1983; Skaar and Kuroda 1985;
Stanish et al. 1986; Skaar 1988; Siau 1992) or
the gradient in water potential (Fortin 1979;
Cloutier et al. 1992; Cloutier and Fortin 1994,
Siau 1995). In the multi-component model
proposed by Whitaker (1977), different driv-
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ing forces are used, depending on the state of
the water in wood. For water in the liquid,
gaseous, and bound states, driving forces are,
respectively, the gradient in pressure within
the liquid, the gradient in total pressure, and
the gradient in moisture content or in chemical
potential (Plumb et al. 1985; Stanish et al.
1986; Perré 1987, Perré and Degiovanni
1990).

The water potential is the difference be-
tween the specific Gibbs free energy of water
in the state under consideration and the spe-
cific Gibbs free energy of water in the stan-
dard reference state (Fortin 1979). This ap-
proach is advantageous because it can be the-
oretically applied to water in wood in the three
phases (liquid water, water vapor, and bound
water). Therefore, a limited number of param-
eters are required to solve the equation of
mass transfer in wood during drying, namely,
the moisture content-water potential relation-
ship and the effective water conductivity of
wood. We retained this approach in our efforts
to develop a wood drying model applicable to
vacuum drying.

The determination of the relationship be-
tween wood moisture content, M, and water
potential, ¢, as well as the factors affecting
this relation, has been the object of several
studies (Penngr 1963; Stone and Scallan 1967;
Viktorin and Cermak 1977; Fortin 1979; Clou-
tier and Fortin 1991; Herndndez and Bizon
1994; Tremblay et al. 1996). The techniques
used were equilibration over saturated salt so-
lutions for low M values, the tension plate, the
pressure plate, pressure membrane, and cen-
trifuge for high M values. Of particular inter-
est are the results of Cloutier and Fortin
(1994) for aspen. A strong hysteresis was
found between the boundary desorption and
absorption curves. Barkas (1936), Penner
(1963), and Fortin (1979) reported the same
phenomenon for beech, Sitka spruce, and
western hemlock, respectively. The ink-bottle
effect appears to be the primary cause of the
hysteresis in the M~ curves at high M values.
In order to quantify the impact of the hyster-
esis of the M~ relationship on the simulation
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Fic. 1. Saturation percentage-water potential relation-
ship of aspen sapwood along the boundary desorption and
absorption curves at 20°C. 1, 2, and 3 represent the sat-
uration percentage-water potential scanning curves used
for simulation (adapted from Cloutier and Fortin 1994).

of convective drying of aspen sapwood, Clou-
tier and Fortin (1994) used three hypothetical
scanning curves for an initial saturation per-
centage of 50% (Fig. 1). The simulation re-
sults reported show that differences in the pre-
dicted drying times as high as 25% can occur
depending on the M-y curve used. In a pre-
vious study on sorption measurements, Goulet
(1968) indicated that the M—y drainage curve
starting from the green condition is similar in
shape to the boundary drainage curve, but
stands within the hystereris loop until a rela-
tive humidity of about 60% is reached. Since
wood in nature is always in a state of sorption,
it is important to consider the sorption history
in the development of wood drying models.
The shape of the M—¢ curves at high M
values changes markedly within and among
species. This is related to the pore size distri-
bution since water potential takes capillary
forces into account (Fortin 1979). Cloutier and
Fortin (1991) and Tremblay et al. (1996) re-
ported an appreciable temperature effect on
M- curves. The ¢ values increased with tem-
perature at a given M. Possible causes are the
dependence of surface tension of water on
temperature, the effect of entrapped air, and
the presence of surface active contaminants at
the air-water interface (Chahal 1965; Saha and
Tripathi 1981). It is also worth mentioning that
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the wood structural direction has no effect on
the M- relationship as shown by Cloutier et
al. (1995).

The purpose of this study is to determine
the moisture content—water potential (M-
relationship of sugar maple (Acer saccharum
Marsh.) sapwood and white spruce (Picea
glauca (Moench.) Voss.) heartwood from
green to dry conditions. The effective pore
size distribution of sugar maple is determined.
The effect of temperature on M—i is also as-
sessed. The M-y relationships determined in
this study will be used to model mass transfer
in wood during vacuum drying, ‘under the hy-
pothesis that the vacuum has no effect on the
matric potential component of the total water
potential.

MATERIAL AND METHODS
Material

The material used for this study was ob-
tained from a natural stand located in the
Beauce area, southeast of Québec City, Qué-
bec, Canada. Six trees for each species were
felled in the early winter in the case of spruce,
and in the late fall in the case of sugar maple.
Specimens cut to 45 X 10 X 45 mm (L X R
X T) and free of visual defects were obtained
from spruce heartwood and sugar maple sap-
wood. The test specimens were then selected,
matched, packed in groups of 12 (two from
each tree), and stored at —15°C in polyethyl-
ene bags. Before each experiment, the speci-
mens were kept over distilled water at 21°C in
a closed desiccator for 24 hours to allow them
to thaw.

The specific gravity (oven-dry weight/green
volume) of sugar maple sapwood used in this
study varied from 0.587 to 0.676, with an av-
erage initial moisture content of about 60%.
For white spruce heartwood, the specific grav-
ity varied from 0.318 to 0.427, with an aver-
age initial moisture content of about 35%.

Methods

The experiments were conducted at 40°C
and 60°C for sugar maple and 60°C for white

spruce. Two experimental techniques were used:
the pressure membrane technique for high
moisture contents and equilibration over sat-
urated salt solutions for low moisture contents.

A detailed description of the pressure mem-
brane apparatus and the heating system is giv-
en in Cloutier and Fortin (1991). The test
specimens were placed on the porous mem-
brane and pressed firmly against a 2-mm-thick
clay layer formed on the porous membrane to
ensure good hydraulic contact. The clay was
first prepared at 60% moisture content for the
tests with sugar maple and at 50% for the tests
with spruce. This was to prevent the absorp-
tion of water by the specimens that would
have occurred with saturated clay. The mois-
ture content levels of the clay were determined
from preliminary tests, which consisted of
measuring the water uptake of specimens put
in contact with clay at various degrees of sat-
uration. Once the specimens were in place, the
chamber was hermetically closed and the pres-
sure applied gradually. When the outflow
ceased or became negligible, the pressure was
slowly released and the equilibrium M was de-
termined by the gravimetric method.

The equilibration over saturated salt solu-
tions was carried out using sorption vats de-
scribed by Goulet (1968). Three saturated salt
solutions were used: K,SO, (R.H. = 96% at
60°C), KC1 (RH. = 80.7% at 60°C), and
NaNO, (R.H. = 59.3% at 60°C). The saturated
solutions and the wood specimens were en-
closed in glass desiccators and put in water
baths maintained at 60 * 0.1°C. The speci-
mens were placed above the solutions on
plexiglas stands, allowing periodic weighing
of the test specimens without opening the des-
iccators. When a constant weight was reached,
the specimens were removed and their mois-
ture content was determined. The overall pro-
cess took 45 days for white spruce and two
months for sugar maple.

RESULTS AND DISCUSSION
Green moisture content—water potential
relationship

The results of the M— determinations are
summarized in Table 1 and are presented
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TABRLE 1.

Summary of the results of the M—s determinations.

Sugar maple
Temperature

White spruce

M SE"

R.H '
Jxg! % %

dM/dyr R.H W M SE

o Method? % % Method % J kgl % %
60 PM 99.984 —24 54.8 1.6 — PM 99.935 —100 31.5 0.4
PM 99.980 -31 50.1 1.4 40.72 PM 99.606 -607 30.5 0.3
PM 99.967 =50 46.1 0.9 12.67 PM 98.984 -1,570 29.5 0.1
PM 99.908 —141 42.0 0.6 247 PM 96.705 -5,150 25.2 0.1
PM 99.803 -303 39.0 0.4 1.03 K,SO,  96.000 -6,277 223 0.1
PM 99.611 -600 373 0.4 0.48 KCl1 80.700 -32970 154 0.1
PM 98.708 —2,000 34.0 03 0.11 NaNO, 59.299 —80,345 84 0.1
PM 96.706 -5,150 32.0 0.3 0.08
PM 96.079 —6,150 30.7 0.2 0.08
K,S04  96.000 -6,277 30.6 0.2 0.08
KCl 80.700 —-32,970 14.9 0.1 0.03
NaNO, 59.300 —-80,345 8.1 0.1 —
40 PM 99.964 -52 536 1.3
PM 99.945 —-80 49.5 0.8
PM 97.709 -3,350 36.6 0.3

#PM = pressure membrane.
b SE = standard error based on 12 specimens.

graphically in Fig. 2 for sugar maple and in
Fig. 3 for white spruce. The curves are plotted
on a semi-logarithmic scale to avoid conges-
tion of data points at high ¢ values. The tem-
perature coefficient of ¢ at given M values ob-
tained from the M~ relationship at 40°C and
60°C for sugar maple was used to extrapolate
the M— relationship at 21°C (Fig. 2), assum-
ing a linear relationship between ¢ and T. For
comparison purposes, the boundary desorption
curve for sugar maple (Fortin 1981; Hernén-
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FiG. 2. Moisture content—water potential relationship

of sugar maple sapwood at 40°C and 60°C from green to
dry conditions and boundary drainage curve at 21°C
(adapted from Fortin 1981 and Herndndez and Bizof
1994).

dez and Bizon 1994) is also shown in Fig. 2,
and the boundary desorption curve for Sitka
spruce (Penner 1963), whose pore structure is
similar to white spruce, is shown in Fig. 3.
As shown in Figs. 2 and 3, the M- drain-
age curve obtained from the green condition
is similar in shape to the M—y drainage curve
obtained from the fully saturated state when
water potential is less than —1 X 10°* J kg .
For ¢ values above —1 X 10° J kg~!, the
curves are different. The equilibrium moisture
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Fic. 3. Moisture content-water potential relationship
for white spruce heartwood at 60°C from green to dry
conditions and boundary desorption curve for Sitka spruce
at 20°C (adapted from Penner 1963).
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TABLE 2. Experimental and calculated temperature coefficients for the M—s relationship of sugar maple and red pine.
Sugar maple Red pine (from Tremblay et al. 1996)
T T
Jkg1oC! J kgl °C!

M ¥ (at 60°C) i (at 56°C)
Y% Jkg! Experimental Calculated Jkg! Experimental Calculated
60 =20 0.95 0.05 -630 321 1.67
50 -32 2.12 0.08 =742 6.33 1.91
40 -236 31.2 0.59 —1,020 14.3 2.93

contents (EMC) obtained from the green state
are lower than those from full saturation. It
may be expected that numerous drainage
curves could be measured from the green con-
dition due to the seasonal variation of M in
standing trees (Linzon 1969). The practical
implications are that, depending on the green
M in the trees at the time of felling, and de-
pending on whether M before felling is toward
an increasing or a decreasing trend, the effec-
tiveness of a given drainage or drying process
may be quite different (Fortin 1979).

At a given M,  increases with temperature
as shown in Fig. 2. The M-y curves are shift-
ed to the right side. The effect of temperature
on i has been described by several authors
(Chahal 1965; Fortin 1979; Saha and Tripathi
1981; Cloutier and Fortin 1991). The matric
potential is directly related to the equivalent
matric pressure applied on the sample side of
the porous membrane by the following rela-
tion:

- V,P

whm

b = ey

where ,, = matric potential (J kg '); V,, =
specific volume of water (m* kg™"); P, =
equivalent matric pressure (Pa). The relation
existing between P, and the capillary structure
of wood is given by:

P, = g}zcos 0 2)
where vy = surface tension of water (N m !);
r = effective radius of the capillary (m); 6 =
contact angle between the liquid and the sur-
face of the capillary.

Substituting Eq. (2) into Eq. (1), we obtain:

Y, = —\./W%:—(cos ] 3)
Equation (3) can be used in the determina-
tion of the pore size distribution of wood
based on experimentally obtained ¢, values.
But, as mentionned by Siau (1995), it is prob-
ably not valid to estimate pore sizes at water
potential values lower than —10,000 J kg~ ' be-
cause the calculated radii (0.0135 um and less at
60°C) approach the radius of the water mole-
cule, 1.5 A. The derivative of Y, with respect
to temperature, assuming that the specific vol-
ume of water and the capillary radius are in-
dependent of temperature, leads to:

o,y 1oy
aT /), "y dT

where (64,,/0T),, = temperature coefficient of
¥, at a constant moisture content (J kg=' °C-1).

The calculated values of the temperature co-
efficient of ¢, based on Eq. (4) and experi-
mental values based on data for sugar maple
are presented in Table 2 for some arbitrary M
values over 30%. The results of the tempera-
ture coefficient of i, for red pine (Tremblay
et al. 1996) are also presented in Table 2. Ex-
perimental values are several times higher than
calculated values for both species. Cloutier
and Fortin (1991) came to the same conclusion
for aspen. This implies that the increase in s,
with temperature cannot be entirely explained
by the dependence of the surface tension of
water on temperature. Entrapped air (Chahal
1965) and surface active contaminants at the
air-water interface (Saha and Tripathi 1981)
were proposed to explain this behavior. The
factors that may determine the amount of en-

4
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FiG. 4. Effective cumulative and differential pore size
distribution of sugar maple sapwood as inferred from the
moisture content—water potential relationship obtained at
60°C from green to dry conditions.

trapped air are the pore size distribution and
the initial moisture content (Fortin 1979).

There is a discrepancy between the predict-
ed values of (34, /0T),, for sugar maple and red
pine (Table 2). The difference observed can
be mainly ascribed to the low initial moisture
content of sugar maple and also to the fact that
the M- relationship is not the same for both
species.

Effective pore size distribution

Equation (3) was used in the determination
of the effective cumulative and differential
pore size distributions, with the hypothesis of
a zero contact angle. Figure 4 shows the pro-
portion of pore volume and differential quo-
tient plotted against the pore radius of sugar
maple, based on the green M—y relationship
obtained at 60°C. The proportion (%) of pore
volume, A, is the proportion of the pore vol-
ume occupied by pores whose radius is equal
or smaller than a given radius, r. It was ob-
tained by dividing the measured EMC by
moisture content at full saturation (93%) for
EMC values above FSP. For EMC values be-
low FSP, shrinkage was taken into considera-
tion in the calculation of the total pore volume
as indicated below:

M

= -100 5)

11
Gm GWS

100 o

9 % g
< w0 s 2
by &
: ! =
=2 " @
g o0 . & o3
g Dl o
a o 5
2 ! B
o Y —t 10 3
3 Vil =
.5 s/ 2
T | — b
g 20 20 5
- " - - - SR/ =
E / N SAidr g

0 0

107 10" 10 10! 10 10 10*

Pore radius, r (um)

Fic. 5. Effective cumulative and differential pore size
distribution of Sitka spruce as inferred from the moisture
content—water potential relationship obtained at 20°C from
fully saturated to dry conditions (Penner 1963).

where G,, is the specific gravity of wood
(oven-dry weight/moist volume); and G, is
the specific gravity of the wood substance. If
the function A = f(r) is differentiated, the ef-
fective distribution frequency of the pores is
obtained. As suggested by Heizmann (1970),
the local maxima on this curve indicate the
region(s) where there is a large concentration
of pore openings. Since the initial moisture
content of white spruce was very low, the
boundary desorption curve of Sitka spruce
(Penner 1963) was used to establish its effec-
tive cumulative and differential pore size dis-
tribution (Fig. 5), only for comparison pur-
poses.

As illustrated by the cumulative pore size
distribution in Fig. 4, the desorption began
when 34.5% of the total pore volume with an
effective radius larger than 6.8 wm was empty.
This includes all the vessel elements since
21% of the volume of sugar maple is consti-
tuted of vessels with a diameter ranging from
20 pm to 100 pm, interconnected by simple
perforation plates (Panshin and de Zeeuw
1980). From the differential quotient (Fig. 4),
a large proportion of the effective pore open-
ings occurs in the range 0.018 pm to 0.2 pm,
with a maximum at about 0.02 pm. This re-
gion corresponds to the pit membrane open-
ings in fibers and ray parenchyma cells. Sian
(1995) gives a range of pit membrane open-
ings diameter from 0.005 pwm to 0.17 wm, with
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a log mean of 0.03 pm for hardwoods. The
values we obtained are in the same order of
magnitude. The large proportion of the effec-
tive pit membrane openings for Sitka spruce
(Fig. 5) range from 0.37 pm to 4 pm with a
maximum at about 0.5 pm. Petty (1970) mea-
sured pit membrane openings in Sitka spruce
from electron micrographs. He reported open-
ings 0.25 wm wide and 1 pm long with an
equivalent diameter of 0.4 wm. Sébastian et al.
(1965) calculated diameters from 1.4 um to 5
pm, with an average of 2.6 wm from flow
measurements in white spruce, while micro-
scopic measurements yielded an average spac-
ing between the microfibrillar strands of the
margo of 1.3 pm for the same species. Trem-
blay et al. (1996) found the largest effective
pit membrane openings at 0.2 pm for red pine.
These results show that the pit membrane
openings in hardwoods are one order of mag-
nitude smaller than the values for softwoods.

The difference between the M-y relation-
ships of hardwoods and softwoods can be ex-
plained by differences in their anatomical fea-
tures. Hardwoods have a more complex struc-
ture than softwoods. According to Panshin and
de Zeeuw (1980), sugar maple is constituted
of 21% vessels, 61% fibers (including fiber
tracheids and libriform fibers), and 17.9% ray
parenchyma whereas softwoods are constitut-
ed of more than 90% tracheids.

It can be seen from Table 1 (dM/dy) that in
the portion of the green M~y curves of sugar
maple between water potentials of —2,000 and
—6,000 J kg', M decreases very slowly with
a decrease in water potential. From this it may
be inferred that water filling the fibers lumina
has been removed and the remainder is held
firmly by high capillary tension into pit open-
ings in the fibers or in ray parenchyma as was
pointed out by Hart (1984) and Wheeler
(1982). The latter author noted that the paren-
chyma-parenchyma pit membranes are thicker
than both the intervessel pit membranes and
the fiber-fiber pit membranes, and consequent-
ly are less efficient pathways for liquid flow.

CONCLUSIONS

The purpose of this study was to determine
the moisture content-water potential relation-
ship of sugar maple sapwood and white spruce
heartwood, from green to dry conditions. The
experiments were conducted using the pres-
sure membrane technique for high moisture
contents and equilibration over saturated salt
solutions for low moisture contents.

At high water potential values, the equilib-
rium moisture contents obtained when starting
drainage from the green condition are lower
than the values for the boundary drainage
curve obtained from full saturation. The green
moisture content—-water potential relationship
for sugar maple exhibits a characteristic pla-
teau at water potentials between —2,000 and
—6,000 J kg~'. This can be explained by the
effective pore size distribution of sugar maple
wood.

The effective pore size distribution suggests
that a large proportion of the pit membrane
openings for sugar maple range from 0.015
pm to 0.2 pm with a maximum at 0.02 pm.
The effective pit membrane openings for
spruce range from 0.37 pm to 4 pm with a
maximum at about 0.5 pm.

The measurements performed at 40°C for
sugar maple, together with the measurements
at 60°C, show that water potential at a given
moisture content increases with temperature.
Possible causes are the dependence of surface
tension on temperature, entrapped air and the
presence of surface active contaminants.
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